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Abstract

Background: The detection and diagnosis of prostate cancer was greatly improved with the
introduction of the prostate specific antigen (PSA) test and the transrectal ultrasound prostate
(TRUS) biopsy. However, PSA levels above the normal range in the blood are not necessarily
indicative of prostate cancer and the TRUS biopsy, which provides limited access to the prostate
outside of the peripheral zone, only delivers a positive detection rate of ~30 %. Although the
recently developed transperineal biopsy (TP) method, which is capable of detecting cancer in all
regions of the prostate, has improved the positive detection rate to ~60 %, this technique is
expensive and not widely available. The development of new, non-invasive approaches for
detecting the presence of prostate cancer would greatly inform and assist the management of

individuals who are suspected of having prostate cancer.

Aim and hypothesis: Evading immune destruction is one of the emerging hallmarks of cancer,
as part of which tumours create an immunosuppressive microenvironment which has the
potential to modify the phenotype and function of immune cells such as natural killer (NK) cells.
The aim of the study is to assess whether alterations in the phenotype and function of NK cells
induced by the presence of prostate cancer can be detected in the periphery and be used as
parameters for aiding diagnosis and assessing disease progression. The underlying hypothesis of
this study was that the presence of prostate cancer would induce detectable changes in the
phenotype and function of NK cells in the periphery and that the detection of these would

improve the diagnosis and prognosis of prostate cancer.

Methods: Samples were obtained from two cohorts of patients. Patients in the ‘TRUS’ cohort
(n=92) were diagnosed using the TRUS biopsy only, whereas patients in the TP cohort (n=72)
were biopsy naive, had a PSA level of <20ng.ml? and underwent simultaneous TRUS (12 cores)
and TP biopsies (36 cores). Peripheral blood mononuclear cells (PBMCs) from patients who were
defined as having benign disease (Benign, HGPIN, ASAP) or Gleason Grades 6 to 9 disease were
analysed for the expression of antigens defining T, B and NK cells (CD3, CD8, CD19, CD56), and
NK cell inhibitory (CD85j, NKG2A, LAIR-1) and activation (DNAM-1, NKG2D, NKp30, NKp44,

NKp46, 2B4) receptors by flow cytometry.

The influence of prostate cancer on NK cell functional potential was determined by comparing
the phenotypes of NK cells that had been ‘primed’ by co-incubation with CTV-1 human
leukaemic cells (a process which was shown to enhance the capacity of NK cells from healthy
individuals to kill NK cell ‘resistant PC3 prostate cancer cells) from patients with Gleason grades
6 or 9 disease with those of NK cells from individuals with benign disease and volunteers with

no known disease. All of these studies were supported by extensive methodology development.
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Results and conclusions: Compared to Gleason 6 patients, a reduced expression of NK cell
activating receptors (NKp30, NKp46, 2B4) was observed as the Gleason grade of the patients
increased. These patients could not be phenotypically distinguished from patients with benign
disease. This suggests that these markers may only have potential for use as biomarkers of
progression, not diagnosis. Limited investigations into the ability of NK cells from patients to be
primed only found phenotypic differences between healthy volunteers and patients in general
(regardless of the presence of disease). Priming of NK cells from patients induced a lower
induction of CD137 and CRTAM expression, and a greater down-regulation of NKp46 and CD96
expression compared to that which was observed following the priming of NK cells from healthy
volunteers. Although further investigation is needed, no evidence of an immunosuppressive
effect by prostate cancer on the phenotype and function of peripheral NK cells was observed in

this study.
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1. Introduction

1.1 Prostate cancer

1.1.1 The prostate gland and its function

The prostate is a gland which surrounds the prostatic urethra and is located underneath the
bladder. Initially the prostate grows slowly until puberty starts, at which time it grows rapidly.
Between the ages of 30 and 45, the size of the prostate remains relatively stable, after which
point it may progressively enlarge with time. The prostate secretes a milky, slightly acidic fluid
which makes up about 25 % of the volume of semen, and this seminal fluid contributes to sperm
motility and viability. Prostate secretions contain several important substances such as citric acid
(used by sperm to produce ATP), proteolytic enzymes such as prostate-specific antigen (PSA)

and acid phosphatase (Tortora and Grabowski, 2003).

1.1.2 Incidence of Prostate Cancer

According to the most update information, prostate cancer is the second most common cancer
in men worldwide with an estimated 1.1 million new cases in 2012 (Torre et al., 2015). In the
more developed countries, prostate cancer is the most frequently diagnosed cancer in men
(Torre et al., 2015). In Europe, 417,000 new cases of prostate cancer was diagnosed in 2012 and
the incidence in the UK was the 17™ highest in Europe (CRUK., 2013). Based on the latest World
Health Organisation (WHO) statistics, 45,406 men were diagnosed with prostate cancer with
12,082 men dying from the disease (WHO, 2014). The incidence of prostate cancer rose by 155
% between 1979 and 2013 (CRUK., 2013). Although this is, in part at least, due to improved
diagnostic techniques, even within the last decade prostate cancer incidence has risen by 5 %
(CRUK., 2013). Prostate cancer appears to be an age-related disease, with the age-specific
incidence rates increasing sharply from the age group 50-54 yrs, to peak within the 75-79 age
group. This has resulted in more than half of newly diagnosed cases (54 %) being in men aged
over 70 yrs. Overall, 1 in 8 men will develop prostate cancer in their lifetime. However, black
men of African / Caribbean heritage are at a higher risk of developing prostate cancer (1 in 4
men will be diagnosed), with age standardised rates for black men at 120.8 to 247.9 per 100,000,
in contrast to that of 96-99.9 per 100,000 for Caucasian men. Furthermore, the disease in black
men also appears to be more aggressive, as twice as many black men die of prostate cancer than
their Caucasian counterparts (CRUK., 2013). The age-standardised rates appear to be the lowest

in Asian men at 28.7 to 60.6 per 100,000 (CRUK., 2013).
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1.1.3 Types of prostate cancer

Although prostate cancer is typically a slow growing disease, it presents as a more aggressive
disease and can grow more quickly in a small percentage of patients (CRUK., 2013). The most
common type of prostate cancer is acinar adenocarcinoma, with this form of the disease being
present in 90 % of patients. Although there are architectural and cytological variations of acinar
adenocarcinoma such as atrophic, pseudohyperplastic, foamy gland, colloid and signet-ring,
oncocytic and lymphoepithelioma, these pathologic variants have no known prognostic
significance (Mazzucchelli et al., 2008). Unusual histological prostatic carcinomas which include
small cell carcinoma, ductal adenocarcinoma, sarcomatoid carcinoma, basal cell, squamous cell,
adenosquamous carcinoma and urothelial carcinoma make up the rest of the detected prostate
carcinomas. These are aggressive variants of prostate cancer and are associated with poor

prognosis (Mazzucchelli et al., 2008).

1.1.4 Diagnosis and Grading of Prostate Cancer

1.1.4.1 Digital Rectal Examination

Prior to the development of the Prostate-Specific Antigen (PSA) test and the Trans Rectal
Ultrasound guided prostate (TRUS) biopsy technique, both of which are described in more detail
below, the digital rectal examination (DRE) was the most widely used screening test to detect
prostate cancer, with 40 — 50 % of all palpable, ‘suspicious’ prostates harbouring biopsy-
detected cancer (Chodak et al., 1989) However, the ability to detect prostate cancer via the DRE
depends on the skill and experience of the examiner, with variabilities across different
examiners having been reported (Smith and Catalona, 1995). The inclusion of the DRE test in
prostate cancer screening has been the subject of debate (Yossepowitch, 2008). Studies have
shown that the DRE test has a low positive predictive value in men with low PSA levels <4 ng/ml.
The argument is that if cancer is indeed present in these patients, then it is often non-aggressive
and non-life threatening with the DRE test itself being unpleasant and potentially unnecessary
(Schroder et al., 1998). However, other studies have shown that a significant proportion of
patients with abnormal DRE results and a PSA level < 4 ng/ml had Gleason grade >7 cancer (see
below) (Gosselaar et al., 2008, Okotie et al.). It is thought that patients with abnormal DRE
results are at higher risk of harbouring high-grade disease and some clinicians argue that the
DRE test should be used in conjunction with PSA test (Gosselaar et al., 2008, Yossepowitch,

2008).
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1.1.4.2 Gleason score and overall grade

The Gleason grading system was devised by Dr Donald Gleason in 1974 who, at the time, was
Chief of Pathology at the Veterans Hospital in Minnesota (Gleason and Mellinger, 1974). Based
on a study of roughly 5000 patients, Dr Gleason created a grading system for prostate cancer
which was based on different histologic patterns, as could be identified using Haematoxylin &
Eosin (H&E) stained prostatic tissue sections. He identified five prognostic patterns, and
identified that most tumours had two histologic patterns. He therefore decided to add the two
most common grades together to create a composite score which correlated with clinical stage,
metastatic progression and overall survival. Although the Gleason scores originally ranged
between 2 and 10 (Gleason and Mellinger, 1974, Gordetsky and Epstein, 2016, Humphrey,
2004), the grading system has undergone numerous revisions, with the most recent revision
following the 2014 International Society of Urological Pathology Consensus Conference on
Gleason Grading or Prostatic Carcinoma (Epstein et al., 2016). Currently, the original Gleason
grade patterns 1 and 2 are now no longer assigned based on needle biopsy due to poor
reproducibility and poor correlation with radical prostatectomy grade. The consequence of this
revision is that Gleason scores 2 to 5 are no longer reported. Gleason score 6 is now
recommended as the lowest Gleason score to be assigned to prostate biopsies, and is associated
with the best prognosis (Gordetsky and Epstein, 2016). Current histological patterns are
summarised in Table 1.1. In contrast to the original Gleason grading system, the Gleason score
is now calculated as the grade of the most common cancer added to the highest Gleason grade

of the remaining cancer (Gordetsky and Epstein, 2016).

Table 1.1 Current Gleason grades and their associated histological pattern.

Gleason Histological pattern determined by H&E staining of prostate biopsy
grade sections
3 Well-formed, individual glands of various sizes including branching glands.

The glands should form discrete units. Small glands are acceptable
providing as they are well formed and not fused.

4 Poorly formed, fused and cribriform glands. Glomeruloid morphology
characterised by dilate glands containing intraluminal cribriform structures
with a single point of attachment, resembling a renal glomerulus.

5 Sheets of tumour, individual cells and cords of cells. Solid nests of cells with
vague microacinar or only occasional gland space formation. Includes
uncommon morphological patterns consisting of comedonecrosis within
solid nests or cribriform glands.

Information taken from (Gordetsky and Epstein, 2016)
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If histologically-defined cancer is not found in the prostate, then the tissue is referred to as being
‘benign’. However, this does not necessarily mean the tissue is normal. Instead, it could mean
that there are tissue abnormalities, but that these abnormalities are not considered to be
cancerous / malignant. Two abnormalities that are commonly recorded are high grade prostatic
intraepithelial neoplasia (HGPIN) and atypical small acinar proliferation (ASAP). HGPIN is
essentially where the epithelial cells lining the acini and ducts become abnormal, but crucially
remain intact (unlike in prostate cancer). ASAP is the proliferation of usually small acini with
features highly suggestive, but not diagnostic for carcinoma

(www.harvardprostateknowledge.org). The current recommendation is to re-biopsy patients

diagnosed with ASAP, as studies have shown that 51.9 % of patients have cancer upon repeat
biopsy, as compared to 21.9 % of patients with HGPIN (Amin et al., 2007, El-Hakim and Moussa,
2010).

1.1.4.2.1 TNM stages of prostate cancer

The staging of cancer is based on the TNM classification system which is used globally (AJCC,

2009). The TNM classification system for prostate cancer is applied as follows:

The T stage measures the stage of the tumour:
T1 = the cancer cannot be felt by DRE or seen by MRI scan and can only be seen under a
microscope following a needle biopsy
T2 =the cancer can be felt by DRE / seen by MRI and is contained within the prostate.
T2a = the tumour is in only half of one of the lobes of the prostate.
T2b = the tumour is in more than one half of one of the lobes of the prostate.
T2c = the tumour is in both lobes but is still within the prostate.
T3 =the cancer can be felt / seen breaking though the prostate capsule, but has not spread
to other organs.
T3a = the tumour has broken through the prostate capsule, but has not spread to the
seminal vesicles.
T3b = the tumour has broken through the prostate capsule and has spread to the seminal
vesicles
T4 = the cancer has spread to nearby organs e.g. bladder, rectum, muscles or the sides of

the pelvic cavity

The N stage indicates if the cancer has spread to the lymph and is measured using a MRl or CT
scan:
NX = the lymph nodes cannot be checked

NO = cancer has not spread to lymph nodes
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N1 = cancer has spread to the lymph nodes

The M stage indicates whether the cancer has metastasised to other parts of the body e.g.
bones.

MO = cancer has not spread outside of the pelvis

M1 = cancer has spread outside of the pelvis

M1a = cancer cells in lymph nodes outside of the pelvis

M1b = cancer cells present in the bone

M1c = cancer cells have spread to other areas of the body

Based on the staging of the prostate cancer within the patient using the above criteria, clinicians
refer to the location of the prostate cancer by stating whether it is localised prostate cancer
(cancer contained within the prostate), locally-advanced prostate cancer (cancer has broken
through the prostate capsule), or metastatic prostate cancer (cancer has spread to other parts

of the body e.g. lymph nodes) (CRUK., 2013, PCUK, 2013)

1.1.4.2.2 D’Amico classification system

The D’Amico classification system (D'Amico et al., 1998) is used to reflect the likelihood that the
cancer will reoccur following treatment. There are three groups:
Low risk — patients who have a PSA 10 ng/ml or less plus a Gleason score of 6 or less and
have a stage T1 or T2a cancer.
Intermediate risk — patients who have a PSA between 10 and 20ng/ml or a Gleason score
of 7 or a T2b to T2c stage cancer.
High risk — patients who a PSA of 20ng/ml or higher or a Gleason score of 8 or higher or a

T3 to T4 stage cancer.

1.1.4.3. Prostate-specific antigen (PSA) test

The prostate-specific antigen (PSA) test was developed by Kuriyama et al in 1980 and is an
enzyme immunoassay (ELISA) that measures PSA circulating in the blood (Kuriyama et al., 1980).
PSA is a serine protease that cleaves high molecular weight clotting proteins into smaller
peptides and results in the liquification of the seminal fluid in order to allow sperm to swim
freely. It is specifically found in the prostate (Kuriyama et al., 1980, Westdorp et al., 2014). The
PSA test was introduced into clinical use in 1986 and studies showed that it had a better positive

predictive value for prostate cancer than the DRE test alone (Catalona et al., 1991, Nafie et al.,

Page | 21



2014a). Normal PSA levels measured in the serum of the blood can vary between individuals,
with PSA levels naturally increasing with age. Generally, as an approximate guideline, PSA levels
<3 ng/ml is considered normal for men aged < 60 yrs old. Normal PSA levels are considered <4
ng/ml in men aged between 60 and 69 yrs, whereas PSA levels <5 ng/ml are considered normal
for men aged over 70. However, the PSA test is not sufficiently reliable to be used on its own, as
studies have shown that 21 % of patients with PSA <4 ng/ml had prostate cancer, whereas
patients suffering from non-cancerous diseases such as benign prostatic hyperplasia or
prostatitis can have elevated PSA levels (Catalona et al., 1991, Hudson et al., 1989, Stamey et
al., 1987). Although PSA levels typically increase with advancing cancer, reports have shown that
there is a substantial overlap of PSA levels with difference stages of prostate cancer (Hudson et

al., 1989).

1.1.4.4 Trans Rectal Ultrasound guided prostate (TRUS) biopsy

Although the Trans Rectal Ultrasound guided prostate (TRUS) biopsy was developed by
Watanabe and colleagues in 1971 (Watanabe et al., 1971), it was not incorporated into routine
clinical practice until the mid-1980s when high resolution ultrasound scanners became
commonly available (Lee et al., 1989). Using an ultrasound to visualise the prostate, a needle is
inserted into the prostate through the rectal wall. One limitation of the TRUS biopsy as a
technique is that it can only biopsy the peripheral zone and is poor at sampling the apical and
anterior zones of the prostate. Typically, 10 to 12 biopsies are taken from the peripheral zone
(Chang et al., 2013, Nafie et al., 2014b). It is a technique that is quick and efficient to perform
with readily available equipment. However, the TRUS biopsy is associated with a risk of
potentially life-threatening sepsis and urinary tract infections because of the nonsterile
‘transfaecal’ method. Therefore, prophylactic antibiotics are routinely prescribed.
Unfortunately, this practice is leading to increased incidence of antibiotic-resistant
microorganisms (reviewed by (Chang et al., 2013)). Studies have shown that the prostate cancer
detection rate upon initial biopsy is between 26 and 33 % (Aganovic et al., 2011, Naughton et
al., 2000, Welch et al., 2007, Yuasa et al., 2008). Upon repeat biopsy, studies have shown the
detection rate is between 18 to 35.7 % (Aganovic et al., 2011, Yuasa et al., 2008). Attempts to
improve the detection rate of the TRUS biopsy using a saturation biopsy technique (increasing
the number of biopsies taken to 23) have only slightly increased the prostate cancer detection

rate to between 34 and 43 % (Lane et al., 2008, Stewart et al., 2001).

1.1.4.5 Transperineal template prostate (TP) biopsy

The technique was developed by adapting the template grid which was used to assist transrectal

ultrasound guided brachytherapy (Demura et al., 2005). Although the technique is performed
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slightly differently by different clinicians, it is basically a technique that can take biopsy samples
from all areas of the prostate gland (peripheral, apical and anterior zones), with between 17 and
36 biopsy cores taken (Dimmen et al., 2012, Mabjeesh et al., 2012, Nafie et al., 2014b, Pal et al.,
2012).

In a study directly comparing the detection rate of the TRUS and TP biopsy techniques in biopsy
naive men with a PSA < 20 ng/ml and a benign feeling DRE, the prostate cancer detection rate
of the TP biopsy was 60 % compared to the 28 % detection rate of the TRUS biopsy (Nafie et al.,
2014a). Studies have shown that the TP biopsy has a cancer detection rate of 26 to 68 % in men
who have had a previous set of negative TRUS biopsies despite rising PSA levels. The grade of
cancer obtained from positive cores ranged between Gleason 6 and 9, with a median Gleason
grade of 7 (Mabjeesh et al., 2012, Nafie et al., 2014b, Pal et al., 2012). Overall, the TP biopsy
improves the detection rate of prostate cancer, particularly in patients with a normal feeling
prostate by DRE (Demura et al., 2005). Demura et al found that in DRE positive patients, the
positive carcinoma rate was higher in the posterior region (77 %) compared to the anterior
region. In the repeat biopsy, DRE negative patients, the positive carcinoma rate was higher in
the anterior region (60 %). A typical observation is that the carcinoma positive cores are equally
distributed throughout the prostate in DRE negative patients (Demura et al., 2005). It has been
suggested that the TP biopsy should be used to biopsy patients with elevated PSA levels and
benign feeling prostate , whereas patients that are DRE positive should continue to undergo a
TRUS biopsy which is unlikely to miss the presence of cancer (Nafie et al., 2014a). However, it
should be noted that the TP biopsy requires more expensive equipment, facilities and resources

which are less freely available and also requires patients to undergo general anaesthesia.

Despite its greater demand on resources and increased risks due to general anaesthesia, the
benefits of the TP biopsy are that the technique is more comfortable for the patient and can be
performed in an aseptic environment. Providing the patient urine is sterile, then there is no need

for prophylactic antibiotic pre-treatment (reviewed by (Chang et al., 2013)).

1.1.4.6 Emerging genomic biomarkers and assays with the potential to aid prostate cancer

diagnosis and inform treatment.

There is now a need to identify new biomarkers of prostate cancer that can help determine the
aggressive nature of a patient’s cancer and / or indicate when a repeat biopsy might be
necessary. This would allow for improved stratification of patients into treatment groups,
thereby enabling clinicians to improve the treatment and quality of life of their patients while

reducing the incidence of over-treatment (Narayan et al., 2017, Shen and Abate-Shen, 2010).
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Table 1.2 Common genomic alterations detected in patients with prostate cancer.

Chromosome Type o.f
Gene . genomic Comments
Location .
aberration
Only present in 58 % of castration-resistant
Androgen Xq11 Amplification prostate cancer cases. Associated with
Receptor Mutation castration resistance. Mutated in 10% of
patients.
TMPRSS2- Chrol Gene Eusion Probable early event. Present in 50 % of
ERG localised and metastatic prostate cancers.
NKX3.1 8p21 Deletion Early evenF. Present in up to 78 % of
metastatic prostate cancer cases.
PTEN 10923 DeIeti.on Early event. Up to 40 % loss in copy n}meer.
Mutation Most frequent homozygous deletion.
Commonly amplified. Chromosomal region
C-Myc 8qg24 Amplification contains multiple genes involved in prostate
cancer.
Role in the transcription of genes involved in
Deletion apoptosis. P53 alterations associated with
TP53 17p31 Mutation recurrence after radiation and androgen
suppression. Variable frequency in localised
prostate cancer (5 — 40 %).
Identified in 10 — 17 % prostate tumour
CHD1 5021 Deletion samples. Associated with increased
invasiveness in prostate cancer cell lines.
. Present in 34 % of primary cases compared
RB1 13q14 Deletion to 74 % of metastatic cases.
FOXA1 6921 Deletion Androgen receptor transcription modulator
S Co-activator of the androgen receptor.
Amplification e e . -
NCOA2 8g13 Mutation Amplification in ~8 % of primary cancers
compared to 37 % of metastatic cancers.
SPOP Mutation Frequent mutation in castration resistant
prostate cancer (15 %)
Occurs in 40 % of cancers with
N-Myc 2p24 Amplification neuroendocrine differentiation and in 5 % of
primary prostate cancer cases.
Aurora . Associated with Neuroendocrine
Kinase A 20q13 Amplification differentiation.

Adapted from Lorente and De Bono (Lorente and De Bono, 2014)

As reviewed by Lorente and De Bono (Lorente and De Bono, 2014), molecular studies have now

be carried out on prostate cancer. Following an extensive search of the literature using Pubmed

the authors identified what they considered to be potentially relevant genomic alterations in

human prostate cancer, some of which are linked to key regulatory genes. The challenge now is

to identify which genomic alterations can been incorporated into a clinical test that is relevant,

reliable and cost effective. Summarised in Table 1.3 is a list of molecular and genomic tests

identified by Narayan and colleagues (Narayan et al., 2017) which they consider to be currently

the most relevant, novel tests available to be used in the clinical assessment of prostate cancer.
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Table 1.3 Summary of novel genomic test available to aid clinical assessment of prostate

cancer.
Biomarker Assay Source What the assay measures Comments
(Commercial material
company)
Early diagnosis and | Blood Panel of 4 proteins: Predicts the likelihood that a
screening 4Kscore Total PSA, free PSA, patient will have Gleason > 7
(OPKO Laboratory, Single-chain PSA and grade cancer detected upon
USA) human kallikrein 2. needle biopsy.
Prostate Health Blood Formula calculation using | Predicts the likelihood of finding
Index PSA, free PSA and p2PSA | prostate cancer on a repeat
(Beckman Coulter, measurements. biopsy.
USA)
PCA3/Progensa Urine PCR test measuring the Scores <25 are associated with
(Hologic, USA) concentration of PCA3 lower likelihood of positive
and PSA RNA in post DRE = biopsy. Score 2 25 associated
specimens. with higher likelihood of positive
biopsy.
ConfirmMDx Biopsy Quantifies the DNA Performed on previous negative
(MDxHealth, USA) | Tissue hypermethylation of biopsies. DNA changes suggest
three genes (GSTP1, APC, | present of nearby cancer missed
RASSF1) associated with by the biopsy.
prostate cancer.
Staging and Biopsy Measures mRNA CCP score predicts the likelihood
primary treatment = Tissue expression of CCP genes of biochemical reoccurrence if
selection Prolaris which are thought to patients were to undergo radical
(Myriad Genetics, indirectly measure the prostatectomy.
USA) growth rate and potential
aggressiveness of tumour
cells.
Oncotype DX Biopsy RT-PCR based assay that Genomic prostate score ranging
Prostate Cancer Tissue measures the expression | from 0 to 100. Predicts likelihood
Test of 12 cancer related of favourable pathology after
(Genomic Health, genes involved in radical prostatectomy.
USA) androgen signalling,
cellular organisation,
stromal response and cell
proliferation.
Post Treatment Biopsy Measures 22 genes Predicts the likelihood of clinical
risk stratification Tissue involved in cell disease recurrence 5 years’ post
Decipher proliferation, migration, prostatectomy in men whose
(GenomeDx tumour motility, cancer has adverse pathological
Biosciences, USA) androgen signalling, and features and who might benefit
immune system evasion. | from adjuvant radiation.
CellSearch Blood Measures epithelial cell- Markers of cancer progression

Circulating Tumour
Cell Test

(Janssen
Diagnostics BVBA,
Belgium)

specific adhesion markers
to distinguish circulating
tumour cells.

potentially aiding estimation of
overall survival and prognosis
thereby guiding treatment
decisions in metastatic patients.
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TMPRSS2:ERG Urine Measures recurrent Maybe used in both prognosis
chromosomal and diagnosis when combined
rearrangements that are  with other clinical parameters.
characteristic of

malignancies.

Adapted from Narayan et al (Narayan et al., 2017)

1.1.5 Treatment of prostate cancer

Prostate cancer primarily affects older men and the cancer develops slowly in most cases. Post
mortems of men who have died from other causes have been shown to provide evidence of
prostate cancer of which the individual was not aware due to the absence of symptoms (McNeal,
1969). It is therefore the case that that most men die with, rather than of, the disease. Recent
developments in the detection of prostate cancer have meant that the disease is being
diagnosed earlier, and clinicians may wish to wait and see if the cancer develops before giving
treatment in order to avoid unnecessary treatment associated side-effects. These side-effects
can seriously affect the patient’s quality of life. Active surveillance is offered to patients with
very low risk cancer for whom curative treatment may be unnecessary — these patients are only
monitored for signs of cancer progression (Heidenreich et al., 2014a). In well-selected patients,
studies have shown that active surveillance is associated with low progression rate and low
cancer-specific death (Klotz, 2010, Klotz et al., 2010). Treatment with curative intent only begins
if cancer progression, or a threat of progression occurs (Heidenreich et al., 20144, Klotz et al.,
2010). Monitoring of patients in the first year involves PSA tests every 3 to 4 months, a DRE
every 6 to 12 months and another TRUS biopsy at the end of 12 months. Beyond the first year,
patients are monitored just by PSA tests every 3 to 6 months and by DRE tests every 6 to 12
months (NICE, 2014). The current National Institute of Clinical and Care Excellence (NICE)
Guidelines for the management of individuals with Gleason grade 6 disease is to ‘watch and

wait’.

If the cancer has not spread beyond the prostate, then radical prostatectomy (surgical removal
of the prostate) can be used with curative intent, and studies have shown survival benefit in a
subset of patients (Heidenreich et al., 2014a, Holmberg et al., 2012). Radiotherapy can also be
used to cure cancer that has not spread beyond the prostate. Internal radiotherapy, known as
brachytherapy, is a safe effective form of treatment to cure localised prostate cancer that is low
risk and involves placing between 80 and 120 radioactive seeds into the prostate (Ash et al.,
2000). External beam radiation therapy (EBRT) can be used to treat localised cancers
(Heidenreich et al., 2014a). Three dimensional conformal radiation therapy (3D-CRT) is
considered the gold standard in external beam radiation therapy with an optimised version
known as image-guided intensity modulated radiation therapy (IMRT) now recommended for

the treatment of localised prostate cancers (Bauman et al., 2012, Heidenreich et al., 2014a).
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Hormone therapy, also known as Androgen Deprivation Therapy (ADT), can be used in
conjunction with radiotherapy for the treatment of high risk localised cancer and for prostate
cancer that is advanced, relapsed or become castration resistant (Fitzpatrick et al., 2014,

Heidenreich et al., 2014b, Heidenreich et al., 2014a). Examples are:

e Luteinising hormone blockers
e Gonadotrophin releasing hormone blocker

e Anti-androgens

1.2. Cancer and its microenvironment

1.2.1. Hallmarks of cancer

Research has shown that cancer is a highly complex disease, with a great deal of work having
been undertaken in order to elucidate the complex mechanisms involved in the transformation
of normal cells into a neoplastic state. Hanahan and Weinberg proposed that the complex nature
of cancer could be condensed into a set of underlying principles that govern the transformation
of normal human cells into malignant cancers. They believed that all different types of cancer
shared molecular, biochemical and cellular traits / acquired capabilities. These ideas were
conceptualised as ‘The Hallmarks of Cancer’ in 2000 (Hanahan and Weinberg, 2000). In this, they
defined 6 hallmarks of cancer which neoplastic cells would have to acquire to enable them to
become tumorigenic and ultimately malignant. In 2011, Hanahan and Weinberg updated the
hallmarks of cancer to include two emerging hallmarks and two enabling cancer characteristics
which facilitate normal cells to acquire the hallmarks of cancer (Hanahan and Weinberg, 2011).
The concepts surrounding the ‘Hallmarks of Cancer’ were derived from the analysis and
interpretation of an extensive number of reviews which themselves were based on an extensive
number of primary publications. Since my PhD is primarily focused on the effects of prostate
cancer on innate immunity in the context of natural killer (NK) cell phenotype and function, | am
only going to briefly summarise the hallmarks and emerging characteristics of cancer, as defined

in the Hanahan and Weinberg reviews:
The original 6 hallmarks of cancer were:

1. Sustaining proliferative signalling — This refers to the ability of cancer cells to sustain chronic

proliferation. Normal tissues use growth factors to control the entry of cells into, and their
progression through the cell growth and division cycle. This control ensures homeostasis of
cell number and maintains the architecture and function of the tissue. Cancer cells appear

to be able to control their own cell cycle through a number of mechanisms that include:
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releasing and subsequently responding to their own growth factor ligands in an autocrine
fashion, stimulating healthy cells to release growth factors and maintaining mutations in
genes such as Ras that compromise negative feedback mechanisms designed to attenuate

proliferative signalling.

Evading Growth Suppressors - Cancer cells must evade powerful intracellular mechanisms

that negatively regulate cell growth and proliferation via the actions of tumour suppressor
genes. Two key proteins described are the retinoblastoma associated (RB) protein and the
TP53 protein. Cancer cells have defects in the RB pathway which receives signals from
intracellular and extracellular sources and decides whether the cell should proceed through
its growth and division cycle. The TP53 protein receives inputs from stress and abnormality
sensors that measure factors such as genome damage, levels of nucleotides, oxygen and
glucose and can halt cell-cycle progression or even trigger apoptosis if the damage is

irreversible. This leads on to the 3™ hallmark of cancer.

Resisting Cell Death — Apoptosis is triggered in response to various physiological stresses

during tumourigenesis. Cancer cells are able to reduce or evade the mechanisms allowing
the cell to progress to high grade malignancy and resist therapies. Apoptosis can be
regulated by both external signals e.g. Fas / Fas ligand, and by intracellular mechanism both

of which activates the caspase program.

Enabling Replicative Immortality — The majority of normal cell lineages can only undergo a

limited number of growth and division cycles. This limitation is in association with
‘senescence’ which is an irreversible entrance into a non-proliferative, but viable state and
‘crisis’, in which the majority of cells in a population die. Cancer cell lines possess the ability
to proliferate in culture in the absence of senescence or crisis and are therefore deemed to
be immortalised. Telomeres protect the ends of chromosomes and progressively shorten as
a result of proliferation, eventually losing their ability to protect the ends of chromosomal
DNA from fusing with the ends of other chromosomes. Telomerase adds telomere repeat
segments to telomeric DNA. This enzyme is virtually absent from non-immortalised cells, but
is expressed by up to ~ 90 % of spontaneously immortalised cells, thereby countering the

telomere erosion mechanism associated with proliferation.

Inducing Angiogenesis — Like normal tissues, cancer cells require nutrients and oxygen and

must also be able to eradicate and remove metabolic waste and carbon dioxide. Cancer cells

are able to switch on and maintain angiogenesis which promotes the growth of new
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vasculature vessels which, in turn, helps to sustain the growth of the tumour. In normal
tissues, angiogenesis is switched off and is only transiently switched on during physiological

process such as wound healing and the female reproductive cycle.

o

Activating Invasion and Metastasis — Research has shown that carcinomas arising from

epithelial tissue progress to higher grades of malignancy, gain increased local invasion and
can gain metastatic abilities. This is the result of cancer cells altering both their shape and
their ability to attach to other cells and the extracellular matrix. This is thought to occur
through the alteration in the expression of cell-to-cell adhesion molecules such as E-
cadherin. A multistep schematic of the process of invasion and metastasis stating the
processes involved from local invasion by cancer cells, to their entry into the lymphatic and
hermatogenous systems and then subsequent escape into the parenchyma of distant tissues
and subsequent colonising in these tissues allowing the formation of metastasis has been

developed.

Recently described, emerging hallmarks of cancer and enabling characteristics are:

Emerging hallmark: Reprogramming energy metabolism — Due to uncontrolled replication,

cancer cells must alter their energy metabolism in order to fuel cell growth and division. Normal
cells can either generate ATP through anaerobic glycolysis or generate ATP via mitochondrial
oxidative phosphorylation. Cancer cells gain the ability to reprogramme their energy
metabolism largely towards glycolysis even when oxygen is present. Glycolytic fuelling has been

associated with the activation of oncogenes and mutant tumour suppressors.

Emerging hallmark: Evading immune destruction — This hallmark is associated with the

observation that, in solid tumours, cancer cells avoid detection by the various arms of the
immune system and thus evade being killed by the immune system. This hallmark of cancer is of

particular relevance to this PhD and will be discussed further in subsequent sections.

Enabling characteristic: Genome instability and mutation — The ability to acquire the capabilities

described in the above hallmarks of cancer is in part dependent on mutations in the genome.
These mutations are not repaired by the surveillance systems that normally monitor and
maintain genomic integrity. The surviving genomic mutations may give the cell a selective

advantage and allow it to outgrow and dominate in the local tissue environment.
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Enabling characteristic: Tumour promoting inflammation — Research has shown that tumours

are densely infiltrated by cells of both the innate and adaptive immune system, thereby
promoting inflammatory conditions and environments. It was originally thought that the dense
infiltration of cells reflected an immune response against the tumour. However, research has
shown the immune infiltrate can have the opposite effect and enhance tumourigenesis and

progression. This will also be further discussed in subsequent sections.

1.2.2 The Tumour Microenvironment

1.2.2.1 Genomic instability and inflammation

The tumour microenvironment is a complicated network of interactions between tumour cells,
stromal cells and resident or recruited immune cells. Initial acute inflammatory responses within
the tumour microenvironment become skewed towards chronic inflammatory responses that
favour tumour formation and evasion of the host immune response (Vitale et al., 2014). There
is @ connection between the two recently described cancer enabling characteristics ‘genome
instability and mutation’ and ‘tumour promoting inflammation’ (Hanahan and Weinberg, 2011).
This connection can be considered as involving two pathways: an extrinisic pathway or an
intrinsic pathway (Mantovani et al., 2008). The extrinsic pathway is associated with the
generation of an inflammatory milieu, sometimes a consequence of unknown processes that
destabilise the cellular genome and increase the risk of cell transformation towards cancer. The
inflammatory milieu may induce DNA damage, affect DNA repair mechanisms or dysregulate cell
cycle checkpoints (Mantovani et al., 2008, Vitale et al., 2014). The formation of prostate cancer
is thought to occur via an extrinsic pathway. The inflammatory conditions needed to promote
prostate cancer are still being investigated. In a study of 68,000 men the risk of developing
prostate cancer was increased with a history of prostatitis (a bacterial infection of the prostate)
and increased duration of symptoms. Furthermore, an increased risk of prostate cancer has
been associated with a history of sexually transmitted diseases (STDs) in some ethnic groups of
men (Cheng et al., 2010). Interestingly, the incidence and mortality rates for prostate cancer is
lower in East Asia compared to the United States and Western Europe. However, the relocation
of Chinese and Japanese men to the United States increases the incidence of prostate cancer in
these men, thereby suggesting that environmental factors e.g. diet, may influence the
development of prostate cancer (Hsing et al., 2000). Taken together, evidence suggests that the
development of prostate cancer appears to be linked to environmental factors which promote
inflammatory conditions within the prostate. If these inflammatory conditions are long term,

reoccurring or even chronic, then there is an increased risk of developing prostate cancer.
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The intrinsic pathway is associated with genetic alterations that drive inflammation and
transformation of cells (Mantovani et al., 2008). An example of where genetic alterations drive
the development of an inflammatory microenvironment is in human papillary thyroid
carcinoma. The gene encoding the RET protein tyrosine kinase becomes rearranged as a result
of chromosomal inversions or translocations. The altered RET becomes activated and induces
the expression of genes encoding colony stimulating factors (CSFs), inflammatory cytokines e.g.
IL-1B, chemokines (e.g. CXCL8, which promotes angiogenesis), matrix degrading enzymes (e.g.
metalloproteases (MMPs)) and adhesion molecules (e.g. L-selectin) (Borrello et al., 2005). Both
tumour cells and inflammatory cells appear to abnormally activate transcription factors such as
nuclear factor-kB (NFkB), signal transducer and activator of transcription 3 (STAT3) and hypoxia-
inducible factor 1a. In turn, activation of these factors promotes the expression of genes
involved with the induction of inflammatory mediators promoting cell survival, proliferation and

angiogenesis (Karin, 2006, Yu et al., 2007).
1.2.2.2 Tumour residing immune cell populations

Tumours induce the recruitment and / or activation of immune cells within the
microenvironment. In addition to attracting immunosuppressive cells, the inflammation which
is orchestrated by tumours is capable of polarising many types of inflammatory immune cells
towards an immunosuppressive phenotype (Vitale et al., 2014). Below are brief descriptions of

immune cells and non-immune cells found in the tumour microenvironment:

Tumour associated fibroblasts (TAFs) — In response to tumour-derived factors such as fibroblast

growth factor (FGF), transforming growth factor- (TGF-B) and platelet derived growth factor
(PDGF), TAFs secrete factors that promote tumour cell transformation and proliferation e.g. TGF-
B, insulin growth factor (IGF) and hepatocyte growth factor (HGF). TAFs also gain the ability to
secrete extracellular matrix remodelling enzymes which favour tumour invasion (e.g MMPs,
fibroblast activation protein (FAP), vascular endothelial growth factor (VEGF)) and inflammation

promoting chemokines e.g. CXCL12, CXCL8 and IL-6 (reviewed by (Servais and Erez, 2013)).

Tumour associated macrophages (TAMs) — TAMs originate from circulating monocytes and are

recruited into the tumour microenvironment through the secretion of CCL2 (Nesbit et al., 2001).
Exposure to tumour-derived cytokines such as IL-4, IL-10, IL-13 and M-CSF polarises the
macrophages towards an M2 phenotype which secrete immunosuppressive cytokines (e.g. IL-

10, TGF-B), extracellular matrix remodelling enzymes (e.g. MMPs), and growth factors that
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promote tumour proliferation and angiogenesis (e.g. EGF, VEGF) (reviewed by (Biswas and

Mantovani, 2010)).

Dendritic cells — Dendritic cells (DCs) play an important role in presenting antigens to T cells and
thereby triggering antigen-specific adaptive immunity. However, their differentiation can be
skewed towards an immature / tolerogenic phenotype by the presence of VEGF, PGE2 and IL-10
(secreted by TAMs and TAFs). The immature / tolerogenic DCs produce TGF-B and Indoleamine-
pyrrole 2,3-dioxygenase (IDO) and become poor at activating T cells (reviewed by (Zitvogel et
al., 2006)). The production of TGF-B by DCs has been reported to inhibit NK cell function (Sarhan
et al., 2015).

Tumour associated neutrophils (TANs) — Mature neutrophils are recruited to the tumour by

chemokines such as CXCL8 which can be secreted by both the tumour and TAMs. Cytokines such
as TGF-B can induce neutrophil polarisation towards a more pro-tumoural phenotype. TANs
secrete arginase and proangiogenic factors that promote tumour growth and progression

(reviewed by (Fridlender and Albelda, 2012)).

Regulatory T cells (Tregs) — T cells that are attracted to the tumour site appear to be mostly

made up of TH2 CD4* T cells (T cells which release cytokines that promote humoral immune
responses) and Tregs (reviewed by (Whiteside, 2008)). Tregs have been shown to be capable of
suppressing the proliferation of other T cells via secretion of IL-10 and TGF-B. Tregs expressing
membrane bound TGF-f have also been shown to inhibit NK cell cytotoxic functions (Ghiringhelli

et al., 2005, Strauss et al., 2007).

Myeloid derived suppressor cells (MDSC) — MDSCs are defined as immature myeloid progenitor

cells of monocytes, dendritic cells and granulocytes that have immunosuppressive functions.
Currently, there is some confusion in the literature regarding what markers define MDSCs in
humans. MDSCs have a variety of mechanisms to suppress innate and adaptive immune
responses. MDSCs consume L-arginine and L-cysteine, thereby depleting T cells of vital nutrients
for their function (reviewed by (Gabrilovich et al., 2012)). Cell-to-cell contact between MDSCs
and NK cells can result in suppression of NK cell function via the downregulation of NKp30
(Hoechst et al., 2009). MDSCs can also generate oxidative stress through the production of NOS
and reactive nitrogen species (which additionally promote the activation and expansion of

Tregs) (reviewed by (Gabrilovich et al., 2012)).
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1.2.2.3 Immune populations present in the prostate of cancer patients

Assessing tumour infiltrating leukocytes in prostate cancer is difficult. Research has been limited
to immunohistochemical analysis of prostatectomy and prostate needle biopsies, thereby
making it difficult to fully characterise the phenotype of the tumour infiltrating lymphocytes
(Strasner and Karin, 2015). A range of immune cells including T cells, B cells, NK cells,
macrophages (including TAMs), MDSCs and neutrophils are present in the prostate of prostate
cancer patients. However, for many of the immune populations, whether their presence is
associated with a good or bad prognosis, results have been conflicting, reviewed by (Strasner
and Karin, 2015). An increased presence of macrophages (including TAMs), Tregs and MDSCs
has generally been associated with prostate cancer progression (Ebelt et al., 2009, Gollapudi et
al., 2013, Idorn et al., 2014, Lanciotti et al., 2014, Valdman et al., 2010). As a consequence,
prostate cancer progression appears to be associated with immunosuppressive immune
populations that, as described above, are capable of inhibiting NK cell and T cell responses. NK

and T cell responses may therefore be inhibited within the prostate of prostate cancer patients.

1.2.2.4. The cancer immunoediting hypothesis

The cancer immunoediting hypothesis was described by Dunn et al based on previous work from
the same group showing that the immune system may promote the emergence of primary
tissues that were capable of escaping immune recognition and destruction (Dunn et al., 2004a,
Shankaran et al., 2001). A subsequent review by Dunn et al described the three phases of the
cancer immunoediting hypothesis (Dunn et al., 2004a). Cancer immunoediting can be

conceptualised into the elimination phase, equilibrium phase and the escape phase.

The elimination phase is essentially the concept of cancer immunosurveillance whereby
lymphocytes e.g. T cells and NK cells, survey host tissues and eradicate cancer cells via cytotoxic
killing and the release of interferon-gamma (IFN-y). Inhibition of these functional processes
permits the formation of tumours. Although the immune cells involved in the cancer
immunosurveillance process eradicate the majority of transformed cells due to the unstable
genomic and heterogeneous nature of cancer cells, eventually cells that can start to withstand
/ tolerate the immunological pressure put on them emerge. This is where the equilibrium phase
starts. The equilibrium phase is a dynamic interaction between cancer and the immune system
whereby the immune system selects tumour cells that can survive within the immunocompetent
host due to their increasing low immunogenicity. The host immune response continues to
eradicate the higher immunogenic cancer cells, ultimately leaving the low immunogenic cancers
alive which then have the chance to mutate and lower even further their immunogenicity. This

process leads to the escape phase whereby the growth of the tumour is no longer restrained by
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the immune response and can continue to grow to the point of clinical detection. It is thought
that the specific processes / changes that allow or promote tumour escape may be

mechanistically different in different tissues (Dunn et al., 2004a).

1.2.2.5 The discontinuity theory

A new theory called ‘The discontinuity theory’ has emerged. This proposes ‘that immune cells
induce an effector response when there is a discontinuity in the molecular motifs with which
their receptors interact, whereas they tend to become tolerant to continuously expressed
motifs.” (Pradeu et al., 2013). This theory applies to all immune cells whereby they will respond
to non-self-antigens / motifs that suddenly appear (microorganisms) or self-antigens / motifs
that suddenly appear or increase (tumours). Upon chronic exposure to these antigens, innate
immune cells such as macrophages and NK cells become hyporesponsive and decrease their
level of functional responses, whereas adaptive immune cells i.e. T cells and B cells, become

anergic via negative feedback pathways e.g. PD-1 (Pradeu et al., 2013).

1.3 Natural killer (NK) cells

1.3.1 Discovery of NK cells

Natural killers were first described in the 1970s as lymphoid cells that could lyse allogenic
tumour cell lines (Herberman et al., 1975a, Herberman et al., 1975b, Rosenberg et al., 1972).
Subsequent studies showed these cells were devoid of T cell and B cell surface antigens, as a
consequence of which they were referred to as ‘null cells” (Herberman and Ortaldo, 1981, Ozer
et al., 1979). Further studies were focussed on discovering markers that specifically identified
NK cells and established that lymphocytes mediating non MHC-restricted cytotoxicity expressed
CD16 (Lanier et al., 1983, Perussia et al., 1983a, Perussia et al., 1983b, Rumpold et al., 1982) and
NKH-1 antigens (Griffin et al., 1983, Hercend et al., 1985).

Antibodies generated against CD56 were first described in the 1980s, but were known at the
time as being reactive against NKH-1 and N901 (Griffin et al., 1983, Hercend et al., 1985). It was
later demonstrated that a new antibody against Leu-19 which was developed by Becton
Dickinson recognised a different epitope of the NKH-1 antigen to the one which the already
available anti-NKH-1 antibodies recognised (Lanier et al., 1986). Leu-19 and NKH-1 were
reclassified as CD56 and further studies revealed that the anti-CD56 antibodies recognised the
neural cell adhesion molecule (N-CAM) glycoprotein, thereby revealing that CD56 was, in fact,
an isoform of N-CAM (Lanier et al., 1989). This led to the suggestion that CD56 acted as an

adhesion molecule on NK cells. Around the same time, two independent effector-target cell
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binding pathways were discovered: CD2 on effector cells binding to LFA-3 (CD58) on target cells
and LFA-1 (CD11a/CD18) on effector cells binding to ICAM-1 (CD54) on target cells. These two
binding pathways were first discovered on T cells (Shaw and Luce, 1987) and then on NK cells
(Ritz et al., 1988). Nitta et al demonstrated that CD56 served as a third effector-target binding

pathway, but only when the target cells themselves expressed N-CAM (Nitta et al., 1989).

The antibody to CD16 was first described in 1983 and was referred to as anti-Leull (Lanier et
al., 1983). Studies by Lanier and colleagues revealed that anti-CD16 was expressed on large
granular lymphocytes i.e. NK cells, neutrophils and basophils, but was not present on B cells, T
lymphoblasts or resting T cells. In the same study, it was recognised that anti-Leull bound to
the Fc receptor on NK cells. Although the binding of anti-Leull inhibited the binding of
aggregated IgG complexes, it did not inhibit antibody-dependent cell-mediated cytotoxicity
(ADCC) activity. Further studies revealed that other antibodies such as B73.1, 3GS8, Leu-11b and
VEP13 also recognised CD16 (Perussia et al., 1984). However, the Leulla, Leullb and VEP13
antibodies recognised a different epitope to the B73.1 antibody which also recognised a
different epitope to that recognised by the 3G8 antibody which was the most efficient antibody
at inhibiting FcR-dependent functional activities e.g ADCC. This suggested the presence of three

distinct antigenic determinants and different isoforms of CD16 (Perussia et al., 1984).

1.3.2 Characterisation of NK cell subsets

Although it had been described that NK cells expressed CD56 and CD16, it was not known if
differential expression of these markers described subsets with differing or unique functions.
Studies in the mid-1980s were therefore focussed on describing the phenotype and function of

lymphocytes that differentially expressed CD16 and CD56 (Lanier et al., 1986).

Using a combination of immunofluorescence and flow cytometry, CD3*CD56" NK-T cells were
distinguished from CD3'CD19°CD56* NK cells, and it was noted that this NK cell population could
be further segregated into CD56°€"CD16™ and CD569™CD16" subsets. Although both NK cell
subsets could kill the NK cell sensitive human erythroleukaemic cell line K562, the
CD56€"CD16™ population, which could be morphologically both agranular and granular, were
less efficient at killing K562 cells than CD569MCD16* cells which were morphologically only
granular. The same study also noted that a minor population of granular NK cells that were CD3"
CD56%™, lacked CD16 expression, but had comparable ability to kill K562 as CD569™CD16* NK
existed. The authors hypothesised that CD569™CD16* NK cells may lose CD16 expression (Lanier
et al., 1986). In 1989 it was formally recognised that three distinct NK cell subsets existed:
CD56%™CD16P ", CD56P " CD169™ and CD56P€"CD16"¢ (Nagler et al., 1989). All three NK cell
subsets could kill K562, with the CD569™CD16"€" subset exhibiting the highest level of K562
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cytolysis, followed by the CD56°€"CD16%™ subset and then the CD56""CD16"¢ subset, which
exhibited the lowest capacity to kill K562 cells. It was also shown that the NK cell subsets
expressing CD16 had low levels of cytotoxicity against Daudi cells. Although none of the three
subsets showed cytotoxicity against NK cell-resistant cells lines Colo-205, SB and BDMel-1
(Nagler et al., 1989), incubation of all three NK subsets in 800U/ml of recombinant IL-2 for 18
hrs induced the ability of these NK cell subsets to lyse the NK cell-resistant tumour cell lines
(Nagler et al., 1989). This is a characteristic that had also been described by other studies (ltoh
et al., 1985, Lanier et al., 1985, Phillips and Lanier, 1986, Trinchieri et al., 1984).

Both the CD56™ subset and the two CD56P"&" NK cell subsets express the low affinity p75 IL-2
receptor, whereas the two CD56""" subsets additionally express CD25 (the p55 IL-2R alpha
subunit) (Nagler et al., 1989). Nagler et al revealed that in addition to the increased cytotoxicity
against K562 and NK cell-resistant tumour cell lines, IL-2 induced NK cell proliferation. The two
CD5618"t NK cell subsets exhibited a 5 to 60 fold greater degree of proliferation then the CD569™
NK cell subset. Furthermore, IL-2 stimulation increased the expression of CD56 on the
CD569MCD16" subset to a level which was equivalent across all three NK subsets. Interestingly,
although CD16 expression did not significantly change, all three subsets were morphologically
large granular lymphocytes with numerous cytoplasmic extensions (Nagler et al., 1989).
Therefore, in cultures containing all three NK cell subsets incubated in the presence of IL-2,
Nagler et al suggested that the NK cell population is predominately made up of the two CD56"&"
subsets due to their greater proliferative capacity. This was in contrast to general hypothesis at
the time that CD56%™ NK cells predominated and that CD16 was down-regulated following IL-2

stimulation (Nagler et al., 1989).

As described above, the CD569™ NK cell subset exhibits the greatest, constitutive cytotoxic
potential against K562 target cells. In addition to this function, it was shown that CD56%™ NK
cells can also produce IFN-y and TNF-a in response to stimulation, either via IL-2 stimulation or
as a consequence of contact with tumour cells (Anegon et al., 1988, Cuturi et al., 1989,
Degliantoni et al., 1985, Nagler et al., 1989, Peters et al., 1986, Procopio et al., 1985, Timonen
et al., 1980, Trinchieri et al., 1984). Increasingly, it was recognised that NK cells in general can
produce cytokines and also respond to cytokines (Cooper, 2001). However, it began to emerge
that although the CD569™ subset was generally the more cytotoxic NK cell subset, the CD56°"&"t
subset primarily produced cytokines following cytokine stimulation, in addition to an increase in

their cytotoxic killing ability (Cooper, 2001, Cooper et al., 2001).

Two studies recognised that CD56P" NK cells expressed significantly more of the type |
cytokines IFN-y and TNF-B than CD56%™ NK cells when stimulated with different cytokine

combinations (IL-12, IL-15, IL-18 and IL-1B) (Cooper, 2001, Fehniger et al., 1999). Interestingly,
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both NK cell subtypes only secreted type 2 cytokines when IL-15 was used as a co-stimulus,
whereas the combination of IL-12 + IL-15 induced NK cells to produce IL-10, IL-15 + IL-1P or IL-
15 + IL-18 stimulation induced IL-13 production (Cooper, 2001, Fehniger et al., 1999). It was also
noted that the chemokines MIP-1a and MIP-1 were also secreted by NK cells when stimulated
with IL-12 + IL-18, but that the secretion of these was greater following stimulation with IL-15 +

IL-12 (Fehniger et al., 1999).

1.3.3 Cytokine and chemokine secretion

In summary, NK cell populations can be split into two general subsets on the basis of their
expression of CD56 (CD56%™ and CD56&",. The CD569™ subset is considered to be the more
cytotoxic subset which produces only low levels of cytokines, whereas the CD56€" subset is
considered to be the more immunoregulatory subset and has the capacity to produce high levels
of cytokines. However, these cells are poorly cytotoxic (Cooper et al., 2001, Vivier et al., 2008).
Although this NK cell subset concept has been largely accepted, it is a basic / simplistic concept

at best, with more recent studies having shown that the functions of NK cell subsets overlap.

A comprehensive study by Yenan Bryceson’s group which examined cytokine and chemokine
secretion following contact stimulation of NK cells with K562 and Drosophila cells expressing
specific combinations of NK cell ligands showed that, in fact, CD56%™ cells are major producers
of cytokines and chemokines upon target cell recognition and produce more cytokines and
chemokines than CD56""t NK cells (Fauriat et al., 2010). Therefore, this study suggested that
the pathways for cytokine and chemokine production for CD56%™ cells and CD56€" cells are
different. CD56%™ NK cells express more cytokines and chemokines than CD56°€" NK cells upon
target cell recognition, whereas CD56°"€" NK cells express more cytokines and chemokines when

stimulated by exogenous cytokines then CD569™ NK cells (Fauriat et al., 2010).

Kinetic studies revealed that upon incubation of NK cells with K562 cells, the secretion of the
chemokines MIP-1a, MIP-1B and RANTES could be detected within 1 hour. Interestingly, IFN-y
and TNF-a cytokine secretion could not be detected until 3 hours of co-incubation and their
expression did not peak until 6 hours of co-incubation. Chemokine secretion also peaked at 6
hours’ co-incubation and their levels remained stable for the rest of the time course (12-hour
time course). However, the expression levels of the cytokines decreased following their peak at
6 hours’ co-incubation. Overall, it was concluded that chemokine secretion appears to occur
early in an NK cell response and is triggered by relatively weak activating signals, whereas
degranulation and cytokine production requires greater stimulation. The production of
cytokines such as IFN-y and TNF-a is stringently controlled and requires greater receptor

cooperation then chemokine production (Fauriat et al., 2010).
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1.3.4 Mechanisms associated with NK cell function

As described above, NK cells exhibit three main functions: 1) cytotoxic killing, 2) antibody
dependent cell cytotoxicity (ADCC) and 3) immunoregulatory functions via the secretion of
cytokines and chemokines. Certainly, the binding of cytokines to cytokine receptors expressed
on the NK cell surface is one method of activating and stimulating NK cells. ADCC operates via
the binding of the FcR receptor CD16 to the Fc region of antibodies that are bound to their
antigen targets and this sends a stimulating signal to the NK cell to degranulate. However, how
do NK cells become activated by target cell recognition following cell-to-cell contact? What are
the mechanisms behind this function? Furthermore, how do all three activation mechanisms

coordinate and influence each other? These questions have yet to be fully answered.

1.3.4.1 ‘Missing-self’ hypothesis

Whilst writing his own thesis, Klas Karre was struggling to summarise what was known about NK
cell target specificity in comparison to T cell specificity. It was already known that NK cells were
able to kill some tumour cells and virally-infected cells, but were not able to kill uninfected or
healthy cells. There were already known examples of cell lines that were resistant to T cell killing,
yet sensitive to NK cell killing and vice versa. It had been shown that cell lines that were NK cell
resistant, yet sensitive to T cells expressed more MHC class | molecules than cell lines that were
sensitive to NK cells (Karre, 2008). This prompted the idea that there were NK cell receptors that
detected MHC class | molecules, which, when bound, induced an inhibitory signal that prevented
the NK cells from killing the target (Ljunggren and Karre, 1985). The ‘missing self’ hypothesis
which arose from these concepts simply states that NK cells will kill tumours with low or no MHC

class | expression (Ljunggren and Karre, 1985).

1.3.4.2 NK cell inhibitory receptors

As shown in Table 1.4, many inhibitory receptors have now been identified, but the two most
recognised inhibitory receptors are the Killer Ig-like Receptors (KIR) receptors and the

CD94/NKG2A receptor complex.

The Killer Ig-like Receptors (KIR) were among the first NK cell receptors to be identified. Two
antibodies, termed GL183 and EB6, were capable of detecting KIR receptors and were produced
by immunising 5-week old BALB/c mice with NK cell clones. Splenocytes from the mice were
isolated and fused with P3U1 myeloma cells to produce hybridomas. The supernatants of the
hybridomas were then screened for being able to modulate cytotoxic activity of NK cell clones
against human cell lines in >Chromium release cytotoxic assays. Hybridomas that secreted

antibodies that increased cytolytic activity were further subcloned using limiting dilution, and
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Table 1.4 Types of NK cell receptors and their respective ligands

Type of Receptor Name Cluster of differentiation Ligands
e coss e
KIR2DL2/3 CD158a HLA-C2
KIR2DLA? CD158b HLA-C1
KIR3DL1 CD158d? HLA-G
CD158e1 HLA-Bw4
KIR2DL5
KIR3DL2 CAstE i
- CD158k HLA-A*03 and *11, CpG-
Inhibitory
NKG2A le]
CD159a/CD9%4 HLA-1
IRp60 CD300a ?
P7(zié'lAelcR7l\;ll C328 A2,§—Iinked disialic acid
TIGIT Nectin-2 (CD112), CD155
(PVR). Nectin-3 (CD113)
LAIR-1 CD305 Collagen
FcyRllla CD16a IgG
KIR2DS1 CD158h HLA-C2
KIR2DS2/3 CD158;j ?
KIR2DL4a CD158d° HLA-G
KIR3DS1 CD158e2 HLA-Bw4(?)
KIR2DS5 CD158f ?
KIR2DS4 CD158i HLA-A*11 and some HLA-C
alleles
NKG2C CD159¢/CD9%4 HLA-E
NKG2E CD159¢e/CD9%4 HLA-E
NKRP-1 CD161 LLT-1
Activating DNAM-1 CD226 Nectin-2 (CD112), CD155
(PVR)
2B4 CD244 CD48
NKG2D CD314 MICA, MICB, ULBPs
NKp46 CD355 ?, Viral HA
NKp44 CD336 ?, Viral HA
NKp30 CD337 B7-H6, pp65, Bat-3
NTB-A CD352 NTB-A
NKp80 AICL
TACTILE CD96 CD155 (PVR), Nectin-1
(CD111)
TNFRSF7 CD27 CD70
LFA-1 CD11a/CD18 ICAM-1, ICAM-2, ICAM-3
LFA-2 CD2 CD58, CD48
LFA-3 CD58 CD2
aMB2 CD11b/CD18 C3bi, fibrinogen, x factor,
ICAM-4
Adhesion / aXp2 CD11c/CD18 C3bi, fibrinogen, ICAM-1
costimulatory N-CAM CD56 ?
Human NK-1 CD57 ?
L-selectin CD62L GLyCAM-1, MadCAM-1
CRTAM CD355 Necl-2
0X40 CD134 OX40L
(TNFRSF4) CD137 CD137L
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4-1BB CD357 GITRL
(TNFRSF9)
GITR
(TNFRSF18)
CD95L
Fas or Apo-1 CD95 CDE;SS
Death Receptors Fas ligand CD95L D40
and ligands ?;i?t EB;?: DR4 (TRAIL-R1), DR5
(TRAIL-R2)
. LAMP-1 CD107a E-Selectin P—.selectm,
Degranulation galectins
receptors LAMP-2 CD107b E-Selectin P—.selectm,
galectins

Adapted from Montaldo et al (Montaldo et al., 2013)

this led to the production of antibodies GL183 and EB6 (Moretta et al., 1990a, Moretta et al.,
1990b). Further experiments revealed that these two antibodies recognised allotypic molecules
expressed by HLA class | (HLA-C) alleles. As reviewed by Montaldo et al (Montaldo et al., 2013),
a whole superfamily of KIRs were described, including KIRs that were activating instead of
inhibitory receptors. Inhibitory KIRs have been characterised by a long intracytoplasmic tail
capable of recruiting and activating phosphatases SHP1 and SHP2, whereas activating KIRs have
been characterised by short intra cytoplasmic tails coupled to ITAM bearing signalling peptides
DAP12. KIRs are encoded by a cluster of genes that are polymorphic in nature, similar to the

genes that encoded MHC class | molecules that the KIR detect (Trowsdale, 2001).

The NKG2 group of receptors were identified following the generation of cDNA libraries
(Houchins et al., 1990). Further investigation into this group of receptors revealed that this group
could be further subdivided into 4 distinct groups of transcripts referred to as NKG2 A, B, C, and
D. NKG2A is a type Il membrane protein with only an 18 amino acid difference to NKG2B
(Houchins et al., 1991). NKG2A binds with CD94 to form a receptor complex that recognises HLA-
E expressed on target cells and transduces an inhibitory signal which, in some cases, is sufficient
to inhibit NKG2A+ NK cells from lysing target cells expressing HLA-E (Braud et al., 1998, Perez-
Villar et al., 1997). Similar to the inhibitory KIR receptors, inhibitory signals are transduced by
the phosphorylation of ITIM sequences in the intracytoplasmic domain, thereby enabling the

binding of protein tyrosine phosphatases SHP1 and SHP2 (Le Drean et al., 1998)

Interestingly, a study analysing the expression of activating and inhibitory receptors on NK cells
using mass cytometry has revealed that the expression of inhibitory receptors is primarily
determined by genetics. NKG2A was found to be expressed on 40 of the top 50 NK cell
phenotypes alongside CD94. In comparison, the expression of the KIR receptors was much more
diverse, with many different NK cell subpopulations, comprising of only a few cells, expressing

different combinations of KIR receptors (Horowitz et al., 2013).
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1.3.4.3 NK cell activating receptors

Similar to the inhibitory receptors, many activating receptors have been described (Table 1.4).
Herein, | describe the discovery of the most commonly considered and studied activating

receptors:

Natural cytotoxicity receptors (NCRs): Three natural cytotoxicity receptors (NCRs) have been
identified: NKp30 (Pende et al., 1999), NKp44 (Vitale et al., 1998) and NKp46 (Sivori et al., 1997).
All three NCRs were identified using a similar approach to that which was used to identify
inhibitory receptors, and these receptors are considered as classic activating receptors.
Monoclonal antibodies were generated by immunising BALB/c mice with NK cell clones and
hybridomas were created from the splenocytes of those mice. The monoclonal antibodies
contained in the hybridoma supernatants were selected for their ability to induce lysis in
redirected killing assays against FcyR+ P815 target cells, of which the magnitude was comparable
to the CD16 monoclonal antibody control. Both NKp46 and NKp30 were found to be expressed
on freshly isolated, resting NK cells, whereas NKp44 was only detected on IL-2 activated NK cells
after at least 3 days of culture. All three receptors require efficient cross-linking to induce NK
cell triggering, and blocking experiments using antibodies resulted in inhibition of cytolytic
activity which was maximal when all three receptors were blocked at the same time (Pende et
al., 1999, Sivori et al., 1997, Vitale et al., 1998). Interestingly, experiments focusing on signal
transduction revealed that, like CD16, NKp46 and NKp30 transduce activating signals via
association with the ITAM-containing CD3C polypeptides that become tyrosine phosphorylated
upon cell stimulation. In contrast, NKp44 induced activating signals via KARAP/DAP12 tyrosine

phosphorylated molecules similar to activating KIR (Pende et al., 1999, Vitale et al., 1998).

Currently, little is known about the ligands to which the three NCRs bind, and it is thought that
they bind more than one ligand (Horton and Mathew, 2015). NKp46 and NKp44 have both been
shown to bind the hemagglutinin protein expressed by the influenza virus (Arnon et al., 2001,
Mandelboim et al., 2001). NKp30 has been shown to bind B7-H6 which has been found to be
expressed by a range of tumour cells such as lymphomas, myeloid leukaemias, melanomas etc.
(Brandt et al., 2009). The ligation of the NCRs with their respective ligands were all found to
trigger cytotoxicity. More recently, it has been shown that both NKp44 and NKp30 can bind
ligands that transduce inhibitory signals. Binding of Proliferating Cell Nuclear Antigen (PCNA) to
NKp44 resulted in inhibition of NK cell cytotoxic function and IFN-y secretion (Rosental et al.,
2011). Interestingly, the ligand BAT3 has been described to be able to both activate and inhibit

NK cell cytotoxicity (Binici et al., 2013, Pogge von Strandmann et al., 2007).
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NKG2D was discovered as a consequence of further analysis of NKG2 cDNA transcripts. It was
found to be distantly, but significantly, related to NKG2A, sharing a 21 % amino acid homology
(Houchins et al., 1991). The upregulation of the NKG2D ligands MICA and MICB is associated
with cellular stress and further experiments involving y& T cells revealed that these molecules
may regulate protective immune responses (Groh et al., 1996, Groh et al., 1998). Studies aiming
to find the immune receptor that recognises MICA revealed that NKG2D recognised MICA and
likely the same receptor also recognised MICB (Bauer et al., 1999). Functional studies involving
v6 T cells and blocking antibodies to NKG2D revealed that blocking NKG2D resulted in decreased
tumour cell lysis, thereby confirming that NKG2D was an activating receptor (Bauer et al., 1999).
Sutherland et al later revealed that, in addition to binding MICA and MICB, NKG2D could also
bind ULBP 1, 2 and 3, to resulting in the transduction of activating signals (Sutherland et al.,
2002). Signalling through NKG2D occurs via a pathway involving DAP10 which has a SH2 binding
domain, in which the p85 subunit PI3-kinase binds (Wu et al., 1999).

DNAM-1: Using methods similar to those used to generate antibodies against the NCRs, but with
the difference that mice was immunised with a CD8* T cell clone, led to the discovery of the
DNAX accessory molecule 1 (DNAM-1), termed DX11 (Shibuya et al., 1996). DNAM-1 was found
to be expressed on both T cells, NK cells and a subset of B cells, and it is involved in both cell-to-
cell adhesion as well as inducing cytolytic activity by recognising and binding to its ligands CD155

(poliovirus receptor) and nectin 2 (Shibuya et al., 1996).

1.3.4.4 Adhesion / Co-stimulatory receptors

Evidence that adhesion and co-stimulatory receptors play important roles in the function of NK
cells is also emerging. LFA-1 is an adhesion receptor made up of two subunits (CD11a and CD18)
which binds the intercellular adhesion molecules (ICAM) 1, 2 and 3 (Fawcett et al., 1992, Rothlein
et al., 1986, Rothlein and Springer, 1986, Staunton et al., 1989). The CD2 receptor was shown to
be another example of an adhesion receptor (Vollger et al., 1987). In addition to their roles as
adhesion molecules, both LFA-1 and CD2 also play a role in cell signalling (Barber et al., 2004,
Denning et al., 1988). In T cells, LFA-1 was shown to strengthen its adhesion to ICAMs through
conformational changes upon activation of the T cell following the ligation of other receptors
e.g. CD2, to their ligands (Dustin and Springer, 1989, van Kooyk et al., 1989). This type of
signalling is known as ‘inside out’ signalling. For NK cells, signalling through LFA-1 was shown to
be one of the minimal requirements for induction of cytotoxicity and, in conjunction with
signalling through CD2, is recognised as one of the early signals that is needed in the formation
of a lytic immunological synapse between an NK cell and its target (Bryceson et al., 2009, Mace

et al., 2014). Signalling through LFA-1 has been shown to induce the reorganisation of the NK
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cell actin cytoskeleton and, following co-ligation of NKG2D, lytic granules are polarised towards

to the immunological synapse (Mace et al., 2009).

NK cell stimulation with cytokines upregulates additional adhesion and co-stimulatory
molecules. The class | restricted T cell associated molecule (CRTAM) was first identified from
cDNA libraries that were generated following activation of thymocytes (Kennedy et al., 2000).
CRTAM has been found to be expressed on activated NK cells as a dimer. Although it is debatable
whether CRTAM promotes cytotoxicity following ligation with its ligand necl2, the receptor does

play a role in cellular adhesion (Arase et al., 2005, Boles et al., 2005).

TNF receptors without death domains e.g. OX40, CD137, GITR, are known co-stimulatory
receptors that are expressed on T cells and which enhance their responses (Croft, 2003). These
receptors have also been shown to induce reverse signalling transduction, which means that the
cell expressing the ligand receives a signal following receptor ligand ligation. In the case of
CD137L, reverse signalling has been shown to induce secretion of pro-inflammatory cytokines
(TNF, IFN-y, IL-6, IL-8 and IL-12) by human monocytes, up-regulate their expression of ICAM-1
and promote monocyte proliferation (Ju et al., 2009, Ju et al., 2003, Langstein et al., 1998).
Resting NK cells do not express the receptor CD137 and express only a low level of the receptor
GITR. Upon stimulation with IL-2 or IL-15, the expression of CD137 and GITR is up-regulated
(Baessler et al., 2010, Baltz et al., 2007). Ligation of CD137 and GITR on NK cells with their
respective ligands expressed on leukaemic cell lines (e.g.AML, B-CLL) and adherent cells lines
(e.g. MCF-7, HCT116) respectively results in inhibition of NK cytotoxicity and IFN-y secretion. In
turn, the leukaemic cells secrete immunosuppressive cytokines such as TNF, IL-8, IL-10
(leukaemic cells) and TGF-B (adherent cell lines) which can suppress both NK and T cell immune

responses (Baessler et al., 2010, Baltz et al., 2007)

1.3.4.5. Chemokine receptor expression

The term used to describe the movement of immune cells towards a chemical attractant is called
chemotaxis. The chemical attractants, known as chemokines, bind to chemokine receptors
expressed on the surface of the immune cell to promote the tethering and rolling of leukocytes
on endothelial cells that are mediated by transient selectin interactions (Lawrence and Springer,
1991). A list of chemokine receptors expressed by NK cells and the chemokines that they bind is

shown in Table 1.5.
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Table 1.5 Chemokine receptors expressed on NK cell subsets and the chemokines they
recognise

Chemokine Expression on NK cell . .
Chemokines recognised
Receptor subsets
CXCR1 \ CD56%M NK only CXCLS (IL-8) CXCL6
CXCR2 CD564™ NK only (low level) CXCL1, CXCL2, CXCL3(,:)((:():(I(-:£I;_5, CXCL6, CXCL7 and

CD56%™ NK (low level)
CXCR3 e CXCL9 (MIG), CXCL10 (IP-10), CXCL11 (I-TAC)

CXCR4 CD561&" (high level) CXCL12
CD56™ (High level)

CX3CR1 D56 (very low level) CX3CRL1, CCL26 (Eotaxin-3)
~ . CCL3 (MIP-1a), CCL4 (MIP-1B) CCL5 (RANTES),
bright
CCR5 CD56 (high level) CcL8 CCL13, CCL16
CCR?7 \ CD56"&" (high level) CCL19, CCL21

References (Campbell et al., 2001, Griffith et al., 2014)

1.3.4.6 Dynamic Equilibrium theory and receptor co-ordination

Since it was discovered that NK cells have both activating and inhibitory receptors it was realised
that the ‘missing self’ hypothesis proposed by Ljunggren and Karre (Ljunggren and Karre, 1985)
only partially described the function of NK cells. A new hypothesis known as the ‘dynamic
equilibrium theory’ was proposed. This stated ‘that the integration of opposing signals from
activating and inhibitory receptors determines the functional outcome of NK cell activity’ (Sabry
and Lowdell, 2013). This theory is generally accepted, but at best it is a basic overview of a very
complicated mechanistic process. In a series of studies, Bryceson et al discovered that when NK
cell activating receptors were stimulated in pairs using cross-linking monoclonal antibodies,
there was a greater influx of Ca** when compared to single receptor stimulation alone, with the
Ca?" influx correlating with degranulation. In redirected killing assays against the mouse FcR+
cell line P815, human resting NK cells were able to kill P815 cells when using cross-linking
antibodies, but not (or very little) when using antibodies that bound only one activating receptor
(Bryceson et al., 2006)). Furthermore, in experiments involving the expression of NK cell ligands
on Drosophilia S2 cells, Bryceson determined that the minimal requirements to stimulate resting
NK cells to kill S2 cells required co-engagement of the LFA-1, 2B4, and NKG2D receptors with
their respective ligands. They went on to show that NKG2A can inhibit the activating signals of

NKG2D, 2B4, but particularly LFA-1 resulting in reduced degranulation (Bryceson et al., 2009).

Interestingly, it appears that cytotoxicity is controlled by more than the coordination of
activating and inhibitory signals transmitted by receptors recognising different ligands. It is
starting to emerge that in some cases both activating and inhibitory receptors recognise and
compete for the same ligands. The activating receptor DNAM-1 competes with the inhibitory
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receptor TIGIT and with the activating / inhibitory receptor CD96 for the same ligands i.e. CD155
and CD112 (Chan et al., 2014, Stanietsky et al., 2009, Yu et al., 2009). Furthermore, it has been
shown that TIGIT has a higher binding affinity for CD155 than both DNAM-1 and CD96, thereby
suggesting that TIGIT may out compete DNAM-1 and CD96 for the CD155 stress ligand (Yu et al.,
2009). It appears that both DNAM-1 and TIGIT have roles in the formation of both lytic and
regulatory immunological synapses, reviewed by (Martinet and Smyth, 2015). Further work is
required in order to elucidate the exact roles of DNAM-1 and TIGIT in the formation of regulatory
synapses with dendritic cells (DCs). During the formation of the lytic synapse it has been shown
that DNAM-1 works together with LFA-1 during the process of actin cytoskeleton re-organisation
(Shibuya et al., 1999), whereas TIGIT has been shown to disrupt the polarisation of the
microtubule organising centre (Liu et al., 2013b). Future experiments to observe how DNAM-1,

TIGIT and CD96 interact at immunological synapses are needed.

1.3.4.7 ‘Priming’ and ‘Triggering’ of NK cell responses

As described above, both NK cell subsets can be stimulated to kill cancer cell lines that are
otherwise resistant to being killed by resting NK cells by cytokines such as IL-2 (Nagler et al.,
1989). Studies have also shown that co-incubation of NK cells with the leukaemic cell line CTV-1
results in the ‘priming’ of NK cells via the ligation of the CD2 receptor on the NK cells with CD15
receptor on the CTV-1 cells (North et al., 2007, Sabry et al., 2011). Although the primed NK cells
were not able to kill the CTV-1 cells themselves, they were able to kill other NK cell-resistant cell
lines such as Raji, DU145 and ARH77. Furthermore, primed NK cells up-regulated expression of
CD69 and CD25 and down-regulated their expression of NKG2D and NKp46. Although the up-
regulated CD69 receptor was subsequently shown to act as a triggering receptor, it was
concluded that it was unlikely to be the only one (North et al., 2007, Sabry et al., 2011). It was
postulated that the stimulation of NK cells to kill cancer cells can be split into two distinct stages:
‘priming’ and ‘triggering’ (North et al., 2007, Sabry and Lowdell, 2013). The priming signal can
be either in the form of cytokine stimulation or stimulation following cell-to-cell contact with a
target cell expressing the appropriate combination and intensity of ligands for the NK cell
activating receptors expressed. The triggering signal is delivered by an additional ligation of at
least one activating receptor with its stress ligand expressed on the target, thereby preventing
auto-reactivity with healthy cells (Sabry and Lowdell, 2013). This theory fits with the widely
accepted dynamic equilibrium hypothesis and also potentially describes how cytokines can be

used to stimulate NK cells to kill tumour cells, yet spare healthy cells.
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1.3.5 NK cell recognition of cancer cells

Studies have shown that different activating receptors and / or the extent of their involvement
in the recognition of different cancer cell lines appears to differ from cell line to cell line, even
when they are from the same type of cancer. The studies used antibody blocking experiments
involving cytokine-stimulated NK cells targeted against NK cell-resistant tumour cells. They
analysed the effects of blocking specific activating receptors on the ability of the NK cells to kill
various cancer cell lines. These studies revealed that the most important NK cell activating
receptors involved in the recognition of different breast cancer cells was NKG2D and DNAM-1.
The activating receptors NKp46 and NKp30 were also involved in the recognition of breast cancer
cell lines, but to a lesser extent (Mamessier et al., 2011a). In a study of melanoma cells lines, El-
Sherbiny et al showed that cytotoxic killing of three melanoma cell lines was dependent on the
DNAM-1 receptor. However, one melanoma cell line lacked expression of DNAM-1 ligands and
the cytotoxic killing of this cell line was NKG2D and NKp46 dependent (El-Sherbiny et al., 2007).
Recognition of prostate cancer cell lines appear to primarily involve NKG2D, DNAM-1, NKp46
and, to a lesser extent, NKp30 (Pasero et al., 2015). Furthermore, a study measuring the ability
of NK cells to target colon cancer showed that allogeneic NK cells could kill cancer initiating cells
much more effectively than their differentiated counterparts. Cancer initiating cells were shown
to express higher levels of NKp30 and NKp44 ligands, but lower levels of MHC class | molecules

than the differentiated colon cancer cells (Tallerico et al., 2013).

Overall, the ability of cytokine stimulated NK cells to kill NK cell-resistant tumour cells lines is
heavily dependent on the level of expression of NK cell activating and inhibitory ligands by that
cell line. As a consequence, the expression requirement for activating receptors by the NK cells
in order to kill the cell line is different between cell lines. A study analysing the range of NK cell
phenotypes within an individual has shown that there are up to 30,000 different NK cell
phenotypes within one person. Expression of the activating receptors NKG2D and NKp46 was
only found on 28 and 25 of the top 50 phenotypes, with the top 50 phenotypes only accounting
for about 15 % of the total NK cell population (Horowitz et al., 2013). These results suggest that
only specific NK cell subpopulations having the correct combination of activating and inhibiting

receptors are capable of killing specific cell lines.

1.3.6 Cleavage of stress ligands

As already discussed above, both tumours and recruited tumour associated immune cells e.g.
TAM, TAFs, Tregs etc secrete immunosuppressive cytokines (e.g. TGF-B, IL-10, TNF) into the
tumour microenvironment which can inhibit NK cell function by down-regulating NK activating

receptors such as NKp44, NKp30 and DNAM-1 (Balsamo et al.,, 2009, Li et al.,, 2012).
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Furthermore, recruited Tregs and MDSCs can also down-regulate the expression of activating
receptors (e.g. NKG2D, NKp30) following cell-to-cell contact due to these cells (i.e. Tregs)
expressing membrane bound TGF-B (Ghiringhelli et al., 2005, Hoechst et al., 2009). An additional
evasion mechanism used by cancer cells to avoid the NK cell immune responses is to cleave off
NK cell ligands from the cancer cell surface. The most common example is the shedding of
NKG2D ligands e.g. MICA and MICB which has been shown to occur on a range different types
of cancer, including pancreatic (Panc89, PancTu-l), breast (MDA-MB231) and prostate cancer
(PC3) cell lines (Chitadze et al., 2013). In the case of T cells, the binding of soluble MICA has been
shown to down-regulate NKG2D expression by endocytosis and degradation of the NKG2D
receptor (Groh et al., 2002). High levels of soluble MIC (the assay used in these studies could not
distinguish between MICA and MICB) have been detected in the serum of patients with
advanced prostate cancer. Incubation of healthy NK cells in the serum of patients containing
soluble MIC was associated with a down-regulation of NKG2D resulting in inhibition of NK cell
cytotoxic function and IFN-y secretion (Wu et al., 2004). Elevated levels of soluble MIC has also
been observed in patients with pancreatic cancer, and this also resulted in decreased NKG2D
expression and inhibition of the cytotoxic function of both y6 T cells and NK cells (Marten et al.,

2006).

Shedding of MICA and MICB ligands from the surface of cancer cells has been shown to be
mediated by either matrix metalloproteinases (e.g. MMP9 and MMP14) or by ‘a disintegrin and
metalloproteinases’ (ADAM) (e.g. ADAM 10 and 17) (Chitadze et al., 2013, Liu et al., 2013a, Sun
et al.,, 2011). Interestingly, although MICB is cleaved from the cell surface of PC3 cells by
ADAM10 and ADAM 17, MICA is secreted in a truncated form from the cancer cell via exosomes
(Chitadze et al., 2013). Hela (cervical cancer) cells are also capable of secreting MICA via
exosomes which has been shown to down-regulate NKG2D expression on NK cells and inhibit

their cytotoxic function (Ashiru et al., 2010).

1.3.7 Immunological synapses and their functions

The contact between an immune cell e.g. NK cell or T cell, with a cell of interest is termed an
‘immunological synapse’. Research has shown that NK cells can form three different types of
immunological synapses upon contact with a cell of interest: 1) a lytic synapse, 2) an inhibitory
synapse or 3) a regulatory synapse. The type of immunological synapse formed by the NK cell
and the cell of interest is dependent on the expression level of stress ligands and MHC class |
molecules by the target cell, the clustering of NK cell activating and inhibitory receptors at the
immunological synapse, actin reorganisation and polarisation by either the NK cell or target cell
and, finally, the polarisation of the microtubule reorganising centre and lytic granules towards

the immunological synapse, reviewed by (Mace and Orange, 2011). Described in further detail
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in Chapter 4, NK cells form lytic synapses when more activating signals are received by the NK
cell than inhibitory signals. The NK cell reorganises its actin cytoskeleton at the synapse and
polarises its microtubule organising centre and lytic granules towards the immunological
synapse (Mace and Orange, 2011, Orange, 2008). The lytic granules contain perforin and
granzyme B (Peters et al., 1991) which are released into the cleft of the immunological synapse
following complete fusion of the lytic granule membrane with the cell plasma membrane (Liu et
al., 2009, Orange, 2008). Inhibitory synapses are formed when inhibitory signals predominate
over activating signals and / or when actin reorganisation and polarisation of the microtubule
organising centre to the immunological synapse is blocked (reviewed by (Mace and Orange,

2011)).

Regulatory synapses between NK cells and dendritic cells have also been studied. In contrast to
lytic synapses, the dendritic cell reorganises its actin cytoskeleton allowing for clustering of MHC
class | molecules at the synapse, thereby preventing the formation of lytic synapse.
Furthermore, dendritic cells polarise IL-12 and IL-15 cytokines towards the regulatory synapse,
whereas NK cells polarise IL-12 and IL-15 receptors. It is thought that these interactions promote
NK cell survival, proliferation and also prime them (Barreira da Silva et al., 2011, Borg et al.,,

2004, Brilot et al., 2007).

1.4 Aims and Hypothesis of the PhD study

There is a need to improve the ability of clinicians to diagnosis prostate cancer and better
determine patient prognosis. Better diagnosis and improved prognosis has the potential to lead
to better patient care, as the clinicians will be able to make more informed choices regarding
what treatment plan to put their patients on, thereby allowing them to maintain a good quality
of life. The formation of prostate cancer is thought to occur as a result of inflammation within
the prostate. Tumours promote chronic inflammation and the secretion of immunosuppressive
cytokines and factors as a mechanism to evade the NK immune response via the down-

regulation of NK cell activating receptors, subsequently inhibiting NK cell immune function.

The aim of this PhD project is to characterise the phenotype and function of peripheral NK cells
isolated from patients with prostate cancer in order to determine whether these reflect the
presence and severity of disease. If so, then it might be possible to use these measurements to

improve prostate cancer diagnosis and better determine patient prognosis.

The study is based on the hypothesis that, in comparison to individuals with benign disease, the
presence of prostate cancer down-regulates the expression of NK cell activating receptors and
has the potential to inhibit NK cell function, and that these effects are reflected in the phenotype
and functional potential of NK cells in the peripheral circulation. If this is the case, then changes
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in NK cell phenotype and function can then be used to distinguish patients with and without

cancer and those patients with an increased risk of progression.

Page | 49



2: Materials and Methods

2.1 Patients, patient groups and ethics

Patients with suspected prostate cancer attending the Urology Clinic at Leicester General
Hospital (University Hospitals of Leicester NHS Trust) were examined by Mr Masood Khan

(Consultant Urologist) and Mr Shady Nafie (Registrar in Urology).

Samples were obtained from two cohorts of patients, termed the ‘TRUS’ and ‘TP’ cohorts.
Patients in the TRUS cohort were diagnosed using the TRUS biopsy only, whereas patients in the
TP cohort were selected on the basis of them meeting the criteria of being biopsy naive, with a
PSA level of <20ng.ml? and agreeing to undergo simultaneous TRUS biopsy (12 cores) and TP
biopsy (36 cores) procedures under general anaesthetic. Demographics for both patient cohorts

are described in chapter 3 (Tables 3.1 to 3.4).

The TP cohort samples were collected from 24" October 2012 to 15" August 2014. This cohort
comprised samples from 72 males who had previously had a TRUS-guided biopsy and then
underwent a transperineal template prostate biopsy (TPTPB). The mean age for this cohort was
66 years old (age range of 50 to 84 years old). Given the more definitive diagnostic power of this
approach (Nafie et al., 2014a, Nafie et al., 2014b), samples that were considered as being from

patients with benign disease were obtained from this cohort.

The TRUS cohort samples were collected from 24" October 2012 to 15™ August 2014. This
cohort comprised samples from 92 males who had been diagnosed on the basis of a TRUS biopsy
alone. The mean age for this cohort was 66 years old (age range of 50 to 84 years old). For both

cohorts, patients were recruited and treated as described previously (Nafie et al., 2014a)

The Research Protocols were registered and approved by the National Research Ethics Service
Committee of East Midlands and by the Research and Development Department in the
University Hospitals of Leicester NHS Trust. All participants were given information sheets

explaining the nature of the study and they all signed their informed consent forms.

Ethical approval for the collection and use of samples from the TRUS cohort (Project title: A pilot
study to identify gene fusions in Prostate Cancer) was given by NRES Committee East Midlands

— Derby 2 (NREC Reference number: 09/H0401/92; UHL 10856).

Ethical approval for the collection and use of samples from the TP cohort (Project Title: Defining
the role of Transperineal Template-guided prostate biopsy) was given by NRES Committee East

Midlands — Derby 1 (NREC Reference number: 11/EM/3012; UHL11068).
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Peripheral blood (60 ml) was collected from all patients using standard NHS procedures. Aliquots
(30 ml) were transferred into two 50 ml polypropylene (Falcon) tubes containing 300 ul of
sterilised Heparin (1000 U/ml, Sigma). Anti-coagulated samples were immediately transferred
by taxi to the John van Geest Cancer Research Centre at Nottingham Trent University and were

processed immediately upon receipt (as described below) within 3 hours of collection.

Approval for the collection of peripheral blood from healthy volunteers was obtained from the
Nottingham Trent University College of Science and Technology Human Ethics Committee
(Application numbers 165 and 412). Samples were collected by standard procedures by suitably

qualified individuals.

2.1.1 Collection of plasma from blood

Plasma was collected from a total of 4 ml of anticoagulated blood by centrifuging four aliquots
at 300g for 15 mins at room temperature (RT). The separated plasma was then aliquoted and

frozen at -80°C. The four remaining pellets were retained and frozen at -80°C.

2.1.2 Isolation of peripheral blood mononuclear cells (PBMCs) from blood

Prior to sample arrival, Leucosep® tubes (Greiner Bio-One) containing 15 ml of Ficoll-Paque (GE
Healthcare Life Sciences) were centrifuged at 400g for 1 min. The centrifugation enabled the
Ficoll-Paque to pass through the specially designed filter that prevents added blood mixing with

the Ficoll-Paque prior to centrifugation, thereby enabling a quicker setup time.

Peripheral blood mononuclear cells (PBMCs) were isolated from the remaining blood by mixing
20 ml of blood with 10 ml phosphate-buffered saline (PBS, Lonza) and layering this into the
previously-prepared Leucosep® tube. Following centrifugation at 800g for 30 mins at RT with
the brake off, the PBMC fraction was transferred into a separate tube, washed with PBS,
centrifuged at 600g for 10 min at RT and then washed again with PBS followed by centrifugation
at 400g for 10 mins at RT. Following centrifugation, the pellet was re-suspended in 5 ml of fetal
bovine serum (FBS, Hyclone) the viable PBMCs counted using a haemocytometer and trypan
blue dye exclusion (0.1 % v/w Trypan Blue, Santa Cruz). The PBMCs were re-suspended in freeze
medium (90% v/v FBS (Hyclone) and 10% v/v DMSO (Santa Cruz)) and frozen down at 10 x 10°
cells/ml per cryovial (Sarstedt). For this, vials were placed in a Coolcell™ freezing container
(Biocision) and frozen at -80°C overnight before being transferred to liquid nitrogen until

phenotypic and functional analysis.

2.1.3 Thawing of PBMCs

At the time of analysis, an appropriate number of cryovials was removed from liquid nitrogen,
defrosted using a hair dryer and 1-2 ml of PBMCs were pipetted into a 15 ml conical Falcon tube
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(BD Biosciences), to which was slowly added an equal volume of RT Thaw solution (90 % v/v
RPMI (Lonza), 10 % v/v CTL wash™ solution (Cellular Technology Limited) plus 10 pl of
Benzonase (Novagen®)). Vials were washed with 1 ml of Thaw solution, the contents of which
were added to the 15 ml Falcon tube. Additional thaw solution was added to make the volume
up to 12 ml. Samples were then centrifuged at 400g for 5 min at RT and then re-suspended in
RPMI containing 10% v/v FBS and 1% v/v/ L-glutamine (Lonza). The PBMCs were then allowed
to rest at 37 °C for 1 hr before the number of viable cells was determined by trypan blue dye

exclusion.
2.2 Flow cytometry setup

2.2.1 Flow cytometry

The phenotype of the peripheral natural killer (NK) cells within the PBMC populations that had
been previously isolated from the blood of each patient was determined by flow cytometry using
a Beckman Coulter Gallios™ instrument which is capable of measuring 10 fluorescent channels.

The lasers and filters specifications are shown in Table 2.1.

Table 2.1 Beckman Coulter Gallios laser and filter specifications

Laser | Excitation Wavelength | Channel Emission Wavelength
Range
FL1 525/40
FL2 575/30
Blue 488nm FL3 620/30
FL4 695/30
FL5 755LP
FL6 660/20
Red 638nm FL7 725/20
FL8 755LP
. FL9 450/40
Violet 410nm FL10 550/40

2.2.2 Flow cytometer and protocol setup

Flow-Check™ and Flow-Set™ fluorospheres (Beckman Coulter) were routinely used to align the
lasers. The Gallios™ is somewhat different to other flow cytometers in that the protocol file is
combined with the FCS data file in order to create an LMD file. For each antibody panel, the
voltages and gains for the forward scatter (FSc) and side scatter (SSc) were adjusted to enable
the cell populations being measured to be viewed in the FSc versus SSc dot plot. For each
antibody panel, the appropriate lasers and FL channels were switched on. The voltage settings
for each FL channel were adjusted and the compensation settings calculated and applied as

described in Section 2.2.3. The linear time of flight setting was enabled in order to measure
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doublets so they could be excluded during analysis. Settings for each of the antibody panels

were saved and used throughout the study.

2.2.3 Compensation for spectral overlap

A compensation tube for each antibody or fluorescent dye present in the antibody panel was
set up in order to establish and correct for spectral overlap between fluorescence channels. For
this, one drop of OneComp eBeads (eBioscience) was added to a 12x75 mm polycarbonate flow
cytometry tube containing 50 ul of Wash Buffer (PBS + 2% w/v BSA + 0.02% w/v sodium azide
(Sigma)) and the appropriate amount of antibody. The bead-antibody mix was then incubated

in the dark for 15 mins at RT.

All experiments included a viability stain in order to exclude non-viable cells from the analysis.
For this a Live/Dead™ Fixable Violet dead stain (Thermo Fisher Scientific) was used, further
details on which are provided below. The spectral overlap of the Fixable dead stain was
determined using ArC™ Amine Reactive Compensation Bead Kit (Thermo Fisher Scientific). For
this, one drop of positive ArC™ beads was added to each 12x75 mm flow cytometry tube for

each fluorophore used.

All tubes were incubated in the dark for 30 mins at RT. Following incubation, 1 ml of wash buffer
was added and the tubes were then centrifuged at 400g for 5 min at RT. The supernatant was
then removed and the beads, with dye or antibody bound, were re-suspended in 500ul of
Isoton™ Il diluent (Beckman Coulter). One drop of the negative ArC™ beads was added to

viability stain tube.

PBMCs were defrosted as previously described (section 2.1.4) and 500,000 cells were added to
two 12x75 mm tubes followed by 1 ml of Wash buffer. The cells were then centrifuged at 400g
for 5 min at RT, after which the supernatant was removed. For one tube, the PBMCs were re-
suspended in 500l of Isoton™ Il diluent. The PBMCs in the second tube were stained with the

antibodies and dyes described in the antibody panel (method described in section 2.3.1).

Compensation was achieved following the automated program on the Beckman Coulter
Gallios™. Briefly, histograms for each FL channel were drawn and the unstained PBMCs run on
the flow cytometer. The voltage for each FL channel were adjusted so that the peaks for the
unstained PBMCs were within the 1% log decade of the x axis on the histogram. Using the same
voltage settings, Beckman Coulter Flow-Set™ beads were then run on the flow cytometer and
the mean fluorescence recorded. The automated compensation program on the Beckman
Coulter Gallios™ was then applied and the mean fluorescence values for the Flow-Set™ beads

added. During the automated program, the fluorescence of each antibody and dye stained beads
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were run and measured in order to allow the amount of compensation to add for each possible
antibody and dye combination to be calculated. Each antibody and dye combination were then
examined manually and the compensation settings adjusted so that the mean fluorescence

values for Q1 and Q3 and Q3 and Q4 were comparable

Once the compensation settings had been established, they were then added to the protocol
for the antibody panel. Compensation was undertaken for each antibody panel for which there
was a difference in the fluorochromes used or the company that made the antibody. Once the
compensation settings were added to the protocol, PBMCs stained with the full antibody panel
were then run on the flow cytometer and later analysed using the Beckman Coulter Kaluza™ 1.2
software. Again, each possible antibody / dye combination was analysed using density plots

gated on single cells, and the compensation manually adjusted if necessary.

2.3 Determining the phenotype of natural killer (NK) cells in the peripheral blood of patients

with prostate cancer using thawed PBMCs

2.3.1 Staining protocol

One vial of patient or control PBMCs was defrosted, as previously described (section 2.1.4).
Following counting, 1 x 10° PBMCs were then aliquoted into three 12x75 mm flow cytometry
tubes per patient and washed with 1 ml of Wash buffer, centrifuged at 400g for 5 mins at RT,
after which cells were re-suspended in 100 pl of Wash buffer. The PBMCs were then stained in
the dark for 15 min at RT with the antibody panels 1 to 3 (one antibody panel per tube), as
described in Table 2.2. Following incubation, the PBMCs were washed with PBS and then re-
suspended in 1 ml Live/Dead™ Fixable Violet solution and incubated in the dark for 30 min at
RT. Following incubation, the PBMCs were then pelleted at 400g for 5 mins, washed and re-
suspended in 500 pl Isoton™ Il diluent. The PBMCs were analysed immediately. Patient PBMC
samples were stained and analysed on the flow cytometer in batches of four plus one control
PBMC sample. Data were analysed using the Beckman Coulter Kaluza™ software, using the

gating strategy shown in Figure 2.1.

2.3.2 ‘Fluorescent minus one’ controls

As shown in Figure 2.1, for some of the antibodies (e.g. NKp46 and NKp30) distinct positive and
negative populations for those antibodies could not be clearly seen. As a consequence,
fluorescent minus one experiments were carried out for each activating and inhibitory NK cell
receptor antibody in order to determine where the positive and negative staining gates should
be placed for each antibody. For this, cells were stained as previously described in section 2.3.1,

but omitting the antibody for which the negative staining gate was being measured. Following
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data acquisition on the flow cytometer, the data were again analysed using Beckman Coulter

Kaluza™ software (Table 2.2).

Table 2.2: Antibody panels for measuring the phenotype of patient Natural Killer cells

Ii;\-lg\}/‘::;:?t: Antibody Fluorochrome /dye Clone Manufacturer V::I::r
Panel 1
FL1 525/40 DNAM-1 FITC 11A8 BioLegend 5ul
FL2 575/30 NKG2D (CD314) PE 1D11 eBioscience 5ul
FL3 620/30 CD56 ECD (PE-Texas Red) N901 Beckman Coulter 2.5 ul
FL4 695/30 CD16 PerCP-Cy5.5 3G8 BioLegend 5ul
FL5 755LP NKp46 (CD335) PE-Cy7 9E2 BioLegend 5ul
FL6 660/20 NKp30 (CD337) Alexa Fluor 647 P30-15 BioLegend 5ul
FL7 725/20 CD3 Alexa Fluor 700 UCHT1 BioLegend 2 ul
FL7 725/20 CD19 Alexa Fluor 700 HIB19 BioLegend 1l
FL8 755LP CD8 APC-Cy7 SK1 BioLegend 2.5 ul
FL9 450/40 Live/Dead™ Dye (violet) Th‘gzzztf;f:er ! “rln'ln !
Panel 2
FL1525/40 CD85j FITC GHI/75 Miltenyi biotec 10 pl
FL2 575/30 LAIR-1 PE DX26 BD Biosciences 20 ul
FL3 620/30 CD56 ECD (PE-Texas Red) N901 Beckman Coulter | 2.5 pl
FL4 695/30 CD16 PerCP-Cy5.5 3G8 BioLegend 5 pl
FL5 755LP NKG2A PE-Cy7 7199 Beckman Coulter 10wl
FL6 660/20 NKp44 Alexa Fluor 647 P44-8 BioLegend 5ul
FL7 725/20 CD3 Alexa Fluor 700 UCHT1 BioLegend 2 ul
FL7 725/20 CD19 Alexa Fluor 700 HIB19 BioLegend 1l
FL8 755LP CD8 APC-Cy7 SK1 BioLegend 2.5 ul
FL9 450/ 40 Live/Dead™ Dye (violet) Thermo fi§her 1ulind
Scientific ml
Panel 3
FL1525/40 2B4 (CD244.2) FITC Cl1.7 BioLegend 5ul
FL3 620/30 CD56 ECD (PE-Texas Red) N901 Beckman Coulter 2.5 ul
FL4 695/30 CD16 PerCp-Cy5.5 3G8 BioLegend 5ul
FL7 725/20 CD3 Alexa Fluor 700 UCHT1 BioLegend 2 ul
FL7 725/20 CD19 Alexa Fluor 700 HIB19 BioLegend 1l
FL8 755LP CD8 APC-Cy7 SK1 BioLegend 2.5 ul
. ™ ) Thermo Fisher lulinl
FL9 450/40 Live/Dead Dye (violet) Scientific ml

2.4 Priming of NK cells using the CTV-1 human leukemic cell line

2.4.1 CTV-1 cell culture

The CTV-1 cell line (a T cell leukemic cell line) was purchased from the DSMZ (ACC 40) and was
cultured using RPMI supplemented with 10% v/v FBS and 1% v/v L-Glut, as recommended by the
DSMZ. Cultures were split twice a week when the medium looked exhausted or when the cells

were used for an experiment. Cultures were split within the range of 1in 5and 1in 10 by
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Figure 2.1: Gating strategy for analysing the expression of activating and inhibitory receptors on patient NK cells.

Using density plots the NK cells were analysed by first gating on ‘live cells’ from the cells acquired in the forward scatter (FSc) linear vs side scatter (SSc) linear density plot and
then gating on single cells (determined by FSc Linear vs FS time of flight). Cells where then gated on the NK cell population that were CD3"CD19°CD56*. Analysis of the expression
of each activating and inhibitory receptor on patient NK cells was done by gating on the NK population and then looking for positive and negative expression of each receptor on
cells expressing CD56. Gates were set using FMO controls. The expression of each NK receptor was measured using the ‘Logical’ setting.
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adding an aliquot of the cell culture to a fresh flask and adding between 40 and 50 ml of RPMI
supplemented with 10% v/v FBS and 1% v/v L-Glut.

2.4.2 NK cell priming

Cultured CTV-1 cells were transferred into a 50 ml Falcon conical tube and then centrifuged at
400g for 5 mins. Following centrifugation, the cell pellet was re-suspended in 1 to 3 ml of RPMI
supplemented with 10% v/v FBS and 1% v/v L-Glut (RPMI complete medium), depending on the
size of the cell pellet. The viable cell count was determined using trypan blue exclusion and a
haemocytometer. In order to inhibit the growth of CTV-1 cells during NK cell priming, CTV-1 cells
were treated with Mitomycin C. For this, a vial of Mitomycin C (2 mg) (Sigma) was re-suspended
in 6 ml ddH,0 to give a concentration of 333 pg/ml. To 900 pl of CTV-1 cell suspension ( <7 x 10°
CTV-1 cells/ml) in a 15 ml Falcon conical tube was added 100ul of Mitomycin C to give a final
concentration of Mitomycin C at 33 pg/ml per €7 x 10°% CTV-1 cells. The CTV-1 cells were
incubated with Mitomycin C for 2 hrs in the dark at 37°C, after which cells were centrifuged at
400g for 5 min at RT and the supernatant discarded. The CTV-1 cells were then washed using 13
ml of PBS, centrifuged and the supernatant discarded. The CTV-1 cells were washed a further

two times before finally being re-suspended in RPMI complete medium and counted as before.

During the CTV-1 incubation with Mitomycin C, the appropriate number of PBMC vials were
removed from liquid nitrogen and thawed, as previously described in section 2.1.4. Following
resting for at least 1 hr and counting, NK cells were isolated from the PBMC using an EasySep™
Human NK Cell Enrichment Kit for the negative selection of NK cells following the manufacturer’s
instructions (STEMCELL Technologies). For this, unwanted cells are targeted for removal with
Tetrameric Antibody Complexes recognising non-NK cells and dextran-coated magnetic
particles. The labelled cells are separated using an EasySep™ magnet without the use of
columns. Desired cells are poured off into a new tube. Isolated NK cells were centrifuged at 400g
for 5 min at RT, re-suspended in 500 ul of complete medium and counted using a
haemocytometer. The isolated NK cells were then co-incubated with the mitomycin C treated
CTV-1 cells in a 15 ml Falcon conical tube at an NK : CTV-1 ratio of 1 : 2 for 17 hrs at 37°C, unless
otherwise stated in the experimental protocol. A control tube containing isolated NK cells alone

in RPMI complete medium which served as a ‘non-primed’ NK cell control was always set up.

2.4.3 Phenotypic analysis of non-primed and primed NK cells

The phenotype of non-primed and primed NK cells was determined by flow cytometry using the
same protocol as described in section 2.3.1, but with the following differences: 100,000 isolated
NK cells were added wherever possible to each 12x75 mm flow cytometry tube and cells were

stained using the antibody panels shown in Table 2.3. To determine the position
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Table 2.3: Antibody panels used to measure the phenotype of Natural Killer cells before and

after priming

VI:ILaSle‘IaeI:;:\ Antibody Fluorochrome /dye Clone Manufacturer V:L::eer
Panel 1
FL1 525/40 2B4 (CD244.2) FITC C1.7 BioLegend 5ul
FL2 575/30 NKG2D (CD314) PE 1D11 eBioscience 5ul
FL3 620/30 CD56 ECD (PE-Texas Red) N901 Beckman Coulter 2.5 ul
FL4 695/30 CD16 PerCP-Cy5.5 3G8 BioLegend 5ul
FL5 755LP NKp46 (CD335) PE-Cy7 9E2 BioLegend S5ul
FL6 660/20 NKp30 (CD337) Alexa Fluor 647 P30-15 BioLegend 5ul
FL7 725/20 CD3 Alexa Fluor 700 UCHT1 BioLegend 2 ul
FL7 725/20 CD19 Alexa Fluor 700 HIB19 BioLegend 1ul
FL8 755LP CD8 APC-Cy7 SK1 BioLegend 2.5 ul
. ™ . Thermo Fisher lulinl
FL9 450/40 Live/Dead Dye (violet) Scientific ml
Panel 4
FL1525/40 CD2 FITC TS1/8 BioLegend 5ul
FL2 575/30 NKp80 PE 5D12 BioLegend 5ul
FL3 620/30 CD56 ECD (PE-Texas Red) N901 Beckman Coulter 2.5 ul
FL4 695/30 CD16 PerCP-Cy5.5 3G8 BiolLegend 5ul
FL5 755LP CD25 PE-Cy7 M-A251 BiolLegend 5ul
FL6 660/20 CD69 APC FN50 BioLegend 5ul
FL7 725/20 CD3 Alexa Fluor 700 UCHT1 BioLegend 2 ul
FL7 725/20 CD19 Alexa Fluor 700 HIB19 BioLegend 1l
FL8 755LP CD8 APC-Cy7 SK1 BiolLegend 2.5 ul
FL9450/40 |  Live/Dead™ Dye (violet) Thii?;ﬁ;f:er ! “rln'ln !
Panel 5
FL1 525/40 0Xx40 FITC BerACT35 BioLegend 5ul
FL2 575/30 CD9%6 PE NK92.39 Biolegend 5ul
FL3 620/30 CD56 ECD (PE-Texas Red) N901 Beckman Coulter 2.5 ul
FL4 695/30 CD16 PerCp-Cy5.5 3G8 BioLegend 5ul
FL5 755LP 4-1BB (CD137) PE-Cy7 4B4-1 BioLegend 5 ul
FL6 660/20 CRTAM APC FN50 BiolLegend 5ul
FL7 725/20 CD3 Alexa Fluor 700 UCHT1 BioLegend 2 ul
FL7 725/20 CD19 Alexa Fluor 700 HIB19 BioLegend 1l
FL8 755LP CD8 APC-Cy7 SK1 BioLegend 2.5 ul
. ™ . Thermo Fisher lulinl
FL9 450/40 Live/Dead Dye (violet) Scientific ml
Panel 6
FL1525/40 | DNAM-1 (CD226) FITC 11A8 BiolLegend 5ul
FL2 575/30 TIGIT PE MBSA43 eBioscience 5ul
FL3 620/30 CD56 ECD (PE-Texas Red) N901 Beckman Coulter 2.5 ul
FL4 695/30 CD16 PerCP-Cy5.5 3G8 BioLegend 5ul
FL6 660/20 GITR APC ebioAITR eBioscience 5ul
FL7 725/20 CD3 Alexa Fluor 700 UCHT1 BioLegend 2 ul
FL7 725/20 CD19 Alexa Fluor 700 HIB19 BioLegend 1l
FL8 755LP CD8 APC-Cy7 SK1 BiolLegend 2.5 ul
. ™ . Thermo Fisher | 1ulin1l
FL9 450/40 Live/Dead Dye (violet) Scientific ml
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Figure 2.2 Gating strategy for analysing the expression of receptors CD2, NKp80, CD25 and CD69 on CTV-1 primed NK cells and non-primed NK cells.
Using density plots the NK cells were analysed by first gating on ‘live cells’ from the cells acquired in the forward scatter (FSc) linear vs side scatter (SSc) linear density plot and
then gating on single cells (determined by FSc Linear vs FS time of flight). Cells where then gated on the NK cell population that were CD3'CD19°CD56". Analysis of the expression
of receptors CD2, NKp80, CD25 and CD69 on healthy volunteer and patient NK cells was done by gating on the NK population and then looking for positive and negative expression
of each receptor on cells expressing CD56. Gates were set using control NK stained for NK defining antibodies (CD3, CD19, CD56, CD16 and CD8) only. The expression of each NK
receptor was measured using the ‘Logical’ setting.
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Figure 2.3: Gating strategy for analysing the expression of receptors 0X40, CD96, CD137, CRTAM on CTV-1 primed NK cells and non-primed NK cells.

Using density plots the NK cells were analysed by first gating on ‘live cells’ from the cells acquired in theforward scatter (FSc) linear vs side scatter (SSc) linear density plot and
then gating on single cells (determined by FSc Linear vs FS time of flight). Cells where then gated on the NK cell population that were CD3'CD19°CD56". Analysis of the expression
of receptors OX40, CD96, CD137, CRTAM on healthy volunteer and patient NK cells was done by gating on the NK population and then looking for positive and negative expression
of each receptor on cells expressing CD56. Gates were set using control NK stained for NK defining antibodies (CD3, CD19, CD56, CD16 and CD8) only. The expression of each NK
receptor was measured using the ‘Logical’ setting.
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Figure 2.4: Gating strategy for analysing the expression of receptors TIGIT, GITR, CD107a CTV-1 primed NK cells and non-primed NK cells.

Using density plots the NK cells were analysed by first gating on ‘live cells’ from the cells acquired in the forward scatter (FSc) linear vs side scatter (SSc) linear density plot and
then gated on single cells (determined by FSc Linear vs FS time of flight). Cells where then gated on the NK cell population that were CD3°CD19°CD56*. Analysis of the expression
of receptors TIGIT, GITR, CD107a on healthy volunteer and patient NK cells was done by gating on the NK population and then looking for positive and negative expression of

each receptor on cells expressing CD56. Positive and negative gates were set using control NK stained for NK defining antibodies (CD3, CD19, CD56, CD16 and CDS8) only. The
expression of each NK receptor was measured using the ‘Logical’ setting.
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Figure 2.5: Representative gating strategy for measuring the expression of activating and adhesion / co-stimulatory receptors on the CD56“™CD16"¢", CD56“™CD16'" and
CD569™CD16"& NK subpopulations.

Using density plots the NK cells were analysed by first gating on ‘live cells’ from the cells acquired in the forward scatter (FSc) linear vs side scatter (SSc) linear density plot and
then gating on single cells (determined by FSc Linear vs FS time of flight). Cells where then gated on the NK cell population (CD3'CD19°CD56*) and then subdivided into
subpopulations based on CD56 and CD16 expression. Positive and negative expression of each activating and adhesion / co-stimulatory receptor was measured on the
CD56%mMCD16"e", CD569MCD16'" and CD569™CD16M¢ NK subpopulations by gating the on CD56*CD16"8", CD56*CD16'" and CD56*CD16"™8 gates. Positive and negative gates were
set using control NK stained for NK defining antibodies (CD3, CD19, CD56, CD16 and CD8) only. The expression of each NK receptor was measured using the ‘Logical’ setting.
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of positive and negative staining gates control tubes were set up for each antibody panel. For
this, 100,000 NK cells were added to a 12x75 mm flow cytometry tube and were only stained
with NK cell defining antibodies (CD3, CD19, CD56, CD16, CD8) using same protocol as previously
described in section 2.3.1. Data were again analysed using the Beckman Coulter Kaluza™
software. Gating strategies for the positive and negative expression of each receptor on total
NK cells are shown in Figures 2.2 to 2.4. A representative gating strategy for the positive and
negative expression of each receptor on three NK cell subpopulations (CD569™CD16Me",

CD56%™CD16'°" and CD569™MCD16"¢) is shown in Figure 2.5.

2.5 Measurement of NK cell cytotoxic function against human K562 erythroleukaemic and PC3

prostate cancer cells

2.5.1 K562 cell culture

The K562 cell line is an HLA class | negative, human erythroleukemic suspension cell line which
was obtained from American Type Culture Collection (ATCC). Cryovials were defrosted using the
same methods described in section 2.1.4 and cells were cultured in Iscove's Modified Dulbecco's
Medium (IMDM) supplemented with 10% v/v FBS (Hyclone) (complete medium) in T75 flasks.
On reaching confluence, cells were split in the range of 1 in 10 and 1 in 50 by adding the desired
volume of K562 cell suspension to a new T75 flask and adding the appropriate volume of fresh

medium.

2.5.2 PC3 cell culture

The PC3 cell line is an HLA Class | positive adherent epithelial cell line isolated from metastatic
prostate cancer in the bone which was obtained from the American Type Culture Collection
(ATCC). Cryovials containing previously frozen PC3 cells were defrosted using the same methods
described in section 2.1.4 and cultured in F-12K Nut mix (Kaighn’s modification) medium (Gibco,
Thermo Fisher Scientific) supplemented with 10% v/v FBS (F-12K nut mix complete medium) in
T175 flasks. Upon reaching confluence, PC3 cells were split between 1 in 5 and 1 in 12. For this,
adherent cells were washed with 13 ml of PBS which was then discarded. The cells were then
incubated in 10 ml of trypsin for 6 min at 37°C. Following the incubation, 13 ml of fresh medium
was added to the flask to neutralise the trypsin. The detached PC3 cells were pelleted in a 50 ml
Falcon tube at 300g for 5 min at RT and then re-suspended in 1 ml of fresh medium. The desired
volume of re-suspended PC3 cells were then added to a fresh T175 flask containing 30 ml of

fresh medium.

For the >’chromium release cytotoxicity assay, K562 cells were pelleted in a 50 ml Falcon conical
tube and incubated with 1.85MBq of >chromium in the residual RPMI complete medium in a

water bath at 37°C for 1 hr. The K562 cells were then washed in serum-free RPMI medium and
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centrifuged at 300g for 5 min. The supernatant was decanted, the cell pellet re-suspended in 1
ml of RPMI complete medium and incubated at 37 °C for 1 hr. Cells were washed in serum-free
RPMI and re-suspended in 1 ml of complete medium. Cells were counted using trypan blue dye
exclusion and diluted to a concentration of 1 x 10° viable cells/ml. Effector cells that were used

were either PBMCs or isolated NK cells.

PBMCs were either isolated from fresh blood (see section 2.1.3) or thawed following being
previously frozen using the method described in section 2.1.4. If isolated NK cells were to be
used, then they were isolated from PBMCs using a Beckman Coulter MoFlow™ cell sorter
following staining with CD45, CD3 and CD56 antibodies for 15 min in the dark at RT. Isolated
effector cells were counted using a haemocytometer and trypan blue and diluted: PBMCs were
diluted to 5 x 10° cells/ml in RPMI complete medium and isolated NK cells were diluted to 1 x
10° cells/ml. In a round-bottomed 96-well plate, 200 ul of effector cells were added to wells A,
B, C, and D of column 1. To the rest of the wells was added 100 pl of RPMI complete medium.
The cells were then serially diluted 1 in 2 from an effector to target ratio of 50 : 1 to an effector
to target ratio of 1.5625 : 1. Then to each well containing effector cells 100 pl of target cells was
added. To 4 separate wells, not containing effector cells, 100 pl of target cells were added and
left on their own to measure spontaneous release of >chromium. To another 4 wells, again not
containing effector cells, 100 pl of target cells were added and incubated in 1 % w/v SDS in order
to determined maximum release of *chromium. Plates were incubated at 37 °C for 4 hours,
after which 50 ul of supernatant from each well was transferred to a Luma plate containing dried

scintillant. The plate was left to dry and then read on a Top Count machine (PerkinElmer®).

2.5.3 Calculation of target cell lysis for the S*chromium release assay

To calculate the percentage of target cell lysis from the chromium release assay, counts

obtained by the Top Count machine the following calculation was used:

Average Test well count—Average Spontaneousrelease count

x 100 = % of Target cell lysis
Average Maximum release count—Average Spontaneous release count

The test well count, spontaneous release count and maximum release count used in the

calculation was an average of 4 repeats.
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2.5.4 Flow cytometry-based cytotoxicity assay

2.5.4.1 Mitotracker® Green and propidium iodide cytotoxic assay

The principle of this flow cytometry assay is that target cells are labelled using the mitochondrial
dye Mitotracker® Green (MTG) and their loss of viability following incubation with appropriate
effector cells is determined by staining the cells using the viability dye propidium iodide (PI)
(Hopkinson et al., 2007). The flow cytometric analysis of the stained cytotoxicity cell preparation
on a two dimensional dot plot reveals four possible populations: MTGP*P|"® (viable target cells),
MTGP*PIP*¢ (non-viable, i.e. killed target cells), MTG"PI"¢ (viable effector cells) and MTG"&P|P°*

(non-viable effector cells).

For the assay, Mitotracker® Green FM dye (Thermo Fisher Scientific) was prepared by re-
suspending the lyophilised dye in 74.4 ul of dimethyl sulphoxide (DMSO, Santa Cruz) to a
concentration of 1 mM which was aliquoted and stored at -20°C. In accordance with the
manufacturer’s instructions, an aliquot of the Mitotracker® Green was diluted to 200 nM in

RPMI only and warmed at 37°C.

The target cells for this cytotoxic assay were either the K562 cell line or the PC3 cell line. If PC3
cells were the target of choice, then these cells were first washed with PBS, which was then
discarded and cells detached from the T175 flask by incubating with 10 ml of Accutase™ Cell
Detachment Solution (Innovative Cell Technologies) at RT for 3 min followed by a further 3 min
at 37°C. Following the incubation, 13 ml of F-12K medium (supplemented with 10% v/v FBS) was
added to the detached PC3 cells. The cells were then pelleted in a 50 ml Falcon conical tube at
300g for 5 min at RT, followed by re-suspension in 2 ml of fresh F-12K medium (supplemented
with 10% v/v FBS). Cells were then counted using trypan blue and a haemocytometer. The
required number of PC3 cells were then added to a 15 ml Falcon conical tube and incubated in
200 nM Mitotracker® Green solution at a concentration of 2 x 108 cells per ml for 20 min at 37°C
in the dark. Following the incubation, the Mitotracker® Green stained PC3 cells was washed with
13 ml of PBS, pelleted and the supernatant discarded. The PC3 cells were washed twice more
before being re-suspended in 1 ml of F-12K medium (supplemented with 10% v/v FBS) and
counted using trypan blue and a haemocytometer. The PC3 cells were then re-suspended at 2 x

10° cells per ml.

The effector cells for this cytotoxic assay were either fresh PBMCs / isolated NK cells (prepared
as described in section 2.1.3) or thawed PBMCs / resting isolated NK cells (prepared as described
2.1.3) or non-primed / primed NK cells (prepared as described in section 2.4.2). NK cells were
isolated using either the Beckman Coulter MoFlow™ cell sorter or the EasySep™ Human NK Cell
Enrichment Kit (STEMCELL Technologies). The prepared effectors cells were counted using a
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haemocytometer and diluted to a concentration of 1 x 10° cells per ml in RPMI supplemented

with 10% v/v FBS and 1% v/v L-glutamine.

The cytotoxic assay was setup in accordance with the experimental plan. In all experiments there
was a time point 0 hr ‘control’ tube and a ‘cytotoxic tube’ for each sample or condition being
measured. Depending on the experiment, the effector to target ratio was either 50:1, 25 :1 or
5 : 1, with the number of target cells added always being 20,000 cells. For the control tube, the
desired number of effector cells (depending on the effector target ratio) and 20,000 target cells
were aliquoted into separate 12x75 mm flow cytometry tubes and the volume for each tube was
made up to 100 pl (for non-primed control NK cells and primed NK cells the final volume was
200 pl to prevent the medium from becoming exhausted). The tubes were then incubated at
37°Cin the dark for 2.5 hrs if using PC3 cells as targets, or 3.5 hrs if using K562 cells, unless the
experiment was a time course over 1 to 4 hrs. Immediately prior to being measured on the flow
cytometer, the effector and target cells were added together in a 12x75 mm flow cytometry
tube, 10 ul of propidium iodide (50 uM/ml) added and the overall volume made up to 500 ul

with PBS. The control tube indicated the degree of background target cell death.

For the ‘cytotoxic tube’, the desired number of effector cells and 20,000 target cells were co-
incubated in 12x75 mm flow cytometry tubes in a total volume of 200 ul per tube at 37°C in the
dark for the same length of time as the control tube. Immediately prior to being measured on
the flow cytometer, 10 pl of propidium iodide (50 uM/ml) was added and the total volume in
the tube made up to 500 pl with PBS. The ‘control’ tubes and the ‘cytotoxic’ tubes were then
analysed by flow cytometry using the appropriate protocol which had been previously setup and
compensated, as previously described in sections 2.2.2 and 2.2.3. For each tube measured, 6000
target cell (K562, PC3) events were acquired. Following acquisition, the data were analysed using
the Beckman Coulter Kaluza™ software. The gating strategies are shown in Figure 2.6 (PBMCs
targeted against K562 cells), Figure 2.8 (non-primed NK cells and primed NK cells targeted
against PC3 cells) and Figure 2.9 (non-primed NK cells and primed NK cells targeted against K562

cells).

2.5.4.2 Calculation of target cell lysis

The flow cytometry data were analysed using the Beckman Coulter Kaluza™ software. Different
gating strategies and total target cell lysis calculation methods were used depending on the
effector and target cells that were used in the Mitotracker® Green and propidium iodide

cytotoxicity assays.
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Figure 2.6: Gating strategy for determining the percentage of lysed K562 cells by PBMC using the flow cytometry based Mitotracker® Green and Propidium lodide cytotoxic
assay.
Using density plots the cells were gated on ‘single cells’ using the Forward scatter (FSc) linear and the FSc time or flight channels from cells acquired in the forward scatter (FSc)
linear vs side scatter (SSc) linear density plot. The single cells were then further subdivided into ‘True Dead PBMC’, ‘True Dead K562’, ‘True Live PBMC’ and ‘True Live K562’
subsets based on their expression of Mitotracker® Green and Propidium lodide both measured using the ‘logical’ setting. This gating strategy was used for data acquired from
both the ‘control’ tube and the ‘cytotoxic’ tube.
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Figure 2.7: Alternative gating strategy for determining the percentage of lysed K562 cells by PBMC using the flow cytometry based Mitotracker® Green and Propidium lodide

cytotoxic assay.

Using density plots the cells were gated on ‘single cells’ (using the Forward scatter (FSc) linear and the FSc time or flight channels) from cells acquired in the forward scatter (FSc)
linear vs side scatter (SSc) linear density plot. The ‘single cells’ were then further subdivided into ‘True Dead PBMC’, ‘True Dead K562’, ‘True Live PBMC’ and ‘True Live K562’
subsets based on their expression of Mitotracker® Green and Propidium lodide both measured using the ‘logical’ setting. An additional density plot gated on ‘single cells’ was set
up to measure the expression of Mitotracker® Green by K562 cells. Gating on the ‘K562 cells’ gate a further density plot was set up to measure the percentage of K562 cells that
were dead within the ‘K562 cells’ gate based on their expression of Mitotracker® Green and Propidium lodide. This gating strategy was used for data acquired from both the

‘control’ tube and the ‘cytotoxic’ tube.
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Figure 2.8: Gating strategy for determining the percentage of lysed PC3 cells by CTV-1 primed NK and non-primed NK using the flow cytometry based Mitotracker® Green and
Propidium lodide cytotoxic assay.
Using density plots the cells were gated on ‘single cells’ using the Forward scatter (FSc) linear and the FSc time or flight channels from cells acquired in the forward scatter (FSc)
linear vs side scatter (SSc) linear density plot. The single cells were then further subdivided into ‘True Dead NK’, ‘True Dead PC3’, ‘True Live NK’ and ‘True Live PC3’ subsets based
on their expression of Mitotracker® Green and Propidium lodide both measured using the ‘logical’ setting. This gating strategy was used for data acquired from both the ‘control’

tube and the ‘cytotoxic’ tube.
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Figure 2.9: Gating strategy for determining the percentage of lysed PC3 cells by CTV-1 primed NK and non-primed NK using the flow cytometry based Mitotracker® Green and
Propidium lodide cytotoxic assay.

Using density plots the cells were gated on ‘single cells’ using the Forward scatter (FSc) linear and the FSc time or flight channels from cells acquired in the forward scatter (FSc)
linear vs side scatter (SSc) linear density plot. The single cells were then further subdivided into “True Dead NK’, ‘True Dead PC3’, ‘True Live NK’ and ‘True Live PC3’ subsets based
on their expression of Mitotracker® Green and Propidium lodide both measured using the ‘logical’ setting. This gating strategy was used for data acquired from both the ‘control’
tube and the ‘cytotoxic’ tube.
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2.5.4.2.1 Calculation of cytotoxicity when using resting PBMCs or isolated NK cells as effector

cells against K562 target cells

Two calculation methods were initially used to determine the percentage of K562 target cell

lysis:

Calculation method 1

Using the gating strategy illustrated in Figure 2.6. The following calculation method was used:

% True dead K562 (cytotoxic) - % True dead K562 (control)
Stagel x 100 = % of cytotoxickilling

% True Live K562 (Control)

Stage 2 % True Live K562 + % True Dead K562 = % of Total K562

() _0 g
% Total K562 (control) - % Total K562 (cytotoxic) X100 = % of missing K562

Stage 3
% of Total K562 (control)

Stage4 % of cytotoxickilling +% of missing K562 = % of Total K562 Lysis
Stage 1 of the calculation uses the percentage values from the ‘True Live K562’ and ‘True Dead
K562’ gates. It was noted that the total percentage of K562 in the cytotoxic tube was always less
than in the control tube. It was concluded that the ‘missing K562 cells’ may have been totally
lysed and no longer detectable in the ‘True Dead K562 cell’ gate. Therefore, in stage 3 of the
calculation, the percentage of ‘missing’ K562 cells was calculated and added to the calculated

percentage of cytotoxic killing to give the percentage of total K562 cell lysis.

To confirm the accuracy of the results, an alternative way of calculating the percentage of total
K562 lysis using the gating strategy shown in Figure 2.7 was also used. In theory, the calculated
values for the percentage of total K562 cell lysis should be comparable using both calculation
methods, assuming that the ‘missing K562 cells’ really are K562 cells that can no longer be
detected in the ‘True dead K562’ gate . As shown in the ‘K562 cells’ gates of Figure 2.7 when
K562 cells die they lose expression of Mitotracker® Green. The alternative calculation method
was therefore based on the movement of ‘dying’” K562 cells out of the ‘K562 cell’ gate that was
initially drawn around live K562 cells on the density plot of the control tube. Any K562 cells that
are no longer detectable due to being completely lysed will not be present in the ‘K562 cell’ gate

of the cytotoxic tube. The alternative calculation works as follows

Stagel  %ofks62 — | £deadKs62 ..o | = calculated % of Live K562
% K562

Stage2 [ Calculated % Live K562 (control) - Calculated % dead K562 (cytotoxi

c
) x 100 = % of Total K562 Lysis
% True Live K562 (Control)
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2.5.4.2.2 Calculation of cytotoxicity when using primed, isolated NK cells as effector cells

against PC3 target cells

Adherent cancer cell lines present a different challenge to non-adherent cancer lines, as some
cell lines such as the human prostate cancer cell line DU145 adhere to the 12x75 mm flow
cytometry tubes, whereas others do not (e.g. PC3). However, because the PC3 cells do not
adhere to the 12x75 mm flow cytometry tubes, they may be vulnerable to cell death when they
are the only cell line in the tube. In contrast to the K562 cells, when using PC3 cells as targets it
was often observed that the cytotoxic tube contained a slightly greater percentage of total PC3
cells (i.e. % True Live PC3 + % True Dead PC3) than the control tube. Although there is currently
no explanation for this effect, the presence of NK cells might support the viability of a proportion
of PC3 cells. As a consequence of this observed phenomenon, the calculation method had to be
changed in order to take this account. The gating strategy for this calculation is shown in Figure
2.8 and the calculation method used to calculate percentage of total PC3 cell lysis is shown

below:

Calculation method 2

% True dead PC3 (cytotoxic) - % True dead PC3 (control)

x 100 = % Total PC3 lysis
% Total PC3 (cytotoxic) - % True dead PC3 (control)

2.5.4.2.3 Calculation of cytotoxicity when using primed, isolated NK cells as effector cells

against K562 target cells

It was not possible to remove the CTV-1 cells from the primed NK cells following NK priming, and
it appeared that dead CTV-1 cells in the effector cell populations absorbed the Mitotracker®
Green that had leaked out of the dead / dying K562. As a consequence, the two populations (i.e.
the dead CTV-1 and the dead / dying K562) overlapped and made it impossible to gate around
the dead / dying K562 accurately. As a consequence, it was necessary to alter the approach for
calculating the percentage of K562 lysis. Using the gating strategy in Figure 2.9 calculation

method 3 shown below was used to calculate the ‘% of total K562 lysis’ value:

Calculation method 3

% True Live K562 (control) - % True Live K562 (control)

x 100 = % ofTotal K562 Lysis
% True Live K562 (Control)
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2.5.5. CD107a degranulation assay.

The CD107a degranulation assay was setup in the same way as the Mitotracker® Green and
Propidium lodide cytotoxic assay in section 2.5.4, but with the following differences. For the
‘Time Point Ohr’ tube for each sample or condition, the effector and target cells were aliquoted
into the same 12x75 mm flow cytometry tube, stained with one of the antibody panels shown
in Table 2.4 and immediately measured following setup of the assay. The CD107a antibody was
either added to the ‘cytotoxic’ tubes prior to co-incubation at 37°C in the dark for the desired
length of time, or following co-incubation as part of the antibody panel. Propidium lodide was
not used to measure cell death in the CD107a degranulation assay, instead Live/Dead™ was used
as part of the antibody panel. Only in the experiments observing the effect of GolgiStop™ (BD,
Biosciences), 0 to 4 ul of GolgiStop™ were added to the ‘cytotoxic’ tubes after 1 hr initial co-
incubation with the total time of co-incubation being 4 hrs in those experiments. Following these
experiments it was apparent that the addition of GolgiStop™ was no longer required as it was
found to hinder CD107a up-regulation. As a consequence, GolgiStop™ was no longer added to

the ‘cytotoxic’ tubes in subsequent CD107a degranulation experiments

Following co-incubation at 37°C for up to 4 hrs (depending on the experiment), the ‘cytotoxic’
tubes were stained using one of the antibody panels in Table 2.4. The staining protocol for all

tubes (both ‘control’ and ‘cytotoxic’) was as follows:

Cells were washed with 1 ml of wash buffer (PBS supplemented with 2% w/v BSA + 0.02% w/v
Sodium Azide), after which they were centrifuged at 400g for 5 min at RT. The supernatant was
discarded and the cells were re-suspended in 100ul of wash buffer. The cells were then stained
with one of the CD107a antibody panels described in Table 2.4, with or without the CD107a
antibody, depending on whether it had already been previously added to the tube prior to co-
incubation at 37°C. The antibodies were incubated for 15 min in the dark at RT. Following
incubation, cells were washed with PBS and re-suspended in 1 ml of the Live/Dead™ viability
dye and incubated for 30 min in the dark at RT. After incubation, cells were centrifuged, the
supernatant discarded, washed with wash buffer and finally re-suspended in 400 pl of Isoton™
Il diluent. All tubes were then analysed by flow cytometry using the appropriate CD107a
antibody panel protocol which had been previously setup and compensated in the same manner
as previously described in sections 2.2.2 and 2.2.3. Measurement of the tubes was stopped
following the acquisition of 40,000 NK cells or after 300 seconds in the event of low sample
volume. Following acquisition, the data were analysed using the Beckman Coulter Kaluza™

software and a gating strategy similar to that shown in Figure 2.4.
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Table 2.4: Antibody panels used to measure CD107a degranulation by Natural Killer cells and

characterise their phenotype.

FL Channel & X Fluorochrome Vol per
Wavelength Antibody /dye Clone Manufacturer tube
Panel 1
Mitotracker™ Thermo Fisher
FL1525/40 Green EM Dye (Green) Scientific 200 nM
FL2 575/30 CD107a PE H4A3 BioLegend 5ul
FL3 620/30 CD56 ECD (PE-Texas Red) N901 Beckman Coulter 2.5 ul
FL4 695/30 CD16 PerCP-Cy5.5 3G8 BioLegend 5ul
FL5 755LP 4-1BB (CD137) PE-Cy7 4B4-1 BioLegend 5ul
FL6 660/20 CRTAM (CD337) APC FN50 BioLegend 5ul
FL7 725/20 CD3 Alexa Fluor 700 UCHT1 BioLegend 2 ul
FL7 725/20 CD19 Alexa Fluor 700 HIB19 BioLegend 1 ul
FL8 755LP CD8 APC-Cy7 SK1 BioLegend 2.5 pl
. ™ . Thermo Fisher luplinl
FL9 450/40 Live/Dead Dye (violet) Scientific ml
Panel 2
Mitotracker Thermo Fisher
FL1 525/40 Green EM Dye (Green) Scientific 200 nM
FL3 620/30 CD56 ECD (PE-Texas Red) N901 Beckman Coulter 2.5 ul
FL4 695/30 CD16 PerCP-Cy5.5 3G8 BioLegend 5ul
FL5 755LP CD107a PE-Cy7 H4A3 BioLegend 5ul
FL7 725/20 CD3 Alexa Fluor 700 UCHT1 BioLegend 2 ul
FL7 725/20 CD19 Alexa Fluor 700 HIB19 BioLegend 1 ul
FL8 755LP CD8 APC-Cy7 SK1 BioLegend 2.5 ul
. ™ . Thermo Fisher lulinl
FL9 450/ 40 Live/Dead Dye (violet) Scientific ml

2.6 Graphical Representation of Data and Statistical Analysis

GraphPad Prism v6 software was used to create graphs and determine statistical significances
in the cell phenotypic and cytotoxicity data between the experimental groups. Depending on
whether there was one or two variables between groups of phenotypic data, a one-way or two-
way ANOVA statistical test was used in conjunction with a comparisons test. The initial ANOVA,
whether parametric or non-parametric, only determined whether there was a statistical
difference between the mean values of each of the three or more groups of data. Based upon
the significance, it then provides a P value. To find out which groups within a dataset were
significantly different, a comparisons test must be performed. It should be noted that it is
possible for the ANOVA to indicate a statistically significant difference, implying that the mean
values of the 3 or more groups are significantly different, which is not observed using the

comparisons test.
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2.6.1 Statistical approach for examining differences in the phenotype of NK cells in patients

with prostate cancer (Chapter 3)

A non-parametric Kruskal-Wallis test was used (non-parametric version of the one-way ANOVA)
to determine differences in the expression of receptors by NK cells from patients with benign
disease and patients with different Gleason grades of prostate cancer. This test was used due to
the fact that the patient group was the only variable and the data points within each Gleason
group exhibited a non-Gaussian distribution, as measured using the D’Agostino & Pearson
normality test. The only comparisons test made available by the GraphPad Prisim v6 software

following a non-parametric Kruskal- Wallis test was the Dunns multiple comparison test.

2.6.2 Statistical approach for examining the influence of priming on NK cell phenotype

(Chapter 4)

A one-way ANOVA (parametric test) was used to examine differences in the expression of each
NK cell receptor on total NK cells following NK cell priming at different NK : CTV-1 ratios, despite
the data exhibiting a non-Gaussian distribution. A one-way ANOVA was used because the only
variable was the level of NK cell priming and there were very few data points within each data
group. Despite a non-parametric test usually being used in this situation, the non-parametric
test was found not to be sufficiently powerful to accurately measure significant differences
between data groups due to the low number of data points within each group. As a
consequence, the more powerful parametric test was used to improve the accuracy of detecting

significant differences between data groups.

A two-way ANOVA was used to examine differences in the expression of NK cell receptors on
CD569mCD6"e", CD569™CD16'Y, CD569MCD16Me populations following NK cell priming. This was
because there were two variables: one variable was the different degree of NK cell priming and
the second variable was the expression of the specific receptor on different CD569™CD16
subpopulations. The two-way ANOVA was carried out twice using the Tukey’s comparison test

to separately identify the significant differences between data groups based on each variable.

2.6.2 Statistical approach for examining the differential influence of priming on the phenotype

of NK cells from healthy volunteers versus patients with prostate cancer (Chapter 5)

A two-way ANOVA was used to examine the differential influence of priming on the phenotype
of NK cells from healthy volunteers versus patients with prostate cancer. This test was used
because there were two variables and there were a limited number of data points within each
data group. One variable was whether the NK cells were primed or non-primed and the second
variable was comparing non-primed NK cell and primed NK cell data groups between the healthy

volunteers and the three cancer patient groups. Comparison tests were again used to determine
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between which data groups there was a significant difference. A Tukey’s comparison test was
used to compare NK cell receptor expression between healthy data groups and cancer patient
data groups. A Fisher’s least significant difference (Fisher’s LSD) comparisons test was used to
compare NK cell receptor expression between non primed and primed NK cells within each
healthy volunteer, benign patient groups or cancer patient group. The differences between the

Tukey’s comparison test and the Fisher’s LSD test is explained below.

2.6.2.1 Tukey’s comparison test

The Tukey’s comparison test is used to compare the group mean with every other group mean.
When comparing the mean of group A to the mean of group C, the test compares the difference
between the two means to the amount of scatter quantified using information from all the
groups, not just groups A and C. This gives the test more power to detect differences, and the
test assumes that all data are sampled from populations with the same standard deviation even

if the means are different (reference GraphPad Prism v6 statistical test help guide).

2.6.2.2 Fisher’s Least Significant Difference (LSD) comparison test

In simple terms, this test is a set of t tests that does not correct for multiple comparisons. The
difference between the Fisher’s LSD test and a set of t tests is that the t tests compute the pooled
standard deviation from only the two groups being compared. The Fisher’s LSD test computes
the pooled standard deviation from all the groups, which gains power (reference GraphPad

Prism v6 statistical test help guide).
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Chapter 3 - RESULTS

Expression of NK cell activating and inhibitory receptors on peripheral
blood NK cells from patients with prostate cancer, individuals with benign
disease and healthy controls

3.1 Introduction

As reviewed by Vivier et al (Vivier et al., 2008), natural killer (NK) cells were first recognised as
being large lymphocytes having natural cytotoxicity against tumour cell lines (Trinchieri, 1989).
NK cells express two primary types of receptors; activating receptors and inhibitory receptors
(Lanier, 2005, Parham, 2005). Healthy cells that have either become infected by virus or have
transformed into cancerous cells, up-regulate stress-induced self-ligands on their cell surface,
whereas the expression of MHC class | is often down-regulated. NK cells recognise stress ligands
via activating receptors and the presence of MHC class | (and other inhibitory ligands) via the

relevant inhibitory receptors (Lanier, 2005, Parham, 2005).

It is proposed that the net balance of signals received via the activating and inhibitory receptors
dictate the activation status and thereby the functional response of the NK cell. This concept is
known as the ‘Dynamic Equilibrium’ hypothesis (Brumbaugh et al., 1998). Therefore, host cells
that are becoming cancerous or have been virally infected up-regulate stress ligands,
concomitant with a potential downregulation of MHC class | molecules. This provides the NK cell
with more activating signals then inhibitory signals, thereby promoting their activation and
cytotoxic potential against the relevant target cell. Healthy cells express few or no stress ligands
and maintain MHC class | expression. As a consequence, more inhibitory signals than activating
signals are received by the NK cell, preventing activation of the NK cell and thus no cytotoxic

function is exerted against the healthy cell.

Increasing evidence suggests that the microenvironment surrounding solid tumours can exert
immunosuppressive and inhibitory effects on NK cells which can manifest as an inhibition of
cytotoxic function (Hasmim et al., 2015, Vitale et al., 2014). The location of tumours has been
associated with the presence of chronic inflammation, with this occurring either prior to the
formation of the tumour or being caused by the activation of oncogenes (Mantovani et al.,
2008). Studies have shown that tumours are able to secrete immunosuppressive cytokines such
as TGF-B and other immunosuppressive soluble factors such as indoleamine pyrrole 2,3-
dioxygenase (IDO) and prostaglandin E; (PGE2) into the microenvironment. TGF-B down-
regulates the expression of NKp30 and alters NK cell chemokine receptor expression, whereas
IDO and PGE2 have been shown to downregulate the expression of NKp30, NKp44 and NKG2D
on NK cells (Castriconi et al., 2013, Pietra et al., 2012). In addition, activated inflammatory and
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immunosuppressive cells such as tumour-associated fibroblasts (TAFs) and macrophages
(TAMs), myeloid-derived suppressor cells (MDSCs), immunoregulatory T cells (Treg) and
neutrophils are also recruited to the tumour microenvironment and contribute to its suppressive
nature by secreting immunosuppressive cytokines (e.g. IL-10, TGF-B) and factors (e.g. IDO,
PGE2), as well as growth factors (e.g. IGF, HGF) and extracellular-matrix remodelling enzymes
(MMPs, FAP and VEGF), reviewed by (Vitale et al.,, 2014). This immunoregulatory
microenvironment favours tumour invasion. TAFs have been shown to down-regulate NK cell
expression of DNAM-1 through cell-to-cell contact and down-regulate NKp44 and NKp30
expression via the release of PGE2 and IDO in a melanoma model and a hepatocellular carcinoma
(Balsamo et al., 2009, Li et al., 2012). In vitro, Treg cells and MDSCs have been shown to down-
regulate NKG2D expression upon cell-to-cell contact via their expression of membrane bound

TGF-B (Ghiringhelli et al., 2005, Li et al., 2009)

In addition to suppressing NK cell and adaptive immune responses, tumours also modulate the
microenvironment around them in order to aid their proliferation and survival by promoting
angiogenesis and tumour metastasis (Hasmim et al., 2015, Mantovani et al., 2008, Vitale et al.,
2014). A deeper understanding of the immunoregulatory environment of the tumour and its
effects on key elements of the protective immune system would inform the development of
diagnostic and therapeutic approaches. However, access to the tumour can be difficult in some
instances, and so studies have investigated whether the phenotype of NK cells in the peripheral
blood reflect the phenotype of tumour infiltrating NK cells (Carlsten et al., 2009, Mamessier et
al., 2011b, Platonova et al., 2011). To date, the results have been mixed and it appears that only
in some forms of cancer does the phenotype of peripheral NK cells reflect the phenotype of

tumour infiltrating NK cells.

A series of papers published by Mamessier et al in 2011 (Mamessier et al., 2011a, Mamessier et
al., 2011b) revealed that the phenotype of peripheral blood NK cells was altered in patients with
invasive breast cancer compared to that of NK cells in the periphery of patients with non-
invasive disease and healthy controls. NK cells in patients with invasive breast cancer displayed
a decrease in the intensity (MFI) of NKp30, NKG2D, DNAM-1 and 2B4 expression compared to
the controls. These decreases in receptor expression were also associated with a decreased
ability to degranulate and kill the NK cell sensitive cell line K562. Their ability to secrete cytokines
such as IFN-y and TNF-a in response to K562 was also impaired (Mamessier et al., 2011b). In an
attempt to assess how well the phenotype of peripheral NK cells reflects the phenotype of
tumour infiltrating NK cells, NK cells were isolated from large localised and locally advanced
tumours from which sufficient numbers could be extracted, and the phenotype of these cells

was compared to the phenotype of NK cells in the peripheral blood. Although the phenotype of
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tumour-infiltrating NK cells was heterogeneous, patients with poor prognosis exhibited a
decreased expression of nearly all of the primary NK cell receptors (Mamessier et al., 2011b).
Overall, positive correlations between the intensity (MFI) of NKp30, CD16, NKG2D and NKG2A
expression on tumour-infiltrating NK cells and peripheral blood NK cells were found. It was
concluded that tumour infiltrating NK cells recirculate in the peripheral blood and therefore the
phenotype of peripheral NK cells reflect the phenotype of tumour-infiltrating NK cells. However,
it was noted that the alterations in phenotype of peripheral NK cells were reduced in comparison
to tumour-infiltrating NK cells, and that the NK cells within the tumour expressed a higher
intensity of CD56. The authors could not distinguish whether this increased expression of CD56
reflected a more immature phenotype, and therefore associated with the CD56°&" NK cell
subset, or whether it reflected an activation phenotype which is similar to that which
characterises cytokine-activated NK cells (Mamessier et al., 2011b). In a separate study,
Mamessier and colleagues did establish, using peripheral NK cells and breast cancer cell lines,
that NK cells recognise breast cancer cells mainly through their NKG2D and DNAM-1 receptors,
with the receptors NKp30 and NKp46 playing a lesser role. Therefore, taken together, these
findings suggest that invasive breast tumours develop mechanisms that down-regulate the
expression of NK receptors that recognise them, thereby suppressing the immune response of
the NK cells that infiltrate the tumour and that this suppression to some extent is reflected in

peripheral NK cells (Mamessier et al., 2011a).

Although peripheral blood NK cells, to some degree at least, reflect the phenotype of tumour
infiltrating NK cells in breast cancer, the phenotype of peripheral NK cells does not reflect the
phenotype of tumour infiltrating NK cells in other cancers such as lung cancer and ovarian cancer
(Carlsten et al., 2009, Platonova et al., 2011). In a study involving patients suffering from lung
carcinoma, the phenotype of peripheral, intratumoural and nontumoural NK cells was measured
and compared to that of the peripheral blood NK cells of healthy donors. It was observed that
the phenotype of the peripheral blood NK cells did not reflect the phenotype of the
intratumoural NK cells in the cancer patients, as the percentage of intratumoural NK cells
expressing NK activating receptors NKp30, NKp80, CD16 and DNAM-1 was significantly down-
regulated compared to their expression on peripheral NK cells. Additionally, the expression of
NKp44 was significantly up-regulated on the intratumoural NK cells compared to the peripheral
blood NK cells. Furthermore, the percentage of intratumoural NK cells expressing these
receptors was significantly different compared to nontumoural NK cells, whereas there was no
significant difference between the phenotype of peripheral blood NK cells from healthy donors
compared to peripheral blood NK cells from patients (Platonova et al., 2011). Similar findings

were found in a study of patients with ovarian cancer, in whom the phenotype of peripheral
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blood NK cells from healthy donors was comparable to the phenotype of NK cells in the
peripheral blood of patients. No significant differences in the expression of any of the NK cell
activating receptors that were measured were observed. However, a comparison of the
phenotype of peripheral blood NK cells from patients with that of tumour-associated NK cells
(from peritoneal effusions) revealed that the intensity (MFI) of expression of the NK cell
receptors DNAM-1, 2B4 and CD16 was decreased, whereas the intensity of expression of the NK

cell receptors NKG2D and NKp46 was increased (Carlsten et al., 2009).

Currently, very few studies have examined NK cell phenotype and function in patients with
prostate cancer. It was only relatively recently that NK cell receptors involved in prostate cancer
recognition were identified (Pasero et al., 2015). For these studies, Pasero et al assessed the
capacity of NK cells from healthy donors that had been activated with IL-2 to kill prostate cancer
cell lines in the presence or absence of blocking antibodies. Blocking the activating receptors
NKG2D, DNAM-1, NKp46 and NKp30 decreased the level of NK cell degranulation in response to
the prostate cancer cell lines PC3, DU145 and LNCaP. They also found significantly higher levels
of NKp30, NKp46 and DNAM-1 expression on NK cells from patients with metastatic prostate
cancer that took > 18 months to become castrate-resistant compared to the levels of the same
receptors expressed on NK cells by patients who became castrate resistant in < 18 months.
Patients with high levels of NKp30 and NKp46 expression were linked to increased probability of
survival at 3 years compared to patients with a low expression of NKp30 and NKp46. The study
concluded that NKG2D, DNAM-1, NKp46 and, to a lesser extent NKp30, were the NK cell
receptors that are involved in the recognition prostate cancer, and suggested that peripheral
blood NK cells may represent the intratumoural NK cell phenotype. They concluded that
peripheral blood NK cells in prostate cancer patients have prognostic value and hypothesised

that the screening of NK cell markers could be used for routine diagnosis (Pasero et al., 2015).

3.2 Aims and Hypothesis

The aims of this part of the study was to determine the expression of NK cell activating and
inhibitory receptors on peripheral blood NK cells from patients with different Gleason grades of
prostate cancer, and compare the expression profiles with those on NK cells from the peripheral
blood of individuals that were diagnosed with benign disease. The NK cell phenotype profiles
were then correlated with patient clinical data e.g. Gleason grade in order to determine whether
the phenotype of peripheral blood NK cells correlates with disease status. Ultimately, the data

could be used to monitor disease progression and patient prognosis.
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It was hypothesised that the presence of prostate cancer would exert a suppressive effect on
NK cells that is detectable in the periphery and that the down-regulation of specific NK receptors

would correlate with increased Gleason grade of prostate cancer.
3.3 Results

3.3.1 Patient cohorts

Peripheral blood was obtained from two patient cohorts; the so-called TRUS cohort and
Transperineal (TP) cohort. Only 56 out of the 92 TRUS patients and 71 out of 72 TP patients have
been included in the analysis, as only the NK cells from these patients were phenotyped by flow
cytometry. The clinical details for the patients in the TRUS patient cohort are shown in Table 3.1,
and those for the TP cohort are shown in Tables 3.2 and 3.3. All patients received a digital rectal
examination (DRE), underwent a TRUS biopsy and their levels of PSA determined using standard
techniques. The patients in the TP cohort had additional TP biopsies taken in order to observe
whether this technique improved prostate cancer detection and diagnosis, and only individuals
having peripheral PSA levels < 20 ng/ml were included. Peripheral blood was obtained for
analysis of peripheral blood immune cell populations by multi-parameter flow cytometry. For
both patient cohorts, patients were grouped according to the overall Gleason grade of the

biopsy tissue which had been collected from their tumours.

3.3.1.1 Patient Age

The age of the patients within the TRUS group ranged between 53 and 88 yrs old (Table 3.1).
Although the ages of the patients overlapped for each patient group, the median age of each
group was significantly higher (P = 0.0015) as the Gleason grade of the group increased (Figure
3.1A and Table 3.1).

Table 3.1: TRUS patient cohort clinical details

TR
TRUS Gleason Gleal:csm Number of | Age Mean | Group Age| Group PSA | Group DRE
grade score patients (yrs) Range (yrs)|range (ng/ml) range
Benign Benign 13 53-73 1.5-83 Benign - T2
Gleason 6 343 12 55-88 3.9-19 Benign - T2
3+4 9 66 - 86 3.0-76 Benign - T2
Gleason 7
4+3 8 63 -85 7.8-248 Benign - T4
Gleason 8 4+4 2 70-74 79-12 T2
4+5 10 67 - 88 11 - 2617 Benign - T4
Gleason 9
5+4 2 69 - 84 40-118 T4

Page | 81



Table 3.2: TP patient cohort clinical details

TP Gleason TP Gleason | Number of | Age Mean | Group Age Gr:::gl:SA Group
Grade score patients (yrs) range (yrs) (ng/ml) DRE range
Benign 6 64-71 53to14.4
HG pin 9 58-70 51-12
Benign ASAP 8 62-70 | 53-15 N/A
HisPAiE ¥ 8 50-76 | 4.7-19
Gleason 6 3+3 14 55-71 4.7-11 T1-T2a
3+4 18 53-80 4.7 -13 T2a -T2c
Gleason 7
4+3 6 54 -77 51-19 T2a -T2c
Gleason 9 4+5 2 65 -75 6.3-18 | T2b-T2c

The median age of the TRUS benign and Gleason 6 patients was 66 yrs and 68 yrs respectively.
The median age of patients with Gleason 7 and Gleason 9 disease (72 yrs and 78.5 yrs
respectively) was significantly higher than that of patients with benign disease. Although only

two patients had Gleason 8 disease, their ages were similar to those with Gleason 7 disease.

Similar to TRUS patients, the age range of the TP patients was between 50 and 80 yrs old (Table
3.2). The age range within each of the TP patient groups was similar and no significant
differences in the median age was observed between individuals with benign disease (median
age 66 yrs) and those with Gleason 6 (median age 63.50 yrs), Gleason 7 (median age 66 yrs) or

Gleason 9 (median age 70 yrs) disease (Figure 3.1B).

3.3.1.2 Patient PSA levels (ng/ml)

Similar to patient age, the PSA levels for each TRUS patient group also significantly increased as
the Gleason grade increased (Figure 3.2A and Table 3.1). The PSA levels for the patients in the
benign disease and Gleason 6 group were comparable (medians of 8.2 ng/ml and 8.3 ng/ml
respectively). Gleason 9 patients were found to have significantly higher levels of PSA (median
54 ng/ml) in their blood than individuals with benign disease and those with Gleason 6. There
were no significant differences in the levels of PSA in patients with Gleason 7 or Gleason 8
disease patients and those with benign and Gleason 6 patients, despite median PSA levels for

the Gleason 7 patient group being 16 ng/ml.
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Figure 3.1: Age range of the patient groups within the TRUS and TP cohorts.

TP and TRUS gleason 8+9 patients grouped
according to overall gleason grade

Grouped according to Gleason grade the age of each patient in the (A) TRUS cohort, (B) TP cohort, (C)
TP and TRUS (Gleason 8 and Gleason 9 patients only) are plotted. Statistical analysis according to
Kruskal-Wallis test (solid line) and Dunns multiple comparison test (dashed line). ¥*P<0.05, **P<0.005,

***P<0.0005, ****P<0.00005
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Figure 3.2: PSA range of the patient groups within the TRUS and TP cohorts.
Grouped according to Gleason grade the PSA value (ng/ml) in the blood of each patient in the (A)
TRUS cohort, (B) TP cohort, (C) TP and TRUS (Gleason 8 and Gleason 9 patients only) are plotted.
Statistical analysis according to Kruskal-Wallis test (solid line) and Dunns multiple comparison test
(dashed line). *P<0.05, **P<0.005.

In contrast to the TRUS cohort, the PSA levels for the TP patient groups were comparable and

no significant differences were observed (Figure 3.2B and Table 3.2). The selection criterion for

this cohort was that all TP patients had a PSA levels < 20 ng/ml.
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3.3.1.3 Patient DRE results

Analysis of the digital rectal examination (DRE) results for the TRUS cohort revealed that, within
each Gleason group, a proportion of patients were detected as having benign disease. The
majority of the patients within the benign group (as diagnosed by TRUS biopsy) were diagnosed
as being benign on the basis of the DRE, with one patient diagnosed with stage 2 cancer. The
majority of the Gleason 6 group patients were also diagnosed as having benign disease on the
basis of the DRE, with only three patients presenting with stage 2 cancer. Within the Gleason 7
group, on the basis of DRE four patients were diagnosed with stage 2 cancer, one with stage 3
cancer and one with stage 4 cancer, with the remainder having benign disease. The two patients
within the Gleason 8 patient group were diagnosed with benign and stage 2 cancer respectively,
on the basis of the DRE, whereas the patients within the Gleason 9 patient group were diagnosed
with either stage 3 cancer (n=5), stage 4 cancer (n=4), or as having benign disease (n=2) (Table

3.1)

In the TP cohort, all benign patients were diagnosed as having benign disease on the basis of the
DRE. Four patients within the Gleason 6 patient group had stage 1 cancers, with the rest having
stage 2 cancers. All patients with Gleason 7 and Gleason 9 disease had stage 2 cancer (Table

3.2).
3.3.1.4 Patient Gleason grade

As shown in Table 3.1, there were 56 patients within the TRUS cohort. The number of patients
within each Gleason group was different. There were only 13 patients with benign disease and
12 patients with Gleason 6 disease. Out of the 17 patients with Gleason 7, 9 patients had a
Gleason score of 3+4 and 8 patients had a Gleason score of 4+3. There were two Gleason 8
patients and 12 patients with Gleason 9, with 10 patients having been diagnosed with a Gleason

score 4+5 and two patients diagnosed with a Gleason score of 5+4.

In the TP cohort, patients were grouped according to the overall Gleason grade, and the number
of patients with each Gleason score recorded for biopsies using both techniques is shown in

Table 3.3.

Figure 3.3 highlights the discrepancies in Gleason grade and score, as detected using the TRUS
biopsy (A and C) and the TP biopsy (B and D). As detected by TRUS biopsy, 73.7 % of the patients
were diagnosed with benign disease, whereas the rest of the patients were positive for prostate
cancer; Gleason 6: 4.2 %, Gleason 7: 4.2 %, Gleason 9: 1.4 % (Table 3.3 and Figure 3.3A). Using
the more sensitive TP biopsy, the percentage of patients diagnosed with benign disease fell to
43.1 %, with the rest of the patients within the cohort being diagnosed as being positive for

prostate cancer; Gleason 6: 22.3 %, Gleason 7: 32 %, Gleason 9: 2.8% (Table 3.3 and Figure 3.3B).
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As shown in Table 3.3, the TRUS biopsy misdiagnosed 39 % of the patients, in that 30.6 % of the

patients were diagnosed as having benign disease using the TRUS biopsy when in fact they

Table 3.3: The discrepancies in diagnosis of prostate cancer between the TRUS biopsy and

the TP biopsy methods in the TP cohort.

Patient diagnosis by biopsy method Number
Gleason grade by Gleason grade by TP of PSA Range ;e;lc)ecr:s(gjt:t
TRUS biopsy biopsy Patients (ng/mi)
Benign Benign 31 51-19 43.1
Benign 343 10 4.7 -11 13.9
Benign 3+4 9 4.7-104 12.5
Benign 4+3 3 10-19 4.2
3+3 343 4 4.7 -8.5 5.6
3+3 3+4 2 58-73 2.8
3+3 4+5 1 6.3 1.4
3+4 3+4 6 57-13 8.3
3+4 3+3 2 5.8-11 2.8
4+3 4+3 2 51-9.1 2.8
443 3+4 1 11 1.4
4+5 4+5 1 18 1.4

had Gleason 6 and 7 grade cancers, as detected by TP biopsy. Only 4.2 % of the patients
diagnosed as having Gleason 6 disease using the TRUS biopsy were misdiagnosed. The TP biopsy

diagnosed these individuals as either having Gleason 7 or Gleason 9 grade cancers.

The 31 TP patients (30.9 %) that were diagnosed as having benign disease were further
subcategorised into subgroups based on evidence of abnormal, but not cancerous looking
tissue; benign, high grade HG PIN, ASAP and HG PIN + ASAP. Six patients (19.4 %) were benign
with normal-looking tissue, 9 (29 %) patients showed evidence of HG PIN only, 8 patients
(25.8 %) showed evidence of ASAP only and 8 patients (25.8 %) showed evidence of both HG PIN
and ASAP.
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Figure 3.3: The effect of biopsy method on the diagnosis of patients suspected of having prostate
cancer within the TP cohort.

Comparison of the diagnosis of prostate cancer in patients that made up the TP cohort, as determined
by either TRUS or TP biopsy. A and B) Patients grouped according to their Gleason grade diagnosed
by TRUS biopsy or TP biopsy respectively. C and D) Patients grouped according to their Gleason score
diagnosed by TRUS biopsy or TP biopsy respectively.

3.3.2 Comparison of the phenotype of NK cells within each patient group

In order to determine any differences between the phenotype of NK cells from patients with
different grades of prostate cancer and benign disease, patients would need to be accurately
diagnosed. The TP cohort represented the most accurately diagnosed patients and therefore
were chosen for this analysis. However, the number of patients with advanced cancer (Gleason
9) was limited. Although the Gleason 8 and Gleason 9 patients from the TRUS cohort were
diagnosed using the TRUS biopsy only, the fact that these patients already had advanced cancer
that was predominately made of grade 4 cancer with evidence of grade 5 cancer (Gleason 9
patients only) meant that these patients were likely to have been accurately diagnosed. This was
further supported by the fact only 3 out of 19 TP patients initially diagnosed with prostate cancer
by TRUS biopsy had a higher grade cancer detected by the TP biopsy (Figure 3.3). Therefore, the
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TRUS Gleason 8 and Gleason 9 patients were included in the analysis in order to contribute to
the dataset on the phenotype of peripheral blood NK cells in patients with advanced disease. It
should be noted that this increased the median age of the Gleason 8+9 group to 76.5 yrs which
was found to be significantly higher than the median age of the other patient groups (Figure
3.1C). The clinical details of the patients for each Gleason group that were included in the NK

cell phenotypic analysis cohort are shown in Table 3.4.

Table 3.4: Clinical characteristics of the combined TP and TRUS (Gleason 8 and 9 patients only)
NK phenotypic analysis cohort used to analyse differences in NK cell phenotype in correlation

with severity of disease.

Il PSA
Overall Gleason Overa Number of | Group Age Group PS Group DRE
rade Gleason patients | range (yrs) range range
& Score (ng/ml)
Benign 6 64-71 53to 144
HG pin 9 58 -70 5.1-12
Benign ASAP 8 62-70 | 53-15 N/A
HG Pin +
ASAP 8 50-76 4.7 -19
Gleason 6 343 14 55-71 4.7-11 T1-T2a
3+4 18 53-80 4.7-13 T2a-T2c
Gleason 7
443 6 54 -77 5.1-19 T2a-T2c
Gleason 8 4+4 2 70-74 79-12 T2
445 13 65 - 88 4.3-2617 T2-T4
Gleason 9
5+4 2 69 -84 40-118 T4

3.3.2.1 Prevalence of CD56%™ and CD56""&" NK cell subsets

The percentage of NK cells within the PBMCs from each patient group is shown in Figure 3.4A.
There was no significant difference in the percentage of NK cells between the four groups that
were examined. The percentage of NK cells in the PBMCs of individuals with benign disease
ranged between 0.23 % and 27.49 %, whereas the range in patients with cancer was between
2.07 % to 35.89 %. (Figure 3.4A). The percentage of CD56%™and CD56"&" NK cells that made up
the patient NK cell population also did not significantly differ between patient groups. Whether
positive or negative for prostate cancer, > 90 % of NK cells were the CD56%™ phenotype in the
majority of patients (Figure 3.4C). Although there was no difference in the intensity of the
expression of CD56 on CD56%™ NK cells, the intensity of CD56 expression on CD56&" NK cells
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Figure 3.4: The prevalence of CD56%™ and CD56"8" NK subsets in the peripheral blood of patients.
Analysis of patient CD569™ and CD56"8" NK cell subsets with patients grouped according to overall
Gleason graded diagnosed by TRUS and TP biopsy methodologies. A) The percentage of NK cells within
patient PBMC. B) The median intensity fluorescence (MFI) of the CD56 receptor on patient CD569™
NK subsets. C) Percentage of the patient NK cells that were CD56%™. D) The MFI of the CD56 receptor
on patient CD56°"8" NK subsets. E) Percentage of patient NK cells that were CD56°"8".expression of
CD56 on CD56%™ NK cells, the intensity of CD56 expression on CD56°8" NK cells was significantly
different amongst the patient groups (P = 0.0048), with CD56&" NK cells in patients with Gleason
8+9 disease, on average, expressing lower intensities of CD56 than those in patients with Gleason 7
and benign disease (Figure 3.4D). Statistical analysis according to Kruskal-Wallis test (solid line) and
Dunns multiple comparison test (dashed line). *P<0.05, **P<0.005.
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Figure 3.5: Analysis of expression of the CD16 receptor on patient CD56“™ NK cells.

The expression of CD16 on patient CD56dim NK cells when patients were grouped according to overall
Gleason grade diagnosed by TRUS and TP biopsy methodologies. A) Percentage of the patient NK
population that were CD569™CD16*. B) The percentage of patient CD56dim NK cells with high CD16
expression. C) The percentage of patient CD56%™ NK cells with low CD16 expression. D) The
percentage of patient CD56%™ NK cells that were negative for CD16 expression. E) The median
fluorescence intensity (MFI) of CD16 expression on patient CD56dim NK cell subset population.

was significantly different amongst the patient groups (P = 0.0048), with CD56°"€" NK cells in
patients with Gleason 8+9 disease, on average, expressing lower intensities of CD56 than those

in patients with Gleason 7 and benign disease (Figure 3.4D).
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3.3.2.2 CD16 expression on the CD56™ NK cell subset

The percentage of NK cells that were CD56%™CD16* did not significantly differ between the
patient groups, with > 80 % of the NK cells displaying this phenotype for the majority of patients,

irrespective of whether they were positive for prostate cancer or not (Figure 3.5A).

The median percentage of NK cells displaying a CD56“™CD16"¢" or CD56“™CD16'°" phenotype
was also the same across the four patient groups (Figure 3.5 B and C). Interestingly though, the
median fluorescence intensity (MFI) of expression for CD16 on the CD56%™ NK cells progressively
reduced as the Gleason grade of the patient increased. Although the range in MFIl expression of
CD16 for all four groups was comparable, the median expression decreased from an MFI value
of 41.56 for individuals with benign disease to an MFI value of 33.66 and 36.06 for the Gleason
6 and 7 patient groups. The median expression then decreased again to a MFl value of 24.37 for
the Gleason 8+9 patient group. Despite the visible decrease in median MFI values for the patient
groups as the Gleason grade of cancer increased, the differences in the MFIl of CD16 expression
on CD569™ NK cells was not found to be significantly different between the patient groups

(Figure 3.5E).

3.3.2.3 Expression of activating receptor and receptor CD8 on patient NK cells

The results for the expression of activating receptors NKp30, NKp46, NKG2D, DNAM-1, 2B4 and

the CD8 receptor are shown in Figures 3.6. and 3.7.

There was no significant difference in the percentage of NK cells expressing NKG2D, nor was
there a significant difference in the intensity of NKG2D expression between patient groups
(Figures 3.6 G and H). A similar pattern of expression was observed for the expression of the CD8
receptor (Figures 3.6 A and B). The median percentage of patient NK cells expressing NKG2D
within in each patient group was approximately 95 % for each group. For CD8 expression, the
median percentage of patient NK cells expressing that receptor for each patient group ranged

between 42.2 % and 37.7 %.

In contrast to the expression of NKG2D and CDS8, differences in the expression of the NKp30 and
NKp46 receptors on NK cells from patients in the different groups were observed. As shown in
Figure 3.6C, the percentage of NK expressing NKp30 was significantly different between the four
patient groups. There was a broad range of expression for NKp30 on the NK cells of the
individuals with benign disease. The percentage of NK cells expressing NKp30 ranged between

96.74 % and 40.69 % and there appeared to be two defined groups; in one group, >90 % of
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Figure 3.6: Expression of CD8 and activating receptors NKp30, NKP46 and NKG2D on patient NK

cells.

Expression of receptors CD8, NKp30, NKp46 and NKG2D on patient NK cells with patients grouped
according to overall Gleason grade diagnosed by TRUS and TP biopsy methodologies. A and B)
Percentage and median fluorescence (MFI) intensity of CD8 expression. C and D) Percentage and MFI
of NKp30 expression. E and F) Percentage and MFI of NKp46 expression. G and H) Percentage and MFI
of NKG2D expression. Statistical analysis according to Kruskal-Wallis test (solid line). *P<0.05.
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NK cells were expressing NKp30, whereas in the other the range of NKp30 expression variably
ranged between 40 and 90 % of NK cells. The percentage of NK cells expressing NKp30 for the
majority of Gleason 6 patients ranged between 86% and 98 %, with the data being tightly
grouped. The mean percentage of NK cells expressing NKp30 for Gleason 6 patients was
significantly different to the benign group. Although the majority of the data points were also
tightly grouped for the Gleason 7 and Gleason 8+9 patients, no significant differences in the

medians were observed.

It can be clearly seen in Figure 3.6E that the median percentage of NK cells expressing NKp30
increases to 94.12 % for the Gleason 6 patient group compared to 83.47 % for the benign group.
In comparison to the Gleason 6 patients, the median was slightly lower for the Gleason 7
patients (91.83 %) and the Gleason 8+9 patients (85.29 %). Despite changes in the median
percentage of NK expressing NKp30 between the four patient groups, no significant difference
in the MFI of NKp30 expression was observed between the four groups, with the median MFI

value being maintained at around 3.
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Figure 3.7: Expression of activating receptors DNAM-1 and 2B4 on patient NK cells.

Expression of receptors DNAM-1 and 2B4 on patient NK cells with patients grouped according to
overall Gleason grade diagnosed by TRUS and TP biopsy methodologies. A and B) Percentage and
median fluorescence (MFI) intensity of DNAM-1 expression. C and D) Percentage and MFI of 2B4
expression. Statistical analysis according to Kruskal-Wallis test (solid line) and Dunns multiple

comparison test (dashed line). *P<0.05.
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Overall, the patient groups exhibited a pattern of NKp46 expression which was comparabale to
that of NKp30 expression. The median percentage of NK cells expressing NKp46 was 73.95 % for
Gleason 6 patients compared to 61.53 % for individuals with benign disease. Compared to the
Gleason 6 patients the median percentage of NK cells expressing NKp46 was lower in the
Gleason 7 patients (68.89 %) and Gleason 8+9 patients (59.45 %). Despite the differences in
median percentage of NK cells expressing NKp46 between the four groups, these were not of
statistical significance (P = 0.0601). It should be noted that the spread in data for all four patient
groups was greater for the expression of NKp46 than for NKp30. Although there was no
significant difference (P = 0.0764) between the MFI expression of NKp46 for the four patient
groups, the median MFI of NKp46 expression for the Gleason 8+9 patient group is slightly lower
than the other three patient groups, for which the median MFI expression for NKp46 was

comparable (Figure 3.6F).

The percentage of NK cells expressing DNAM-1 was >90 % for the majority of patients,
irrespective of their prostate cancer status (Figure 3.7A), and no significant difference in the
intensity of DNAM-1 expression was observed between the patient groups (Figure 3.7B). A
similar level of expression was observed for the 2B4 receptor on NK cells. Greater than 98 % of
NK cells in each patient tested expressed 2B4 (Figure 3.7C). However, the intensity of 2B4
expression did significantly differ between patient groups (P = 0.0111), with the mean MFI
expression of 2B4 for the Gleason 8+9 group being significantly different to the Gleason 7 and

benign patient groups (Figure 3.7D).
3.3.2.4 Expression of inhibitory receptors on NK cells from patients with prostate cancer

No significant differences in the expression of the inhibitory receptors CD85j, LAIR-1 and NKG2A
between the four patient groups was observed (Figure 3.8). The percentage of NK cells
expressing LAIR-1 was >98 % for the majority of patient NK cells, irrespective of whether the
patient had prostate cancer or not. The percentage of NK cells expressing NKG2D and CD85j was
highly variable, and again this was irrespective of whether the patients had prostate cancer or
not. The spread of data for the percentage of patient NK cells expressing CD85j, irrespective of
patient group, ranged between 14.21 % and 91.59 %, whereas the percentage of NK cells
expressing the NKG2A receptor ranged between 9.90 % and 80.52 %.

3.3.2.5 Expression of NKp30 and NKp46 on NK cells in patients having PSA levels <20 ng/ml

The selection criteria for the TRUS patients meant that there was no restriction on the PSA level
of the patients included in the cohort. However, for TP patients there was a restriction and the
PSA level for these patients was <20 ng/ml. This meant that in the NK cell receptor phenotypic
analysis, the PSA levels for the Gleason 8+9 patients were significantly higher (P<0.0005) than
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the PSA levels for each of the other patient groups (Figure 3.9C). The potential relationship

between PSA
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Figure 3.8: Expression of inhibitory receptors CD85j, LAIR-1 and NKG2A on patient NK cells
Expression of receptors CD85j, LAIR-1 and NKG2A on patient NK cells with patients grouped according
to overall Gleason grade, as diagnosed by TRUS and TP biopsy methodologies. A and B) Percentage
and median fluorescence (MFI) intensity of CD85j expression. C and D) Percentage and MFI of LAIR-1
expression. E and F) Percentage and MFI of NKG2A expression.

levels on NKp30 and NKp46 expression in terms of the percentage of NK cells expressing these

receptors was assessed by excluding TRUS patients from the Gleason 8+9 group that had PSA

levels >20 ng/ml from the analysis. Expression remained comparable to the pattern of
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expression before the removal of these TRUS Gleason 8+9 patients (Figure 3.9A and B). The
differences observed in the percentage of NK cells expressing NKp30 across the four patient

groups remained significant (P = 0.0470).
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Figure 3.9: Analysis of NKp30 and NKp46 expression on patient NK cells in the NK phenotypic
analysis cohort taking into account PSA level (ng/ml).

In order to assess whether patient PSA levels had any effect on NKp30 and NKp46 expression on
patient NK cells within the Gleason 8+9 patient group, TRUS patients with a serum PSA level >20
ng/ml were removed from the analysis. A and B) Re-analysis of the percentage of patient NK cells
expressing NKp30 and NKp46 respectively. C) Serum PSA levels (ng/ml) of each patient within the
cohort grouped by overall Gleason grade. Statistical analysis according to Kruskal-Wallis test (solid
line) and Dunns multiple comparison test (dashed line). *P<0.05, **P<0.005, ***P<0.0005,
****¥p<0.00005.
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3.3.2.6 What is the effect of TRUS misdiagnosis on the pattern of NKp30 and NKp46 NK cell

receptor expression?

The NKp30 and NKp46 receptor expression data were reanalysed in order to observe whether
the differences between the percentage of NK cells expressing NKp30 and NKp46 is altered when
using the TRUS Gleason grade for the TP patients compared to the TP Gleason grade. As shown
in Figure 3.10A and C, when the TRUS biopsy results were used to group TP patients, the median
percentage of NK cells expressing NKp30 and NKp46 was higher in the Gleason 7 group, as

opposed to the Gleason 6 group when the TP biopsy data were used to group the patients.
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Figure 3.10: Comparison of NKp30 and NKp46 expression on patient NK cells when TP patients were
diagnosed by either TRUS biopsy or TP biopsy and grouped according to Gleason grade.

The data was re-analysed to explore whether the biopsy method used to diagnose the TP patients
could affect the pattern and statistical significance of NKp30 and NKp46 expression on patient NK
cells when patients were grouped according to Gleason grade. A and B) Percentage of NK cells
expressing NKp30 and NKp46 respectively when TP patients were grouped according to their TRUS
biopsy diagnosis. C and D) Percentage of NK cells expressing NKp30 and NKp46 respectively when TP
patients were grouped according to their TP diagnosis. Statistical analysis according to Kruskal-Wallis
test (solid line) and Dunns multiple comparison test (dashed line). *P<0.05.
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Figure 3.11: In depth analysis regarding the expression of activating receptors NKp30 and NKp46 on
patient NK cells when prostate cancer patients were grouped according to Gleason grade and
benign patients further sub-grouped on the basis of tissue abnormalities.

Re-analysis of the data with the benign disease patient grouped further subgrouped regarding tissue
abnormalities in order to assess whether the percentage of patient NK cells expressing NKp30 and
NKp46 could identify patients with increased risk of developing prostate cancer. A) Percentage of
patient NK cells expressing NKp30. B) Percentage of patient NK cells expressing NKp46

Irrespective of whether the TRUS biopsy or TP biopsy data were used to group patients, the

differences in the percentage of NK cells expressing NKp30 remained significant (TRUS P =
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0.0254 and TP P =0.0191). Interestingly, the differences in the percentage of NK cells expressing
NKp46 between the four groups became significant when using the TP biopsy data to group
patients (P = 0.0429), with a significant difference in the mean percentage of NK cells expressing
NKp46 being observed between the benign and Gleason 6 patient groups. Using just the TP
biopsy data to group the patients, two patients moved from the Gleason 7 group to the Gleason

6 group (Figure 3.10B and D).

3.3.2.7 Expression of NKp30 and NKp46 on peripheral blood NK cells when individuals are

grouped into benign disease subgroups and overall cancer Gleason grade

Individuals with benign disease were further subgrouped according to benign pathologic
abnormalities observed in the prostate tissue which are not classed as being cancerous, but
were different to normal tissue. The spread of data for the percentage of NK cells expressing
NKp30 in the ASAP group was tightly grouped, with a high median value of 91.14 % which was
comparable to patients with Gleason 6 cancer, whereas individuals with benign disease
exhibited a lower median of 74.56 %. Even within the group of patients displaying ASAP and
High Grade PIN, the majority of the data were skewed towards higher percentages of NK cells
expressing NKp30 (median value 81.92 %). In contrast, the spread of data for the benign (normal
tissue) group and high grade PIN was greater compared to both the ASAP group and the High
Grade PIN + ASAP group (Figure 3.11A).

Analysis of the pattern of NKp46 expression on the benign subgroups in terms of the percentage
of NK cells expressing NKp46 revealed no significant differences, with the spread of data across

the four benign subgroups being comparable (Figure 3.11B).

3.4 Discussion

In this study, patients were grouped according to the Gleason grade of their cancer, as detected
by either TRUS or TP biopsy. As observed in the TRUS cohort, the PSA levels of the four patient
groups heavily overlapped, thereby confirming reports that PSA levels do not reliably predict the
Gleason grade of patients with prostate cancers (Catalona et al., 1991). Similarly, the digital
rectal examination also failed to accurately detect prostate cancer, therefore demonstrating the
importance of a biopsy to confirm the presence of prostate cancer. However, studies have
shown that the detection rate of prostate cancer by TRUS biopsy is only ~ 32 % (Nafie et al.,
2014a, Welch et al., 2007), as a consequence of which there is a significant risk of mis-diagnosis
i.e. a patient being told he has benign disease when in fact the TRUS biopsies missed the cancer
present in their prostate. One of the aims of this part of the study was to observe whether the
TP biopsy could improve the diagnosis of prostate cancer compared to the standard TRUS

biopsy. One conundrum that clinicians are faced with is why a proportion of patients experience
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a continued rise of PSA levels in the absence of detectable prostate cancer when assessed using
the TRUS biopsy (Nafie et al., 2014a). The TRUS biopsy is limited in its ability to biopsy the
prostate. The TRUS biopsy is only able to take biopsies from the peripheral zone on the posterior
side of the prostate which is closest to the rectal wall. In contrast, the TP biopsy is able to take
biopsies from all regions of the prostate, including the apical and anterior zones of the prostate
that is poorly sampled by TRUS biopsy (Nafie et al., 2014b). Multiple studies have shown that in
patients with elevated PSA levels and previous negative biopsies, 26 to 68 % of these patients
have prostate cancer, with 44 to 83 % of the cancers being found on the anterior side of the

prostate (Dimmen et al., 2012, Mabjeesh et al., 2012, Pal et al., 2012).

In this study, a cohort of 70 patients with PSA <20 ng/ml were biopsied using both TRUS and TP
biopsy. Twenty two individuals (31.4 %) were diagnosed as having benign disease on the basis
of the TRUS biopsy, but were positive for prostate cancer. The TP cohort contained 29 biopsy
naive patients and 41 patients that had a previous set of TRUS biopsies that indicated benign
disease, but were experiencing rising PSA levels. Out of the 41 patients who were previously
diagnosed as benign, 15 patients (36.6 %) were again diagnosed as benign by the TRUS biopsy
but were diagnosed with cancer by the TP biopsy. The TRUS biopsy only diagnosed 5 patients
(12.1 %) with prostate cancer, and this was confirmed by the TP biopsy. The results suggest that
there is about a 34 % misdiagnosis rate within the cohort by TRUS biopsy, thereby highlighting
that the TP biopsy is superior at detecting prostate cancer. Furthermore, patients with a Gleason
grade of 8 or 9 prostate cancer were more likely to be older and have higher PSA levels than

patients who had Gleason 6 or 7 cancer, or individuals who were found to have benign disease.

Analysis of the receptor phenotype expressed on the NK cells from patients with prostate cancer
was focused on using PBMCs isolated from patients that had undergone the TP biopsy and
patients that were diagnosed as having Gleason 8 and 9 disease on the basis of the TRUS biopsy.
These patients were as accurately diagnosed as possible and represent patients for almost the
full spectrum of Gleason grades possible. The expression of activating receptors (NKG2D, DNAM-
1, 2B4, NKp30, NKp46 and NKp44) and inhibitory receptors (CD85j, NKG2A and LAIR-1) in
addition to CD8 and the receptors that define the NK cell populations (CD56 and CD16) on the
NK cells from these patients was determined. The proportion of CD56%™ and CD56" cells
within the patient NK cell population was not altered, with >90 % of the peripheral NK cells
displaying a CD56%™ phenotype, and the remainder of the NK cells being CD56"", These
findings are consistent with the literature (Cooper et al., 2001). Curiously, the intensity of CD56
expression on CD56"€" NK cells from patients with Gleason 8+9 disease was significantly lower
than that on CD56&" NK cells from individuals with benign disease and patients with Gleason

7 disease. This was a surprising finding, as the intensity of CD56 expression on CD56%™ NK cells
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was comparable for all patient groups. The reason for the down-regulation in CD56 expression
on the Gleason 8+9 patient CD56&" NK cells is unclear, as CD56 is typically not one of the major

cell adhesion molecules which is involved in cytotoxicity (Nitta et al., 1989).

Analysis of the activating and inhibitory receptor expression revealed that only the expression
of NKp30 and 2B4 significantly differed amongst the four patient groups. Consistent with the
literature, the 2B4 receptor was uniformly expressed on 100 % of NK cells for each patient,
irrespective of whether they had prostate cancer or not (Mathew et al., 2009). However, on
average, NK cells from patients in the Gleason 8+9 patient group expressed significantly less 2B4
on their cell surface compared to NK cells from patients in the other three patient groups. In
humans, 2B4 functions as an activating receptor and so the down-regulation of 2B4 on the
Gleason 8+9 patients may represent immunosuppression by prostate cancer (Tangye et al.,

2000).

In contrast to 2B4, the significant differences in the expression of NKp30 was associated with
the percentage of NK cells expressing the receptor, not its intensity. The intensity (MFI) of NKp30
expression remained unchanged. Surprisingly, the median percentage of NK cells from patients
with Gleason 6 disease expressing NKp30 was higher than that in individuals with benign disease.
This increased median percentage of NK cells expressing NKp30 appeared to be maintained in
Gleason 7 patients, with lower levels being present in Gleason 9 patients. This pattern suggests
that the Gleason 6 patients may be exhibiting an NK cell immune response to early stage
prostate cancer. Grouping the benign patients into abnormality subgroups i.e. benign (normal
morphology), High grade PIN and ASAP (atypical small acinar proliferation) revealed that
patients with signs of ASAP tended to exhibit an increased percentage of NK cells expressing
NKp30 which was comparable to that which was present in Gleason 6 patients. Although these
results did not reach statistical significance, they suggest that an NK cell response may start prior
to the formation of prostate cancer, and that the measurement of the percentage of NK cells
expressing NKp30 in patients with benign disease might indicate patients that are at increased
risk of progression to early stage cancer. Further investigation with increased patient numbers
is needed to test this observation. The decrease in the percentage of NK cells expressing NKp30
in Gleason 8+9 patients may suggest that, as a patient develops more advanced prostate cancer,

the cancer may be exerting a greater immunosuppressive effect on patient NK cells.

Although the pattern of expression for NKp46 was similar compared to the pattern of expression
for NKp30, there was no statistically significant pattern when the TP patients were grouped
according to overall Gleason grade (combination of both TP and TRUS Gleason grades).
However, when the TP patients were grouped according to only their TP Gleason grade, the

differences in the percentage of NK cells expressing NKp46 across the four patient groups
Page | 101



became significant. This change in significance was driven by two patients moving from the
Gleason 7 group to the Gleason 6 group when patients were grouped according to TP Gleason
grades only. In contrast to NKp30, the median intensity of NKp46 expression for the Gleason 8+9
patient group was lower than for the other three patient groups, although this finding did not
quite reach statistical significance. Taken together, these results suggest that, similar to NKp30,
the percentage of NK cells expressing NKp46 is also up-regulated in response to early stage
cancer, thereby indicating an NK cell immune response which is gradually suppressed by
advanced prostate cancer. This is suggested by the decrease in the percentage of NK cells

expressing NKp46 in Gleason 8+9 patient and the decrease in the intensity of this expression.

The median intensity of the CD16 receptor expression for each of the patient groups appeared
to decrease as the Gleason grade of the patient groups increased. Although the relationship did
not reach statistical significance, a pattern of decreased intensity of CD16 expression for the
majority of Gleason 8+9 patients compared to the patients in the other three groups was
observed. Perhaps greater patient numbers would increase the significance of this result. Down-
regulation of CD16 has been reported to be associated with NK cell activation and, to some
extent, NK cell cytotoxic function (Grzywacz et al., 2007). Therefore, overall the results in this
study suggest that prostate cancer patients do appear to mount an NK cell immune response

against their cancer.

In one of the few studies that have assessed NK cell phenotype in prostate cancer, Pasero et al
found that high intensity of NKp30 and NKp46 expression was associated with increased survival
in patients with metastatic disease and also that these two receptors, in addition to NKG2D and
DNAM-1, regulated NK cell recognition of prostate cancer cells (Pasero et al., 2015). The increase
and decrease in the percentage of NK cells expressing NKp30 and NKp46 observed in this study
suggested that these receptors may play a role in NK cell recognition / immune response
towards prostate cancer, which is in line with the findings of Pasero et al. Surprisingly, given that
NKG2D is commonly thought to be involved in the recognition of a range cancers and a target
for down-regulation by cancer induced immunosuppressive mechanisms, we did not see a
change in the expression of NKG2D between patient groups (Mamessier et al.,, 2011a,
Mamessier et al., 2011b, Morgado et al., 2011, Platonova et al., 2011, Wilson et al., 2011). The
decrease in the MFI of 2B4 expression on NK cells from patients with Gleason 8+9 prostate
cancer compared to the three patient groups suggests that 2B4 may also play some role in the
recognition of prostate cancer. Although we saw differences in the median expression of NKp30
and NKp46 associated with increased grade of prostate cancer, the spread of data within the
four patient groups heavily overlapped, meaning that these NK cells markers cannot be used to

differentiate patients with and without prostate cancer. Therefore, in contrast to the hypothesis
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of this part of the study (and also suggested by Pasero et al), the expression of NKp30 and NKp46
cannot be used as markers to aid routine diagnosis of prostate cancer. However, as suggested
by Pasero et al, these markers could potentially be used to measure progression to advanced
prostate cancer, since the median percentage of NK cells expressing NKp30 and NKp46 was
lower in the Gleason 8+9 patient grouped compared to the Gleason 6 and 7 patient groups.
Further investigations would be needed to prove this hypothesis, and this would only be true

for patients who were not undergoing treatment at the time of sampling.

Unfortunately, since we did not have access to intratumoural NK cells we could not assess how
well the peripheral NK cell phenotype of prostate cancer patients reflects their intratumoural
NK cell phenotype. The significant increase and decrease in the percentage of NK cells expressing
NKp30 is in contrast to the gradual decrease in the MFI of expression of this receptor and other
activating receptors seen in breast cancer (Mamessier et al., 2011b). Although a decrease in the
median percentage of NK cells expressing NKp30 and NKp46 in patients with Gleason 8+9
disease compared to those with Gleason 7 disease was observed and thought to be due to
immunosuppression, further investigation of immune suppressive cytokine levels e.g. TGF-f in
patient plasma / serum needs to be performed in order to confirm immunosuppression. There
are reports that expression of NKp30 and NKp46 on NK cells decrease with age, as a
consequence of which the decrease in the percentage of Gleason 8+9 patient NK cells expressing
NKp30 and NKp46 compared to Gleason 7 patients could also be due to the fact that the TRUS
Gleason 8+9 patients were on average older than the TP patients (Almeida-Oliveira et al., 2011,

Hazeldine et al., 2012). Again, this possibility needs to be explored in future studies.
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Chapter 4 - RESULTS

NK cell priming and the optimisation of NK cell cytotoxicity assays

4.1 Introduction

In the previous chapter, it was suggested that the presence of prostate cancer may down
regulate the expression of the NK cell activating receptors NKp30 and NKp46 on NK cells in the
peripheral circulation. However, measuring the expression of these receptors on NK cells in the
peripheral blood could not be used to distinguish patients with prostate cancer from individuals
who had benign disease in a diagnostic setting. Furthermore, since patients were only diagnosed
with prostate cancer following the development of symptoms or the detection of a rising PSA
level, it was only possible to measure the expression of NK cell activating and inhibitory
receptors at the point of diagnosis as a group, and there is no pre-diagnostic data that would
indicate the expression of these receptors prior to cancer developing. Therefore, on the basis of
these data, it is not possible to prove that the down-regulation of NKp30 and NKp46 on patient
NK cells was truly the result of prostate cancer-related effects, nor could the significance of these

effects on prognosis be evaluated.

Direct measurements of NK cell cytotoxic function may be a better indicator of NK cell function
and their ability to fight against prostate cancer and therefore provide important prognostic
information. Unlike T cells, NK cells contain pre-formed lytic granules when resting (Orange,
2008). Lytic granules (also known as cytotoxic granules) are specialised secretory lysosomes that
have been shown to contain granzyme B, perforin, granulysin and cathespins. The low pH and
calcium concentrations within the lysosome prevent the granzyme B and perforin from harming
the lysosomal membrane (Raja et al., 2002). During the cytotoxic process, an immunological
synapse is formed between the NK cell and its target cell prior to the release of the lytic granule
content (Davis et al., 1999). Lytic granules fuse with the plasma membrane of the NK cells and
their contents are exocytosed into the cleft of the immunological synapse (Peters et al., 1991,
McCann et al., 2003). This process, known as degranulation, results in the human lysosomal
membrane glycoproteins CD107a (LAMP-1), CD107b (LAMP-2) and CD63 (LAMP-3) becoming
exposed on the surface of the NK cell. CD107a has also been shown to be up-regulated on both
activated platelets and lymphocytes, and it was originally thought to play a role in the adhesion
of these cells to vascular endothelium via binding of CD107a to selectins on endothelial cells
(Peters et al., 1991). CD107a is a highly glycosylated protein and in addition to its adhesion
function it has been widely suggested that CD107a also protects the NK cells from being harmed
by the lytic granules contents it had just released (Peters et al., 1991, Febbraio and Silverstein,

1990). In this context, the expression of CD107a on engineered plasma membranes has been
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shown to protect cells from being lysed by NK cells and from purified lytic granules. Furthermore,
knock down of CD107a increases of apoptosis in the presence of degranulating NK cells (Cohnen

et al., 2013).
Currently, two main methods of measuring the NK cell cytotoxic function have been utilised:

1) The direct detection of lysed target cells following co-incubation with NK cells using a
variety of readouts

2) The detection of CD107a on the NK cell surface following degranulation

For a long time, the standard method for measuring NK cell cytotoxic responses towards target
cells has been the *chromium Release assay. This involves staining target cells (e.g. MHC class
I-deficient K562 human erythroleukaemic cell line) with radioactive *chromium and measuring
the release of *'chromium from these cells following contact with NK cells (Brunner et al., 1968).
In an attempt to move away from the use of radioactive materials, cytotoxic assays involving the
use of a flow cytometer and fluorescent dyes for the labelling of viable and non-viable (i.e. killed)
target cells have now been developed (Hopkinson et al., 2007). The detection of CD107a on the
cell surface of the NK cells following degranulation using flow cytometry has also been used to
indirectly measure NK cytotoxic killing. This method was first developed for detecting the
presence of CD107a on CD8* T cells. Monensin was added to the co-culture of CD8* T cells with
their target cells. The concept is that monensin retains the expression of CD107a on the cell
surface, thereby preventing it from being re-internalised and allowing CD107a to be stained with
fluorochrome conjugated monoclonal antibodies (mAbs) and its expression to be analysed using
a flow cytometer (Betts et al., 2003). The same method has been shown to be capable of

detecting NK cell degranulation (Alter et al., 2004).

A commonly used target cell for the measurement of NK cell-mediated cytotoxic activity is the
K562 human lymphoblastic cell line. Originally described as a granulocytic lymphoblast isolated
from 53-year-old female with chronic myelogenous leukemia in terminal blast crises, it was later
reclassified as being an MHC class | negative erytholeukaemic cell line (Andersson et al., 1979).
The absence of MHC class | expression renders K562 cells resistant to killing by CD8* T cells, but
susceptible to NK cell killing due to the absence of key inhibitory signals. Although a commonly
used target cell, the absence of MHC class | expression casts doubt on the relevance of K562 as
a target cell for measuring NK cell cytotoxic potential in patients with prostate cancer, given that
prostate cancer and prostate cancer cell lines such as PC3 and DU145, are both MHC class |

positive and thereby typically resistant to being killed by resting NK cells (Sabry et al., 2011).
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Until relatively recently, the only way to induce NK cells to kill NK cell-resistant tumour cells has
been considered to be stimulation with IL-2, which increases the cytotoxic capacity of both
CD56%™ and CD56°€" cells. Although IL-2 is primarily known to promote the proliferation of T
lymphocytes, it can also induce the proliferation of NK cells, with the rate of proliferation of the
CD56"" cell subset being 5 to 60 times greater than CD569™ NK cells. The CD56°€" NK cells
have been shown to express the IL-2 receptor alpha subunit (CD25), the expression of which was
absent on CD56%™ NK cells. These data suggest that the CD56"€" NK cells may express the high
affinity IL-2 receptor enabling them to proliferate faster than CD56%™ NK cells. As a
consequence, IL-2 stimulation not only increases the cytotoxic capabilities of both subsets, but

also increases the relative proportion of the CD56°"€" NK subset (Nagler et al., 1989).

A series of studies has now shown that NK cells can also become ‘activated’ by specific cancer
cell lines, the consequence of which alters the phenotype of the NK cell and increases its ability
to kill NK cell-resistant cancer cell lines (North et al., 2007, Sabry et al., 2011). It has now been
suggested that NK cells require priming (S1) and triggering signals (S2) to kill. Cancer cells evade
NK cell killing by down-regulating either the priming signal or triggering signal from their cell
surface. It has been suggested that K562 cells are susceptible to NK cell killing because they
provide both S1 and S2 signals, whereas the NK cell resistant cell line Raji is resistant as it does
not deliver the S1 priming signal. The S1 signal can be provided by either stimulating the NK cells
with cytokines or co-incubating them with cells that can deliver such a signal, an example of
which is the human leukaemic T cell line CTV-1. Activating NK cells via cytokine stimulation or
CTV-1 co-incubation increases their ability to kill Raji cells. Interestingly activated NK cells are
unable to kill CTV-1 cells and it is thought this is because CTV-1 cells do not provide the S2 signal
(North et al., 2007, Sabry and Lowdell, 2013).

Lowdell et al have developed a method to artificially provide the S1 signal by incubating NK cells
with CTV-1 cells, thereby enabling the NK cell to kill a range of NK cell-resistant cell lines (North
et al., 2007, Sabry and Lowdell, 2013). Stimulation of isolated NK cells with CTV-1 cells (a T cell
lymphoblast from a patient suffering with acute lymphoblastic leukaemia) for up to 20 hrs has
been shown to result in a form of activation (referred to as ‘priming’), as demonstrated by the
up-regulation of CD69 (a marker of early activation) and CD25 (IL-2 alpha subunit), whereas the
expression of CD16, NKp46 and NKG2D are all down-regulated. Primed NK cells exhibit an
increased ability to lyse a range a NK cell-resistant cell lines; Raji (Burkitts Lymphoma), RPMI18226
(myeloma B lymphoblast), ARH77 (EBV transformed B lymphoblast) and DU146 (metastatic
epithelial prostate cancer), when compared to non-primed NK cells (North et al., 2007, Sabry et
al., 2011). The mechanism behind priming NK cells using CTV-1 cells has been shown to be cell-

cell contact dependent and to involve ligation of the CD2 receptor on NK cells with the CD15
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receptor expressed by the CTV-1 cells (North et al., 2007, Sabry et al., 2011). Interestingly, other
CD15 positive cancer cells e.g. MV411 (lymphoblast, macrophage lineage) and SEM
(lymphoblast, B cell precursor lineage) have also been shown to able to prime NK cells and
increase their ability to kill NK cell-resistant Raji cells, whereas CD15 negative cell lines such as
PF-382 and MOLT16 (both T cell lymphoblasts from patients with acute lymphoblastic
leukaemia, ALL) are unable to prime NK cells, nor increase their ability to kill Raji cells beyond
non-primed levels. Although K562 cells are also CD15 positive and blocking this receptor
substantially inhibits K562 lysis, K562 cells are unable to prime NK cells. This suggested that
other NK cell:CTV-1 interactions in addition to CD2:CD15 are required for NK cell priming (North
et al., 2007, Sabry et al., 2011). Recently, the results of a Phase | clinical trial into the use of
primed NK cells as an immunotherapeutic treatment to treat patients with acute myeloid
leukaemia (AML) demonstrated that of 7 patients, four had HLA mismatched primed NK cells
that survived and expanded in vivo without host immunosuppression and anti-leukaemic effects

were reported (Kottaridis et al., 2015).

The central theme aim of this PhD study was to investigate whether measuring the phenotype
and function of peripheral blood NK cells from patients with prostate cancer could provide
insight into the presence / absence of disease and its severity. As reported in the previous
chapter, significant differences and trends in the expression of activating receptors NKp30,
NKp46 and 2B4 on NK cells from patients with prostate cancer were apparent. However, the
expression of these receptors could not distinguish patients with different grades of prostate
cancer or distinguish patients with prostate cancer from patients with benign disease. It was
therefore concluded that single measurements cannot inform patient diagnosis / prognosis.
However, it might be that measuring NK cell function provides additional information and
improves our ability to define prostate cancer patients into groups and inform diagnosis and or

prognosis.

Given the questionable relevance of measuring NK cell cytotoxic function using the K562 cell line
as the target, a better measure might be to examine the capacity of NK cells from patients with
prostate cancer and benign disease to be primed, and the functional consequence of priming on
their cytotoxic potential against relevant, prostate cancer cell lines. This proposition is
reasonable given that priming NK cells by co-incubation with CTV-1 cells has already been shown
to increase the ability of the NK cells to kill the metastatic prostate cancer line DU145 by up to
about 60% (Sabry et al., 2011). Measuring patient NK cell function using this CTV-1 priming

method would allow for the measurement of two key NK cell parameters:
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1) The ability of the patient NK cells to become primed, and the influence of priming
on their phenotype.
2) The ability of the primed NK cells from patients with prostate cancer to lyse prostate

cancer cell lines (with the lysis of K562 cells used as a comparison).

These studies will also provide insight into the autologous NK cell priming as a potential

immunotherapeutic approach for the treatment of patients with prostate cancer.

4.2 Aims and hypothesis

The aim of this part of the study was to use peripheral blood samples from healthy volunteers

to:
1. Optimise the approach for NK cell priming using CTV-1 cells
2. Better define the phenotype of NK cells that have been primed using CTV-1 cells
3. Optimise a flow cytometry based cytotoxic assay based on a previously published
method in order to measure NK cytotoxic function against K562 and PC3 cells.
4. Optimise a previously published CD107a degranulation assay in order to directly
measure NK cytotoxic function and reveal which NK subsets are responsible for lysing
K562 or PC3 target cells.
4.3 Results

4.3.1 Optimisation of the NK cell priming method using mitomycin C treated CTV-1 cells

4.3.1.1 Optimising the NK cell : CTV-1 co-incubation period, as determined on the basis

changes in NK cell phenotype

The original published method co-incubated isolated NK cells with irradiated (30 Gy) CTV-1 cells
for up to 20 hrs (North 2007). In order to determine if irradiation could be replaced by mitomycin
C treatment, the optimal co-incubation period for the priming of isolated healthy NK cells by
mitomycin C (final concentration 33 pug/ml) treated CTV-1 cells was determined. For this, thawed
PBMCs from two healthy volunteers were co-incubated for 16, 18 or 20 hrs at 37°C with
mitomycin C treated CTV-1ata 2 : 1 PBMC : CTV-1 ratio. Control PBMCs were incubated under
the same conditions, but in the absence of CTV-1 cells. PBMCs were then stained with NK cell
antibody panels 1 and 4 and receptor expression analysed by multi-parameter flow cytometry.
Expression of CD25, CD69, NKG2D, NKp30 and NKp46 was determined on the entire CD3°'CD56*

NK cell population using the gating strategies shown in Figures 2.1 to 2.2?
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Figure 4.1: Up-regulation of CD25 and CD69 expression on NK cells following priming with CTV-1
over the course of 16 to 20 hrs.

Thawed PBMC were primed by co-incubating them with mitomycin C treated CTV-1 cellsata2:1
PBMC : CTV-1 ratio for 16, 18 and 20 hrs. Expression of CD25 (top graph) and CD69 (bottom graph)
was measured by flow cytometry. The expression of CD25 and CD69 on primed NK cells was compared
to non-primed NK cells that were incubated in media only for 20 hrs.

As indicated in Figure 4.1, priming increases the proportion of NK cells expressing CD69 and
CD25 by between 20 to 50 % and 18 to 20% respectively. Increasing the co-incubation period
from 16 to 20 hrs had no impact on the expression of these antigens. In contrast, priming had
no effect on the proportion of NK cells expressing NKp30 and NKp46, whereas the expression of
NKG2D was variable, in that expression decreased for one donor and did not change for the
other (Figure 4.2). Based on these results, all future experiments used a co-incubation period of

17 hrs.

4.3.1.2 Identifying the optimal NK : CTV-1 priming ratio, as determined on the basis of changes

in NK cell phenotype

The influence of priming at different NK : CTV-1 ratios (ranging from 4:1 to 1:4) on the phenotype
of NK cells was determined. For this, PBMCs isolated from 5 healthy volunteers which had been

stored in liquid nitrogen were thawed, the NK cells isolated and primed at NK : CTV-1 ratios
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Figure 4.2: Expression of activating receptors NKp30, NKp46 and NKG2D expression on NK cells
following priming with CTV-1 over the course of 16 to 20 hrs.

NK cells were primed by co-incubating them with mitomycin C treated CTV-1 cellsata 2 :1 PBMC
: CTV-1 ratio for 16, 18 and 20 hrs. Expression of NKp30 (top graph) NKp46 (middle graph) and
NKG2D (bottom graph) were measured by flow cytometry. The expression of these receptors on
primed NK cells were compared to non-primed NK cells that were incubated in media only for 20
hrs.

ranging from 4:1 to 1:4 (except for volunteer healthy 1 who was not tested at the 4:1 priming
ratio). Non-primed NK cells were used as a control. Both non-primed and primed NK cells were
then stained for the expression of the following receptors; inhibitory receptors (CD85j, LAIR-1,

NKG2A), activating receptors (CD16, NKp30, NKp44, NKp46, NKG2D, DNAM-1 and 2B4) and
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adhesion / co-stimulatory or co-inhibitory receptors (0OX40, GITR, CD137, CRTAM, TIGIT and
CD96). Results were analysed using the gating strategies shown in Figures 2.1 to 2.4., and the
optimal NK cell priming ratio was considered as the ratio which resulted in the highest
expression of co-stimulatory receptors. Statistical analyses were only undertaken on receptor
expression data for NK cell priming ratios 2 : 1 to 1 : 4 (NK : CTV-1) due to incomplete data for

the expression of NK receptors at the 4 : 1 priming ratio.
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Figure 4.3: Expression of inhibitory receptors CD85j, LAIR-1 and NKG2A expression on NK cells
following priming with CTV-1 at different.

NK cells were primed by co-incubating them with mitomycin C treated CTV-1 cells for 17 hrs at
NK:CTV-1ratios2:1,1:1,1:2and1:4. Expression of receptors CD85j, LAIR-1 and NKG2A
were measured by flow cytometry. The expression of these receptors on primed NK cells were
compared to non-primed NK cells that were incubated in media only for 17 hrs. Data on the
percentage of NK cells expressing these receptors (top graph) and the median fluorescence
intensity (MFI) of that expression (bottom graph) are shown.
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4.3.1.2.1 Influence of priming on the expression of inhibitory receptors by CD56* NK cells

Only the NK cells from volunteer healthy 1 were analysed for CD85j, LAIR-1 and NKG2A

expression. As shown in Figure 4.3, priming the NK cells at NK : CTV-1 priming ratios of 2 : 1 to

1:4 had no effect on the percentage of NK cells expressing these receptors, nor did it have any

apparent effect on the intensity of their expression. For these reasons, and in order to reduce

the number of antibody panels that the NK cells were being stained for, NK cells were not stained

using the inhibitory receptor panel in subsequent NK cell priming experiments.
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Figure 4.4: The influence of priming with CTV-1 on the expression of CD56 and CD16 on CD56%™
and CD56""&" NK cell subsets

NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1,
1:2, and 1:4 for 17 hrs. The expression of CD56 and CD16 on primed NK cells was compared to
non-primed NK cells that were incubated in medium only for 17 hrs. Expression of CD56 and CD16
by the NK cells was measured by flow cytometry. The median fluorescence intensity (MFI) of
CD56 (top graph) and CD16 (bottom graph) for the CD56%™ and CD56"&"t NK subsets are shown.
Each box plot has whiskers set to minimum and maximum with the line representing the median.
Statistical analyses was done using a one way ANOVA in conjunction with a Tukey’s multiple
comparisons test. * P <0.05.
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Figure 4.5: The identification of three CD569™CD16*/ NK cell subpopulations and the degree of

which these subpopulations made up the NK population before and after priming.

NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1,
1:2, and 1:4 for 17 hrs. The expression of CD56 and CD16 on primed NK cells was compared to
non-primed NK cells that were incubated in medium only for 17 hrs. Expression of CD56 and CD16
by the NK cells was measured by flow cytometry. For 5 healthy volunteers, the proportion of NK
cells that were CD569™CD16"e" CD569™CD16'% and CD569™CD16"¢ was measured for each
priming ratio. Data are means + SD of three measurements.
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4.3.1.2.2 Influence of priming on the expression of CD56 and CD16 by CD56™ NK cells

Although priming had no significant effect on the intensity of CD56 expression, it induced a

decrease in CD16 expression on the CD56%™ NK cell subset only (Figure 4.4).

To accurately analyse CD16 expression, population were drawn on the basis of CD16 expression
by non-primed NK cells and then applied to primed NK cells. Non-primed NK cells were divided
into CD56%9™ and CD56°&" subsets, with each subtype being further subdivided into CD16"e",
CD16"" and CD16"# subpopulations. The gates for the CD16"&" and CD16'°" subpopulations
were positioned on the basis of the intensity of CD16 expression for each individual (which
appeared to differ on a person to person basis), as indicated by the large box plot for non-primed
NK cells (Figure 4.4). The cut off between the CD16"e" gate and the CD16"" gate was set just
below the highest density of CD569™CD16"&" NK cells. The cut off between CD16'°" and CD16"#
NK cells was gated at the same value between all volunteers. A representative example is shown
in Figure 2.5. The analysis was focused on the CD56™ subset, as the expression of CD16 was

most notably altered on this subset (Figure 2.5).

As shown in Figure 4.5, for all five healthy volunteers, the CD56%™CD16"&" subset made up the
majority of non-primed NK cells (range 66 to 79 %), followed by the CD56%™CD16"" subset
(range 16 to 23 %) and then the CD569™CD 16" subset (2 to 9 %). NK cell priming at any priming
ratio resulted in a decrease in the CD569™CD16"&" subset and a subsequent increase in both the
CD56%™CD16'°" and CD569™CD16"# subsets, the extent of which was person-specific. Typically,
the 1 : 4 NK : CTV-1 priming ratio resulted in the greatest decrease in the CD569™CD16"e"
population (percentage of CD569™CD16"e" range 30 to 58) and the greatest increase in the
CD569MCD16°Y (percentage of CD569MCD16Y range 22 to 31) and CD569mCD16"#
subpopulations (percentage of CD56“™CD16"€ range 8 to 37).

4.3.1.2.3 Influence of priming on the expression of the immunoglobulin superfamily receptors

DNAM-1, TIGIT and CD96 by CD56™ NK cells

NK cell priming had no effect on the expression of DNAM-1 (Figure 4.6). Priming also had no
effect on the expression of the co-inhibitory receptor TIGIT, although a quantitatively small, but
statistically significant difference in expression was observed at the 1 : 4 NK : CTV-1 ratio
comparedtothe2:1,1:1and1: 2 ratio. The expression of CD96 remained unaffected by NK
cell priming until the NK : CTV-1 priming ratio 1 : 2 and 1 : 4, at which a significant decrease in
the percentage of expression was observed compared to non-primed NK cells and NK cells

primed at the 2:1, 1:1 and 1:2 ratios (Figure 4.6).
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Figure 4.6: The influence of priming with CTV-1 on the expression of receptors DNAM-1, TIGIT
and CD96 by NK cells

NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1,
1:2, and 1:4 for 17 hrs. The expression of DNAM-1, TIGIT and CD96 on primed NK cells was
compared to non-primed NK cells that were incubated in medium only for 17 hrs. Expression of
three receptors on NK cells was measured by flow cytometry. The percentage of NK cells
expressing either DNAM-1, TIGIT or CD96 (top graph) and the median fluorescence intensity
(MFI) of this expression (bottom graph) are shown. Each box plot has whiskers set to minimum
and maximum with the line representing the median.
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4.3.1.2.4 Influence of priming on the expression of the activating receptors NKp30, NKp44,
NKp46, NKp80, NKG2D, 2B4 and the adhesion receptor CD2 by CD56" NK cells

Two of the three natural cytotoxicity receptors (NKp30 and NKp46) were each differentially
expressed on non-primed and primed NK cells (Figure 4.7). The third natural cytotoxicity
receptor, NKp44, was not expressed on either non-primed or primed NK cells (data not shown),
whereas the expression of NKp30 and NKp46 ranged between 71 and 98 %. On non-primed NK
cells, there was always a greater expression of NKp46, both in terms of percentage and intensity
of expression than NKp30. Although NKp30 expression was unaffected by NK priming, there was
a significant decrease in the percentage of primed NK cells expressing NKp46 when primed at
the 1:2 and 1:4 NK : CTV-1 priming ratios compared to non-primed NK cells. There were also
additional significant decreases in NKp46 expression between NK cells primed at the 2 : 1

compared to those that were primed atthe1:1,1:2and 1:4 (NK: CTV-1) ratios (Figure 4.7).

The expression of NKG2D on both non-primed and primed NK cells was like that of NKp46
expression (Figure 4.7). Both receptors appeared to be expressed at the same intensity (MFI),
and this expression was unaffected by priming. Unlike NKp46 expression, NK cell priming at the
4 : 1 priming ratio appeared to initially increase the percentage of NK cells expressing NKG2D
from 50 to 73 % of non-primed NK cells to 61 to 82% of primed (4 : 1) NK cells. Further increasing
the proportion of CTV-1 cells in the priming ratios 2:1,1:1,1:2 and 1 : 4 progressively, and
significantly, decreased the percentage of NK cells expressing NKG2D, with the 1 : 4 NK priming

ratio resulting in the lowest percentage of NK cells expressing NKG2D (range of 29 to 59 %).

Similar to NKp30 expression, priming had no significant effect on the expression of activating
receptors 2B4, NKp80 and the adhesion receptor CD2 (Figures 4.7 and 4.8). Both 2B4 and NKp80
were expressed on >98 % of non-primed and primed NK cells, whereas the expression of CD2 on

non-primed and primed NK cells was slightly more variable and ranged between 60 to 82 %.

4.3.1.2.5 Priming up-regulates the expression of the co-stimulatory receptors CD69, CD137,
CRTAM, OX40, GITR and the IL-2 alpha subunit CD25 by CD56" NK cells

Non-primed cells are essentially negative for the expression of CD25, the TNF (tumour necrosis
factor) superfamily members; CD137, OX40 and the immunoglobulin family receptor CRTAM.
They are positive for the early activation marker CD69 (range 34 to 94 %) and the other TNF
superfamily member GITR (range 7 to 32 %). NK cell priming at any priming ratio significantly

up-regulated the expression of these co-stimulatory molecules (Figures 4.8 and 4.9).
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Figure 4.7: The influence of priming with CTV-1 on the expression of receptors NKp30, NKp46, NKG2D and 2B4 by NK cells

NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1, 1:2, and 1:4 for 17 hrs. The expression of NKp30, NKp46, NKG2D and 2B4 on
primed NK cells was compared to non-primed NK cells that were incubated in medium only for 17 hrs. Expression of all four receptors on NK cells was measured by flow
cytometry. The percentage of NK expressing either NKp30, NKp46, NKG2D and 2B4 (graphs on left top and bottom) and the median fluorescence intensity (MFI) of this
expression (graphs on the right top and bottom) are shown. Each box plot has whiskers set to minimum and maximum with the line representing the median. Statistical analyses

was done using a one way ANOVA in conjunction with a Tukey’s multiple comparisons test. * P £0.05, ** P < 0.005. *** P < 0.0005.
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Figure 4.8: The influence of priming with CTV-1 on the expression of receptors NKp30, NKp46, NKG2D and 2B4 by NK cells

NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1, 1:2, and 1:4 for 17 hrs. The expression of NKp30, NKp46, NKG2D and 2B4 on
primed NK cells was compared to non-primed NK cells that were incubated in medium only for 17 hrs. Expression of all four receptors on NK cells was measured by flow cytometry.
The percentage of NK cells expressing either NKp30, NKp46, NKG2D and 2B4 (graphs on left top and bottom) and the median fluorescence intensity (MFI) of this expression
(graphs on the right top and bottom) are shown. Each box plot has whiskers set to minimum and maximum with the line representing the median. Statistical analyses was done

using a one way ANOVA in conjunction with a Tukey’s multiple comparisons test. * P < 0.05.
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Priming significantly up-regulated CD25 and CD69 expression, both in terms of percentage of NK
cells expressing and the intensity of expression (Figure 4.8). Peak expression of both receptors
was around the 2 : 1 to 1: 2 ratio, although this was donor-dependent. Although the expression
of CD25 was up-regulated, at peak expression only 4 to 9 % of primed NK cells expressed CD25
with only a slight up-regulation in MFI. In contrast, CD69 expression was highly up-regulated,
with 77 to 98% of NK cells expressing this receptor at peak expression. The intensity level of
CD69 expression differed greatly from person to person, ranging between 4 and 20 at peak

expression on primed NK cells as compared to 2 and 12 on non-primed NK cells.

All three receptors belonging to the TNF superfamily (OX40, CD137, GITR) were significantly up-
regulated by priming (Figure 4.9). Out of these receptors, priming had the least effect on OX40
expression, with between 5 and 11 % of NK cells expressing the receptor. The intensity of
expression was extremely low (< 1 both for non-primed and primed NK cells) and was unaffected
by priming. Primed NK cells expressed a higher level of CD137 (also known as 4-1) than OX40,
with a peak expression between 12 and 21 %. In contrast to OX40, there was also an increase in
the intensity of CD137, which peaked with an MFI between 4 and 9. For both OX40 and CD137,
the peak expression of these receptors occurred when priming NK cells at a NK : CTV-1 priming
ratio of 1 : 1 or 1 : 2, although the response was again donor-dependent. In contrast, the
expression of the GITR receptor peaked at the priming ratios 4 : 1 and 2 : 1 and was donor-
dependent. There was no significant increase in the MFI of the receptor following priming, and
its expression remained at a low intensity level (MFI range 1 to 2). Priming induced a significant
increase in the percentage of NK cells expressing GITR. Out of all three TNF receptors expressed
by the NK cells, the GITR receptor was the most up-regulated, with peak expression on primed
NK cells between 24 and 59 % compared with 8 and 32 % on non-primed NK cells. Interestingly,
the percentage of NK cells expressing GITR was significantly less when primed by the 1 : 4 NK :

CTV-1 ratio than when the NK cells were primed at the 2:1, 1:1 and 1 : 2 ratios.

Expression of the CRTAM receptor increased following priming both in terms of the percentage
of NK cells expressing the receptor and the intensity of that expression, peaking on NK cells
primed withthe 1:1and 1:2 NK: CTV-1 ratios (Figure 4.9). The peak percentage of primed NK
cells expressing CRTAM was seen to be between 20 and 38 %, with the MFI peaking between 5
and 16. Similar to the expression of GITR, the percentage of NK cells expressing CRTAM following
priming with the 1 : 4 NK : CTV-1 ratio was significantly less compared to NK cells primed using
the 1: 2 ratio. As judged by the up-regulation of the above co-stimulatory receptors, the optimal

NK : CTV-1 priming ratio appeared to be either 1: 1 or 1: 2, but was donor-dependent.
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Figure 4.9: The influence of priming with CTV-1 on the expression of receptors CD137, CRTAM, OX40 and GITR by NK cells
NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1, 1:2, and 1:4 for 17 hrs. The expression of CD137, CRTAM, OX40 and GITR on

primed NK cells was compared to non-primed NK cells that were incubated in medium only for 17 hrs. Expression of all four receptors on NK cells was measured by flow
cytometry. The percentage of NK cells expressing either CD137, CRTAM, OX40 and GITR (graphs on left top and bottom) and the median fluorescence intensity (MFI) of this
expression (graphs on the right top and bottom) are shown. Each box plot has whiskers set to minimum and maximum with the line representing the median. Statistical

analyses was done using a one way ANOVA in conjunction with a Tukey’s multiple comparisons test. * P < 0.05, ** P < 0.005. *** P < 0.0005.
Page | 120



4.3.1.3 Expression of activating, co-stimulatory and co-inhibitory receptors on

CD569™CD16"Me", CD56“™CD16"" and CD56“™CD16" NK cell subpopulations

As previously discussed in section 4.3.1.2.2, priming decreased the percentage of
CD569MCD16"e" NK cells and increased the percentage of CD569™CD16°" and CD56%™CD16"8
NK cell populations. These subpopulations, referred to from now on as CD16"€", CD16"" and
CD16"™¢, were analysed separately for their expression of activating, co-stimulatory and co-

inhibitory receptors. A representative gating strategy for this analysis is shown in Figure 2.5.

4.3.1.3.1 Expression of the immunoglobulin superfamily receptors DNAM-1, TIGIT and CD96
on CD56%™CD16"e", CD569™CD16"" and CD56“™CD16"& NK cell subpopulations

Non-primed CD16" NK cells expressed significantly less DNAM-1 (% of expression and MFI), and
TIGIT (% of expression only) than CD16"&" NK cells. Significantly less TIGIT was expressed on
CD16"¢ NK cells compared to CD16"" NK cells. (Figure 4.10).

In terms of percentage of expression on primed NK cells, the expression of DNAM-1 and TIGIT
did not significantly differ between the 3 subpopulations. For CD96, there was a trend towards
primed CD16" NK cells expressing less CD96 then both CD16"&" and CD16"°% NK cells, with the
only significant difference being observed at 1 : 4 NK : CTV-1 priming ratio (Figure 4.11). The
intensity of CD96 expression on primed NK cells was always significantly different between the
3 subpopulations, with the exception of the NK cells primed at the 1 : 4 NK : CTV-1 ratio for which
there was no significant difference in the MFI between the CD16"" and CD16"*¢ subpopulations
(Figure 4.11). For TIGIT, only the MFI of the CD16"&" and CD16"¢ subpopulations for NK cells

primed atthe 2 : 1 and 1 : 1 ratio was significantly different (Figure 4.10).

Priming had no significant effect on the percentage of CD16"&" and CD16"°" NK cells expressing
DNAM-1 and TIGIT. An exception was that significantly less TIGIT was expressed on CD16"&" NK
cells that were primed at the 1 : 4 primed than expressed on their non-primed counterparts.
However, priming did significantly increase the percentage of CD16"® NK cells that expressed
TIGIT. In contrast to the expression of TIGIT, the percentage of NK cells in all 3 subsets expressing
CD96 significantly decreased after priming at NK : CTV-1 ratios 1 : 2 and 1 : 4 compared to
equivalent non-primed NK cells. Furthermore, for all 3 subsets, the greater the proportion of
CTV-1 cells in the priming ratio the greater the reduction of NK cells expressing CD96. Priming
influenced the intensity of expression of TIGIT and CD96 on the CD16"&", CD16'°" and CD16"®
subpopulations and the intensity of DNAM-1 on the CD16"*¢ subpopulation only. The greatest

change in expression of all 3 receptors was seen on CD16"¢#
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Figure 4.10: The influence of priming with CTV-1 on the expression of receptors DNAM-1 and TIGIT by CD56“™CD16"", CD569™CD16'°% and CD56“™CD16"¢ NK cell

subpopulations.

NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1, 1:2, and 1:4 for 17 hrs. The expression of receptors DNAM-1 and TIGIT on primed
CD56%MCD16 "&h, CD569™CD16°% and CD569™CD16M¢ NK cell subpopulations was compared to the equivalent non-primed NK subpopulations that were incubated in medium
only for 17 hrs. Expression of both receptors was measured by flow cytometry. The percentage of each NK cell subpopulation expressing DNAM-1 or TIGIT (graphs on the left,
top and bottom) and the median fluorescence intensity (MFI) of this expression (graphs on the right, top and bottom) are shown. Each box plot has whiskers set to minimum
and maximum with the line representing the median. Statistical analyses were done using a two way ANOVA in conjunction with a Tukey’s multiple comparisons test. * P < 0.05,
** P <0.005. *** P <0.0005, **** P < 0.00005.
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Figure 4.11: The influence of priming with CTV-1 on the expression of receptors CD96 and NKp30 by CD569™CD16"e", CD569™CD16"" and CD56“™CD16"¢ NK cell
subpopulations.

NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1, 1:2, and 1:4 for 17 hrs. The expression of receptors CD96 and NKp30 on primed
CD56%MCD16 Me", CD569™CD16'°% and CD569™CD16"8 NK cell subpopulations was compared to the equivalent non-primed NK subpopulations that were incubated in medium
only for 17 hrs. Expression of both receptors was measured by flow cytometry. The percentage of each NK cell subpopulation expressing CD96 or NKp30 (graphs on the left,
top and bottom) and the median fluorescence intensity (MFI) of this expression (graphs on the right, top and bottom) are shown. Each box plot has whiskers set to minimum
and maximum with the line representing the median. Statistical analyses were done using a one way ANOVA in conjunction with a Tukey’s multiple comparisons test. * P <
0.05, ** P <0.005. *** P <0.0005, **** P <0.00005.
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subpopulation. Initially, the MFI for the 3 receptors increased as a result of priming, before
decreasing as the proportion of CTV-1 cells in the priming ratio increased. The intensity of the
expression of TIGIT and CD96 on the CD16"" subpopulation also followed this trend (Figure
4.10).

4.3.1.3.2 Expression of the activating receptors NKp30, NKp46, NKG2D on CD56%™CD16"e",
CD569™CD16'" and CD56“™CD16"¢ NK cell subpopulations

Overall, the percentage of NK cells in the CD16"¢" and CD16'" subpopulations expressing NKG2D
initially increased at the 4 : 1 NK : CTV-1 priming ratio before decreasing as the proportion of
CTV-1 in the priming ratios increased, with significant differences seen between non-primed NK
cells and the 1 : 2 and 1 : 4 (NK : CTV-1) primed NK cells (Figure 4.12). In contrast, priming
decreased the percentage of CD16"# NK cells that expressed NKG2D. This decrease was
significant between NK cells primedatthe 1:1,1:2and 1:4 NK: CTV-1 priming ratios compared

to non-primed NK cells.

The percentage of the non-primed CD16"# subpopulation expressing NKp30 was significantly
less than the equivalent CD16"€" and CD16°% subpopulations (Figure 4.11). However, there was
no difference between the 3 subpopulations following priming, as the percentage of CD16"
subpopulation expressing NKp30 significantly increased and reached levels similar to the

CD16"e" and CD16"" subpopulations.

The non-primed CD16™# subpopulation expressed significantly less NKp46 as a percentage of
expression on NK cells than the equivalent CD16"&" and CD16'" subpopulations (Figure 4.12).
This difference remained significant even when the NK cells were primed at any of the NK : CTV-
1 ratios, with the exception of the 2 : 1 ratio. There was a trend towards the percentage of NK
cells that were primed at the 1 : 2 and 1 : 4 ratios in the CD16"&" and CD16"°" subpopulations
decreasing, with the only significant difference occurring between non-primed NK cells and the
CD16"" NK cells primed at the 1 : 4 ratio. In stark contrast, the percentage of CD16"¢ NK cells
expressing NKp46 increased when primed at the 4 : 1 NK : CTV-1 ratio. As the proportion of CTV-
1 cells increased in the subsequent priming ratios the percentage of NK in the CD16"#

subpopulation expressing NKp46 significantly decreased with ratio.
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of priming with CTV-1 on the expression of receptors NKp46 and NKG2D by CD56%™CD16"e", CD569™CD16"" and CD569™CD16"¢ NK cell

NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK: CTV ratios4:1,2:1,1:1,1:2,and 1:4 for 17 hrs. The expression of receptors NKp46 and NKG2D on
primed CD569™CD16 Me", CD569™CD16'°" and CD569™CD16"8 NK cell subpopulations was compared to the equivalent non-primed NK subpopulations that were incubated in
medium only for 17 hrs. Expression of both receptors was measured by flow cytometry. The percentage of each NK cell subpopulation expressing NKp46 or NKG2D (graphs on
the left, top and bottom) and the median fluorescence intensity (MFI) of this expression (graphs on the right, top and bottom) are shown. Each box plot has whiskers set to
minimum and maximum with the line representing the median. Statistical analyses were done using a two way ANOVA in conjunction with a Tukey’s multiple comparisons test.

* P <0.05, ** P<0.005. ***

P < 0.0005, **** P < 0.00005.
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4.3.1.3.3 Expression of receptors CD2, CD25 and CD69 on CD56“™CD16"&", CD569™CD16'"" and
CD56™CD16™ NK cell subpopulations

The CD16"e", CD16"" and CD16"& NK cell subpopulations expressed similar levels of CD2, with
priming inducing a small, but significant up-regulation in the percentage of CD16"# NK cells

expressing CD2 (Figure 4.13).

The CD16Me", CD16'°" and CD16"¢ NK cell subpopulations also expressed similar levels of CD69
(Figure 4.14). Priming at any of the priming ratios significantly increased the expression of CD69
on all 3 CD16 subpopulations in terms of both percentage of NK expressing CD69 and intensity
of expression for that receptor. The only exception was that the increase in intensity of CD69
expression on the CD16"&" subpopulation which was induced by priming was not of statistical
significance. Overall, the intensity of CD69 expression was lower on the primed CD16"€" and
CD16"" NK cell subpopulations at all priming ratios, as compared to the expression on the

equivalent CD16"8 subpopulation (Figure 4.14).

In contrast to the results for CD69, the level of up-regulation of CD25 following priming at any
ratio was significantly different between the CD16Me", CD16% and CD16™¢ NK cell
subpopulations (Figure 4.13). The primed CD16"&" subpopulation did not significantly up-
regulate CD25, whereas the equivalent CD16°" and CD16"# did. A significantly greater
percentage of CD16"¢ NK cells expressed CD25 than their CD16'" counterparts, and at higher
intensity, although the difference in intensity was not found to be significant. The expression of
CD25 was similar on all primed CD16"" NK cells, irrespective of the ratio which was used to
prime them. However, a significantly lower proportion of primed CD16"# NK cells expressed
CD25 at 1: 4 ratio, as compared to cells that had been primed atthe2:1,1:1and 1: 2 ratios
(Figure 4.13).

4.3.1.3.4 Up-regulation of TNF superfamily co-stimulatory receptors 0X40, CD137 GITR and
the immunoglobulin superfamily receptor CRTAM on CD56%™CD16"&", CD56%™CD16"" and
CD569™CD16" NK cell subpopulations

As illustrated in Figures 4.14 and 4.15, the pattern of expression of the co-stimulatory receptors
0X40, CD137 and CRTAM on the CD16"e", CD16'°" and CD16"¢ NK cell subpopulations is similar
to the expression pattern for CD25. A significantly higher proportion of the primed CD16" NK
cells express OX40, CD137, CRTAM compared to the equivalent CD16"°" and CD16"e"

subpopulations. Priming had no significant effect on the expression of 0X40, CD137, CRTAM by
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Figure 4.13: The influence of priming with CTV-1 on the expression of receptors CD2 and CD25 by CD56“™CD16"8", CD569™CD16'" and CD56“™CD16"¢ NK cell subpopulations.
NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1, 1:2, and 1:4 for 17 hrs. The expression of receptors CD2 and CD25 on primed
CD56%mCD16"e", CD569™mCD16'" and CD569™CD16™8 NK cell subpopulations was compared to the equivalent non-primed NK cell subpopulations that were incubated in medium
only for 17 hrs. Expression of both receptors was measured by flow cytometry. The percentage of each NK cell subpopulation expressing CD2 or CD25 (graphs on the left, top and
bottom) and the median fluorescence intensity (MFI) of this expression (graphs on the right, top and bottom) are shown. Each box plot has whiskers set to minimum and
maximum with the line representing the median. Statistical analyses were done using a two way ANOVA in conjunction with a Tukey’s multiple comparisons test. * P <0.05, ** P
<0.005. *** P <0.0005, **** P <0.00005.
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Figure 4.14: The influence of priming with CTV-1 on the expression of receptors CD69 and 0X40 by CD569™CD16"e", CD56“™CD16'°" and CD56%™CD16"°¢ NK cell subpopulations.
NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1, 1:2, and 1:4 for 17 hrs. The expression of receptors CD69 and OX40 on primed
CD569mMCD16Me", CD569™CD16'°" and CD569™CD16™8 NK cell subpopulations was compared to the equivalent non-primed NK cell subpopulations that were incubated in medium
only for 17 hrs. Expression of both receptors was measured by flow cytometry. The percentage of each NK cell subpopulation expressing CD69 or OX40 (graphs on the left, top
and bottom) and the median fluorescence intensity (MFI) of this expression (graphs on the right, top and bottom) are shown. Each box plot has whiskers set to minimum and
maximum with the line representing the median. Statistical analyses were done using a two way ANOVA in conjunction with a Tukey’s multiple comparisons test. * P < 0.05, ** P

<0.005. *** P £0.0005, **** P < 0.00005.
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Figure 4.15: The influence of priming with CTV-1 on the expression of receptors CD137 and CRTAM by CD56“™CD16"s", CD569™CD16'% and CD56“™CD16"& NK cell
subpopulations.
NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1, 1:2, and 1:4 for 17 hrs. The expression of receptors CD137 and CRTAM on primed
CD569mMCD16Me", CD569™CD16'°" and CD569™CD16™8 NK cell subpopulations was compared to the equivalent non-primed NK cell subpopulations that were incubated in medium
only for 17 hrs. Expression of both receptors was measured by flow cytometry. The percentage of each NK cell subpopulation expressing CD137 or CRTAM (graphs on the left,
top and bottom) and the median fluorescence intensity (MFI) of this expression (graphs on the right, top and bottom) are shown. Each box plot has whiskers set to minimum and
maximum with the line representing the median. Statistical analyses were done using a two way ANOVA in conjunction with a Tukey’s multiple comparisons test. * P <0.05, ** P
<0.005. *** P <0.0005, **** P <0.00005.
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Figure 4.16: The influence of priming with CTV-1 on the expression of receptors CD2 and CD25 by
CD569™CD16Me", CD569™CD16'" and CD56“™CD16"& NK cell subpopulations.

NK cells were co-incubated with mitomycin C treated CTV-1 cells at NK:CTV ratios 4:1, 2:1, 1:1, 1:2,
and 1:4 for 17 hrs. The expression of receptors CD2 and CD25 on primed CD56%™CD16"e"
CD569™CD16'% and CD569™CD16™¢ NK cell subpopulations was compared to the equivalent non-
primed NK cell subpopulations that were incubated in medium only for 17 hrs. Expression of both
receptors was measured by flow cytometry. The percentage of each NK cell subpopulation expressing
CD2 or CD25 (graphs on the left, top and bottom) and the median fluorescence intensity (MFI) of this
expression (graphs on the right, top and bottom) are shown. Each box plot has whiskers set to
minimum and maximum with the line representing the median. Statistical analyses were done using
a two way ANOVA in conjunction with a Tukey’s multiple comparisons test. * P < 0.05, ** P < 0.005.
*** P <0.0005, **** p <0.00005.

the CD16"&" subpopulation at any ratio, as a consequence of which the proportion of CD16%
NK cells expressing the OX40, CD137, CRTAM was significantly higher than that for the
equivalent CD16"&" NK cells. Again, similar to the expression of CD25, primed CD16" NK cells
express a higher intensity of OX40, CD137 and CRTAM than their CD16"" and CD16"e"
counterparts, although this difference was only found to be significant between the primed

CD16"e" and CD16™¢ populations when expressing CD137 and CRTAM.

Similar percentages of the CD16"&", CD16'°" and CD16"¢ NK cell subpopulations expressed GITR
before priming (Figure 4.16). Following priming at any ratio, a greater proportion of CD16"¢ NK
cells significantly up-regulated GITR compared to the equivalent CD16°% and CD16"&"
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subpopulations, and a greater proportion of CD16" NK cells expressed GITR compared to the
CD16"™" subpopulations. The peak expression of GITR for all 3 primed NK cell CD16
subpopulations was at the 4 : 1 priming ratio, with the proportion of NK cells expressing the
receptor decreasing as the proportion of CTV-1 increased in the NK priming ratios. The most
significant decreases in GITR expression was observed for the CD16"® subpopulation. At all
ratios, the CD16"% subpopulation always expressed a higher intensity of GITR than both the
CD16"" and CD16"e" subpopulations (Figure 4.16).

4.3.2 Optimisation of a flow cytometry-based NK cell cytotoxic assay

Determining the functional consequence of priming requires the application of appropriate NK
cell cytotoxicity assays, as a consequence of which a flow cytometry-based cytotoxic assay was
developed. In the first instance, an adaptation of a previously-published assay was developed

(Hopkinson et al, 2007). For this, target cells were stained with Mitotracker® Green FM and co-
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Figure 4.17: Gating strategy for the flow cytometry based NK cell cytotoxic assay when targeting
non-primed NK cells against K562 target cells.

Isolated NK cells or PBMCs were targeted against K562 cells stained with Mitotracker® Green FM.
Propidium lodide was used to measure cell death. A to D) Represent the gating strategy for the 0 hr
control whereby effector cells were added to the target cells just before acquisition on the flow
cytometer. E to H) represent the gating strategy for the cytotoxic tube whereby effector cells were
co-incubated with target cells for 3.5 hrs.
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incubated with either PBMCs or isolated NK cells that were either primed or non-primed. The
length of co-incubation was 3.5 hrs when K562 cells were used as targets, and 2.5 hrs when
human PC3 prostate cancer cells were used as targets. The level of spontaneous cytotoxicity was
determined by incubating effector cells and target cells separately under the same conditions
and adding the cells together (5:1 effector to target cell ratio) immediately prior to analysis. To
all tubes, 10 pl of propidium iodide (50 pug/ml stock concentration) was added immediately prior
to being run on the flow cytometry. Data were acquired on a Beckman Coulter Gallios™ flow
cytometer and analysed using Beckman Coulter Kaluza™ software using the gating strategy

shown in Figure 4.17.
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Figure 4.18: Gating strategy for the flow cytometry based NK cell cytotoxic assay when targeting
primed NK cells against PC3 target cells.

Primed NK cells were targeted against PC3 cells stained with Mitotracker® Green FM. Propidium
lodide was used to measure cell death. A to D) Represent the gating strategy for the 0 hr control
whereby primed NK cells were added to the PC3 cells just before acquisition on the flow cytometer.
E to H) Represent the gating strategy for the cytotoxic tube whereby primed NK cells were co-
incubated with PC3 cells for 2.5 hrs.

Cytotoxic killing was analysed on single cells following the removal of doublets. As shown in the
control (Figure 4.17C), live PBMCs (effector cells) and live K562 cells (target cells) are gated in
the bottom left and right gates respectively. Both populations were negative for propidium
iodide staining, with only the K562 cells positive for Mitotracker® Green. The dead PBMCs and

K562 cells are gated in the top left and right gates respectively. Both populations were positive
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for propidium iodide, with the few dead K562 cells also being positive for Mitotracker® Green.
As shown in Figure 4.14G, there was an increase in the percentage of dead K562 in the top right
hand gate following co-incubation of PBMCs with K562 cells for 3.5 hrs. K562 cell death not only
resulted in anincrease in propidium iodide fluorescence, but also a decrease in the fluorescence
of Mitotracker® Green. Interestingly there was a subsequent increase in PBMCs that were

weakly fluorescent for Mitotracker® Green (Figures 4.17C, D, G and H). Although the
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Figure 4.19: Gating strategy for the flow cytometry based NK cell cytotoxic assay when targeting

primed NK cells against K562 target cells.
Primed NK cells were targeted against PC3 cells stained with Mitotracker® Green FM. Propidium

lodide was used to measure cell death. A to D) Represent the gating strategy for the 0 hr control
whereby primed NK cells were added to the K562 cells just before acquisition on the flow cytometer.
E to H) Represent the gating strategy for the cytotoxic tube whereby primed NK cells were co-

incubated with K562 cells for 3.5 hrs.

cytotoxicity assay was set up in the same way when measuring the capacity of non-primed and
primed NK cells to kill PC3 cells (Figure 4.18) and K562 cells (Figure 4.19), live and dead CTV-1
cells were also present when using primed NK cells as effectors cells. The effector : target cell
ratio was kept at 5:1, with the proportion of effector cells being based on the number of live NK
cells. The CTV-1 cells, whether live or dead, increased their Mitotracker® Green fluorescence
following co-incubation with either PC3 or K562 targets cells in the cytotoxic tubes (Figure 4.18F
and Figure 4.19G respectively) compared to control tubes (Figure 4.18C, Figure 4.19C). The
magnitude of the increase in Mitotracker® Green fluorescence was dependent on the extent of
target cell death. When targeting primed NK cells against K562 cells, a proportion of dead CTV-
1 cells and a proportion of dead K562 cells exhibited similar propidium iodide and Mitotracker®
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Green fluorescence, as a consequence of which the two populations overlapped on the density

plot (Figure 4.19G).

Calculating the capacity of primed NK cells to kill PC3 cells and K562 cells required adjustments
to the method of calculating percentage of target cell lysis. When initially optimising the flow
cytometry cytotoxic method for resting PBMCs or isolated NK cells against K562 cells, calculation
method 1 was used and compared to calculation method 2 (calculation method described in
section 2.5.4.2). Due to the presence of CTV-1 cells complicating the analysis when using primed
NK cells, calculation method 3 (section 2.5.4.2) was used. In order to ensure that all three
calculation methods were accurately calculating K562 lysis, all 3 approaches were used to
calculate the percentage of K562 cell lysis when PBMCs isolated from 3 healthy volunteers were
used as effector cells for optimisation and validation of the flow cytometry cytotoxic method.
The K562 cell lysis values for all 3 calculation methods are compared in Figure 4.20, the

calculated values for which were comparable.

4.3.2.1 Comparison of the flow cytometry and *'chromium Release cytotoxicity assays.

The cytotoxicity of PBMCs isolated from the peripheral blood of 3 healthy volunteers (healthy 1,
healthy 2 and healthy 5) against K562 cells was determined using both the flow cytometry and
>Ichromium release assays, and the results compared. The results between the assays using
PBMCs from healthy volunteers 1 and healthy 5 were comparable and the percentage of total
lysed K562 cells did not differ by greater than 10 %. However, for healthy volunteer 2, the
percentage of total lysed K562 cells from the flow cytometry based cytotoxic assay was greater
than 10 % compared to the results from the *'chromium release assay at both 50: 1 and 25: 1

effector : target ratio (Figure 4.21).

4.3.2.2 Optimising the co-incubation period of primed NK effector cells and PC3 target cells for

the flow cytometry-based cytotoxicity assay.

NK cells were primed at the 1: 2 (NK : CTV-1) ratio and incubated with PC3 cells at an effector :
target ratio of 5 : 1 for different lengths of time (i.e. 1 hr, 2 hrs, 3 hrs and 4 hrs). The aim was to
identify optimal co-incubation time for measuring target cell lysis. Previous studies had utilised
a co-incubation time of 3.5 hrs. As shown in Figure 4.22, the highest percentage of PC3 lysis
recorded for primed NK cells using samples obtained from healthy volunteers 1 and 2 were 39 %
and 42 % measured following 3 hrs and 2 hrs co-incubation respectively. The assay was repeated

for volunteer healthy 2 and the optimal length of time of co-incubation was 4 hrs, with the
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Figure 4.20: Comparison of the cytotoxicity results using the three different calculation methods when targeting fresh and frozen PBMC against K562 using the flow

cytometry based cytotoxic assay.

The cytotoxic ability of PBMCs isolated from three healthy volunteers to lyse K562 targets was measured by the flow cytometry based cytotoxicity assay. The cytotoxic killing
by fresh PBMCs (top row of graphs) was compared to the cytotoxic killing by thawed PBMCs (bottom row of graphs) in order to observe whether the freeze-thaw process
compromises the cytotoxic capacity of the NK cells within the PBMCs. For each experiment, the percentage of lysed K562 was calculated using the three different calculation
methods developed in order to consistency between the three methods. Data are presented as the means + SD from two experiments.
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Figure 4.21: Comparing the cytotoxic killing results of the flow cytometry based cytotoxic assay with the standard >'chromium release assay.
PBMCs were isolated from three healthy volunteers and targeted against K562 using both the flow cytometry based cytotoxic assay and the >'chromium release assay in order to
establish how comparable the cytotoxic killing results are between the two assays. A) The cytotoxic killing results for all three healthy volunteers, as measured by the flow cytometry

based cytotoxic assay. B to D) The cytotoxic killing results for each healthy volunteer, as measured by the >*chromium release assay.
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maximum percentage of target cell lysis being 44 %. In all of the assays, the total percentage of
target cell lysis measured at 2 hrs, 3 hrs and 4 hrs ranged within 10 % and a near maximal level
of target cell lysis had been achieved between 2 hrs and 3 hrs co-incubation. For volunteer
healthy 1, when the effector cells and target cells were co-incubated for 4 hrs (optimal length of
time was 3 hrs) there was 10 % less target cell lysis recorded. It was concluded that the optimal
length of time for co-incubation of effector cells with target cells was potentially specific to each
person, or even assay, but appeared to be between 2 hrs and 3 hrs, and beyond which there was
an increased chance of measuring decreased levels of target cell lysis. The co-incubation time

for primed NK cells with PC3 cells was therefore set at 2.5 hrs for the remainder of the assays.

Bl Healthy 1 pNK 1:2 vs PC3
Healthy 2 pNK 1:2 vs PC3
Bl Healthy 2 pNK 1:2 vs PC3 rpt

el

Non Primed NK 3hr Primed NK 1hr Primed NK 2hr Primed NK 3hr Primed NK 4hr
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Length of co-incubation (hrs)

Figure 4.22: Measuring the percentage of PC3 lysis by primed NK cells over the course of 4 hrs using
the flow cytometry based cytotoxic assay.

NK cells were isolated from two healthy individuals and primed with CTV-1 cells for 17 hrs. Using the
flow cytometry based cytotoxic assay, the ability of primed NK cells to lyse PC3 targets was measured
every hour over the course of 4 hours. The percentage of non-primed NK cells to lyse PC3 cells after
3 hours was used as a control.

4.3.2.3 Determining the optimal NK : CTV-1 priming ratio for measuring PC3 cell killing by

primed NK cells.

Having established the optimised conditions for the flow cytometry-based cytotoxic assay, this
assay was used to assess the optimal conditions for priming the NK cells that were to be used in
the cytotoxicity assays. Additional cytotoxic assays using K562 cells as targets were set up in
order to measure the ability of primed NK cells to kill K562 cells. The optimised length of time
for co-incubation was 2.5 hrs. The percentage of target cell lysis measured at each ratio is an

average of cytotoxic killing performed in duplicate.

As shown in Figure 4.23, the percentage of lysed PC3 cells killed by non-primed NK cells averaged

between 3 and 10 %. Priming, even at the lowest NK : CTV- 1 ratio, increased the ability of
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Figure 4.23: Comparing the ability of healthy non-primed and primed NK cells to kill PC3 cells at different effector : target ratios.

The ability of non-primed and primed NK cells (following co-incubation with CTV-1 cells at different NK :CTV-1 ratios) to kill PC3 and K562 cells was measured using the flow
cytometry based cytotoxic assay. Cytotoxic tubes were set up whereby non-primed or primed NK cells were co-incubated with target cells for 2.5 hrs at a 5 : 1 effector : target
ratio. For each priming ratio (including the non-primed control) control tubes were set up that co-incubated effector and target cells immediately prior to acquisition on the flow
cytometer in order to measure spontaneous target cell death. Each cytotoxic tube and control tube was measured in duplicate. The above results displaying the mean percentage

of target cell lysis with the bars representing the SD.
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NK cells to kill PC3 cells, and the percentage of lysed PC3 cells ranged between 23 and 30 %
across the individuals that were examined. The maximum average percentage of PC3 lysis by
primed NK cells for the 4 volunteers ranged between 27 and 42 %. This peak level of PC3 killing
was achieved at the 1 : 1 and 1 : 2 (NK : CTV-1) priming ratios and was person-specific.
Interestingly, the cytotoxic activity of primed NK cells progressively decreased at NK cell priming

ratios greater than the optimal ratio.

For 3 of the healthy volunteers i.e. healthy 1, 2 and 3, the ability of the primed NK cells to lyse
K562 cells was also measured. The average percentage of K562 lysis by non-primed NK cells for
the healthy volunteers 1, 2 and 3 were 69, 84 and 44 % respectively. For healthy volunteers 1
and 2, priming decreased the ability of the NK cells to kill K562 cells. At the 2 : 1 (NK : CTV-1)
ratio, the percentage of K563 lysis decreased to 63 % and 72 % respectively. At the lowest NK
cell priming ratio measured, the percentage of K562 lysis for healthy volunteers 1 and 2 was 42%
and 27%. Healthy volunteer 3 followed a similar pattern, with the exception that at the 2 : 1
(NK : CTV-1) priming ratio, where the percentage of K562 lysis had risen from 44 % to 59 % and
then decreased to 9 % at the lowest NK priming ratio. However, it should be noted that the K562
lysis result for the 2 : 1 ( NK : CTV-1) NK priming was calculated from a single measurement due
to an insufficient number of primed NK cells being available for use in experimental replicates

(Figure 4.23).

4.3.2.4 Correlation between K562 cell lysis and the expression of NKG2D and NKp46

In an attempt to explain why priming NK cells decreased their ability to lyse K562, the cytotoxic
capacity of primed NK cells against K562 cells was correlated with their expression of NKG2D
and NKp46. As shown in Figure 4.24, cytotoxic potential significantly correlated with the
expression of these receptors. NKG2D correlated with the percentage of K562 lysis (P=0.0015)
with a Spearman rank correlation coefficient of 0.7802. NKp46 also significantly correlated with
the percentage of K562 lysis (P=0.0153), but had a slightly lower Spearman rank correlation
coefficient of 0.6425.

4.3.3. Optimisation of the CD107a degranulation assay

4.3.3.1 Optimising the amount of GolgiStop (containing monensin) needed.

The published literature reports that monensin is required to prevent re-internalisation of
CD107a following expression on the T cell and NK cell surface at the point of degranulation (Alter
etal., 2004, Betts et al., 2003). In order to determine how much GolgiStop (containing monensin)
to add when co-incubating non-primed and primed effector cells and target cells ata 5 : 1
effector to target cell ratio, non-primed NK cells were co-incubated with K562 plus CD107a

antibody in the presence of 1 pl, 2 pul, 3 pl or 4 ul of GolgiStop (buffer alone as control) following
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an initial 1 hr effector : target co-incubation. Effector and target cells were then co-incubated
for a further 3 hrs. Following co-incubation, NK cells were washed and stained for their
expression of CD3, CD19, CD56 and CD16 in conjunction with Live / Dead viability stain. The cells

were then analysed by flow cytometry.
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Figure 4.24: Correlation between the percentage of K562 lysis and percentage of NK cells expressing
NKG2D and NKp46.

For each healthy volunteer, the percentage of K562 that were lysed by non-primed and primed NK
cells was measured by the flow cytometry based cytotoxic assay. In a separate experiment the
phenotype of each healthy volunteers non-primed and primed NK cells were measured. For both sets
of experiments NK cells were primed in the same experimental conditions for 17 hrs. Significant
positive correlations between the percentage of K562 lysis and the percentage of NK cells expressing
NKG2D (top graph, spearman rank coefficient = 0.780, P = 0.0015 ) or NKp46 (bottom graph,
Spearman rank coefficient = 0.643, P = 0.0153) on the primed and non-primed NK cells were found.

As shown in Figure 4.25A and Figure 4.26, the highest up-regulation of CD107a, both in terms of
the percentage of NK cells expressing CD107a (17 %) and its intensity of expression (MFI, 120)
was observed in the absence of GolgiStop. This expression profile reduced to 8 % of positive cells
with an MFI of 102 in the presence of 1 ul of GolgiStop. The level of CD107a expression
progressively decreased as the concentration of GolgiStop increased. Cytotoxic tubes measuring
the effect of the GolgiStop on the percentage of K562 lysis were setup in parallel with CD107a
degranulation tubes (Figure 4.25 B). The highest percentage of K562 lysis was 47 % when no
GolgiStop was added to the tubes. Upon the addition of 1 ul of GolgiStop the percentage of K562

lysis decreased to 21 %. However, further addition of GolgiStop increased the percentage of
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Figure 4.25: Determining the effects of GolgiStop on CD107a expression, the percentage of K562 lysis and proportion of NK cell subpopulations when used in a CD107a
degranulation assay.

The amount of GolgiStop to be added to the co-incubation of effector and target cells in a CD107a degranulation assay was assessed. Resting NK cells were co-incubated with
K562 cells at a 5 : 1 effector : target ratio. Following a 1 hr co-incubation, 1 to 4 pl of GolgiStop was added to the tubes as appropriate and the cells co-incubated for a further 3
hrs. No addition of GolgiStop was used as the negative control. The effect of GolgiStop on the expression of CD107a on NK cells (A), the percentage of K562 lysis by NK cells (B)
and the percentage of NK cells that were CD569™CD16"8", CD569™CD'*% and CD56%™CD16"8 as a result of shedding CD16 (C) was determined.
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Figure 4.26: A graphical representation of the proportion of NK cells expressing CD56, CD16 and CD107a following exposure to different amounts of GolgiStop during a CD107a
degranulation assay.

The amount of GolgiStop to be added to the co-incubation of effector and target cells in a CD107a degranulation assay was assessed. Resting NK cells were co-incubated with
K562 cells at a 5 : 1 effector : target ratio. Following a 1 hr co-incubation, GolgiStop was added to the tubes the cells co-incubated for a further 3 hrs. No addition of GolgiStop
was used as the negative control. The top row of density plots display a graphical representation of the proportions of the CD569™CD16"&", CD569™CD'*" and CD56“™CD16"& NK
subpopulations. The bottom row of density plots display a graphical representation of the expression of CD107a expressed on the NK cells. The proportion of NK cell
subpopulations and the expression of CD107a are shown for NK cells treated with O ul (plots A and F), 1 pl (plots B and G), 2 ul (plots C and H), 3 pul (plots D and I) and 4 pl (plots
E and J) of GolgiStop.
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K562 lysis to a value of 38 % when 4 pl of GolgiStop was added.

The influence of GolgiStop on the expression of CD16 on CD569™ NK cells was also measured.
GolgiStop increased the percentage of NK cells that were CD569™CD16"&", whilst decreasing the
percentage of NK that were CD569™CD16'°" and CD56“™CD16"# (Figure 4.25 C and Figure 4.26).
These findings indicate that GolgiStop should not be used when performing CD107a

degranulation assays.

4.3.3.2 Optimising CD107a expression analysis.

Two different methods for performing a CD107a degranulation assay have been described in the
literature. One method involves adding monoclonal antibodies against CD107a at the point of
effector : target cell co-incubation, followed by the addition of GolgiStop 1 hr later and an
additional 3 hr incubation (Alter 2004). The second method involves co-incubating effector :
target cells for 2 hrs in the absence of GolgiStop or monensin, with NK cells being stained for

CD107a after the co-incubation. To determine when best to add CD107a, parallel tubes were set

up:

e (CD107a antibody was added at the point of co-incubation

e (CD107a antibody was added after the co-incubation
No GolgiStop was added to either tube.

Following co-incubation, the NK cells were washed and stained with NK cell defining antibodies
(i.e. CD3, CD19, CD56 and CD16) and Live / Dead viability dye and were then analysed by flow
cytometry. Additionally, in order to determine the optimal length of time of effector to target
co-incubation, 5 sets of tubes were setup and left to co-incubate for either 0 hr, 1 hr, 2 hrs, 3 hrs
or 4 hrs. An FMO tube was also set up, in which NK cells were not stained with CD107a antibody
in order to determine where the CD107a negative NK population would be on the density plot.
As shown in Figure 4.27, the staining for the CD107a negative NK cells was just above the 10°
log, with the expression of CD107a on NK cells being above that of the CD107a negative NK cells.
Co-incubation of K562 target cells with the NK cells, even for just 1 hr, increased the proportion
of NK cells expressing CD107a (termed CD107a"®"). Increasing the co-incubation period
progressively increased the proportion of CD107a cells. Interestingly, if the CD107a antibody
was added at the start of the effector : target co-incubation, then the entire NK cell population
expressed CD107a, with a sub-population expressing CD107a"e". In the equivalent tubes where
the NK cells were stained with CD107a after co-incubation, the main NK population did not
increase their expression of CD107a. In this instance, the NK cells that had up-regulated CD107a

expressed the receptor at a higher intensity. The proportion of NK cells that had up-regulated
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CD107a peaked at 3 hrs co-incubation at 20 %. It should be noted that at 2 hrs co-incubation,
19 % of NK cells had up-regulated CD107a expression, but after 4 hrs only 14 % of NK cells had

upregulated their expression of CD107a.

4.3.3.3 Optimising the co-incubation period between primed NK cells and PC3 target cells

Non-primed NK cells or primed NK cells were co-incubated with PC3 cells for different lengths
of timei.e. 0 hr, 1 hr, 2 hrs, 3 hrs or 4 hrs, after which the NK cells were stained for CD107a, as
described in section 4.3.1.5.2. Surprisingly, 13 % of primed NK cells already had up-regulated
CD107a before encountering PC3 target cells (MFI value of 9). In comparison, CD107a was not
upregulated on non-primed NK cells prior to contact with PC3 cells. Although only 11 % of
primed NK cells expressed CD107a following co-incubation with PC3 cells for 1 hr, they had
increased their intensity of expression to an MFl value of 20. The percentage of NK cells with up-
regulated CD107a had decreased to 10 % and their intensity of expression had reduced to an
MFI of 10 after 2 hrs. After 4 hrs, only 7 % of primed NK cells had up-regulation of CD107a with
an MFl value 8 (Figure 4.28).

4.3.3.4 Analysis of CD107a up-regulation on CD56%™CD16 subpopulations

The analysis of up-regulated CD107a expression on CD569™CD16"&", CD569™CD16"" and
CD569MCD16™¢ NK cell subpopulations revealed that the CD569™CD16"¢ subpopulation
contained the greatest proportion of NK cells that had up-regulated CD107a (29%), followed by
the CD569™CD16"°" subpopulation (22%), whereas the proportion of CD569™CD16"e" NK cells
expressing CD107a was 6 %. However, considering the number of NK cells in the analysis,
numerically the CD56%™CD16"" NK cells made up the majority of NK cells that up-regulated
CD107a (Figure 4.29).

4.3.3.5 Analysis of primed NK cells up-regulating CD107a, CRTAM and CD137

The antibody panels for the CD107a degranulation assay had been designed so that additional
NK cell-specific antibodies could be added to the antibody staining panel in order to allow the
co-expression of CD137 and CRTAM on CD107a positive NK cell subpopulations to be
determined. As shown in Figure 4.30 (a single experiment), only 3% of the 20% of primed NK
cells that had up-regulated CRTAM expressed CD107a. The majority of primed NK cells that had
up-regulated CD107a were therefore negative for CRTAM. A similar pattern was seen for the co-
expression of CD107a and CD137. Out of the 10 % of NK cells that up-regulated CD137, only 2 %
had up-regulated CD107a. Again the majority of primed NK cells that had up-regulated CD107a
were CD137 negative (Figure 4.30). The majority of primed NK cells that up-regulated CD107a
were therefore negative for CRTAM and CD137 (Figure 4.31)
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Figure 4.27: Graphical representation of the difference in expression of CD107a when staining NK
cells with the CD107a antibody at the start of the effector : target co-incubation or following co-
incubation in a CD107a degranulation assay.

Resting NK cells were co-incubated with K562 cells at a 5 : 1 effector : target ratio and the expression
of CD107a on NK cells measured over the course of 4 hrs by flow cytometry. The density plots above
compares CD107a staining on NK cells when the antibody was added at the start or after effector :
target co-incubation. CD107a expression on NK cells prior to exposure to target cells (0 hr) and in

absence of the CD107a antibody (FMO) were used as negative controls.
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Figure 4.28: Graphical representation of expression of CD107a expressed on non-primed NK cells
and primed NK cells targeted against PC3 cells over the course of 4 hrs in a CD107a degranulation
assay.

Non-primed or primed NK cells were co-incubated with PC3 target cells forupto 4 hrsata5:1
effector : target cell ratio. No mitomycin C was added. Following co-incubation NK cells were then
stained for their CD107a expression using a CD107a antibody and measured by flow cytometry. Non-
primed and primed NK cells that were not co-incubated with PC3 targets were used as controls.
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Figure 4.29: Graphical representation of the analysis of
CD569™CD16"e", CD569™CD16'°", CD569™CD16"& NK subpopulations following exposure to PC3
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Primed NK cells were targeted against PC3 cells at a 5 : 1 effector : target cell ratio in a CD107a
degranulation assay. The primed NK cells were then analysed as a live, single cell NK cell population
which was then gated into CD569™CD16"8", CD569™CD16'°% and CD569™CD16"%¢ subpopulations. The
NK cell subpopulations were then analysed for their CD107a expression.

Figure 4.30: Graphical representation of the analysis of CD107a, CRTAM co-expression and CD107a,
CD137 co-expression on primed NK cells following exposure to PC3 cells.
Primed NK cells were targeted against PC3 cells at a 5 : 1 effector : target cell ratio in a CD107a
degranulation assay. The primed NK cells were analysed as a live, single NK cell population which was
subsequently gated into four subpopulations based on either their level of CD107a and CRTAM co-
expression (top right density plot) or their level of CD107a and CD137 co-expression (bottom right
density plot).
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Figure 4.31: Graphical representation of the co-expression of CRTAM and CD137 on CD107a"e"
positive primed NK cells following exposure to PC3 cells.

Primed NK cells were targeted against PC3 cells at a 5 : 1 effector : target cell ratio in a CD107a
degranulation assay. The primed NK cells were analysed as live, single cell NK cells. Cells that were
CD107aMe" were further sub-gated to analyse the co-expression of CD137 and CRTAM on primed NK
cells following exposure to PC3 cells.

4.4 Discussion

The aim of this part of the study was to develop and optimise assays which could be used to
accurately measure the function of NK cells from patients with prostate cancer in order to
observe whether there are differences in NK function between patients with different grades of

prostate cancer and also between patients with prostate cancer compared to benign patients.

Relatively recently, Mark Lowdell’s group at University College London identified a new
mechanism for the activation (termed ‘priming’) of NK cells. They reported that the co-
incubation of fresh resting NK cells with irradiated CTV-1 cells (a T cell leukaemic cell line)
induced an upregulation of CD25 and CD69 expression on the NK cells, and significantly
increased their cytotoxic capacity against NK cell-resistant cell lines such as DU145 cells
(metastatic prostate cancer cell line) (North et al., 2007, Sabry et al., 2011). Interestingly, despite
CTV-1 cells being able to prime NK cells, they were resistant to NK cell killing themselves. This
led to the hypothesis that the mechanism of cytotoxic killing could be split into two stages;
‘priming’ and ‘triggering’. ‘Priming’ involves transduction of activating signals via cytokines or a
combination of signals. ‘Triggering’ involves the engagement of at least one additional activating
receptor that specifically recognises stressed cells and therefore only cancerous or virally
infected cells are killed, leaving healthy cells alive (Sabry and Lowdell, 2013). The early activation
receptor CD69 was postulated to serve as one of the triggering receptors, as blocking this
receptor significantly decreased the lysis of Raji cells by primed NK cells. However, experiments
targeting acute myeloid leukaemia (AML) cells using primed NK cells suggested that CD69 was

not the only triggering signal, and that additional triggering signals that are delivered via
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interactions with additional receptors was required in order to induce killing of some primary

AML samples (North et al., 2007).

Given the importance of NK cell-mediated immunosurveillance in the protection against cancer,
it might be that the ability of NK cells in patients with cancer to be primed, and therefore their
ability to kill solid tumours is compromised. In order to test this hypothesis, it was essential to
better characterise the ‘priming’ process in the context of the phenotypic changes that are
induced, and establish its influence on NK cell functional capacity by optimising and developing

NK cell cytotoxicity assays.

Mitomycin C treated CTV-1 cells were able to prime thawed NK cells in a similar way to that
which has been reported. The optimal NK : CTV-1 priming ratio, judged by both phenotype and
function of the primed NK cells, appeared to be 1 : 1 or 1 : 2, although this was dependent on
the donor. Priming up-regulated the expression of CD25 and CD69, although the expression of
CD25 was about around 10 fold less then reported by Sabry et al (Sabry et al., 2011), whereas
CD69 expression was greater than 2 fold higher. These differences could reflect that frozen-
thawed PBMCs were used as the source of NK cells in the current study, whereas Sabry et al

used freshly isolated NK cells (Sabry et al., 2011).

In addition to the up-regulation of CD25 and CD69, the expression of other co-stimulating
receptors such as members of the TNF superfamily OX40, CD137, and GITR which are more
commonly associated with expression on T cells was up-regulated by priming (Melero et al.,,
2013). Expression of the receptor CRTAM, a member of the same immunoglobulin receptor
family as DNAM-1, was also up-regulated and is known to bind to NECL2 (nectin-like family
member 2). The expression of 0X40, CD137 and CRTAM peaked aroundthe1:1and 1:2 NK:
CTV-1 priming ratios, but was then reduced following priming using a 1 : 4 ratio. The extent of
cytotoxic killing of PC3 cells by healthy primed NK cells was largely similar, ranging between 27
and 42 %. Peak cytotoxic killing of PC3 cells occurred following priming at NK : CTV-1 ratios 1:1
and 1: 2 before decreasing at the 1 : 4 ratio. The reduced expression of co-stimulatory receptors
and the reduction in cytotoxic function against PC3 cells at the 1 : 4 ratio compared to ratios 1 :
1 and 1: 2 suggests that at the 1 : 4 ratio NK cells may have been stimulated beyond optimum

and may have started to become ‘exhausted’.

The up-regulation of the co-stimulatory receptors OX40, CD137, CRTAM and GITR following
priming prompts the question — ‘are these receptors triggering receptors?’ Further investigation
needs to be undertaken in order to answer this question. However, in a single experiment using
the CD107a degranulation assay, the relationship between CRTAM and CD137 expression with

up-regulated CD107a expression was investigated. Even though primed NK cells co-expressing
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all three receptors were identified, the majority of NK cells on which CD107a expression had
been upregulated did not express CRTAM and CD137, whereas a small percentage of NK cells
up-regulating CD107a expressed CRTAM only. These results suggest that CRTAM and CD137 may
not receive signals that ultimately trigger the cytotoxic response, but that they may receive

signals that influence the NK functional response.

Although the analysis of cell phenotype can characterise the priming process, it is important to
generate insight into the functional capacity (i.e. cytotoxic potential) of these cells. Cytotoxic
killing is a primary readout for NK cell function and can be as measured on the basis of the direct
lysis of target cells or indirectly via the expression of CD107a on the NK cell surface as an
indicator of degranulation (Fregni et al., 2013, Mamessier et al., 2011b, Platonova et al., 2011,
Tallerico et al., 2013). Historically, the >chromium release assay which directly measures the
lysis of target cells has been used to measure NK cell cytotoxic function (Betts et al., 2003,
Brunner et al., 1968), and derivatives of the assay now exist (Liu et al., 2002, Sheehy et al., 2001).
However, a number of flow cytometry-based cytotoxicity assays have now been described as a
cheaper, potentially more informative way of measuring NK cell cytotoxicity. They avoid
complications of using and disposing of radioactive materials, and have the advantage that
fluorescent dyes used to label target cells do not spontaneously leak out of the cell and
contribute to a false positive signal, unlike the >chromium release assay (Hopkinson et al.,
2007). Furthermore, these assays allow a more detailed interrogation of the cytotoxic process
and insight into the phenotypes involved and the consequence of the cytotoxic process on the

effector and target cell populations.

The standard target to use in cytotoxic assays is the K562 cell line, since it is deficient in MHC
class | expression and therefore resistant to being killed by T cells. However, as shown by the
experiments targeting non-primed NK cells against K562, NK cells isolated from different people
are differentially capable of killing K562 cells. Although NK cells from healthy volunteer 2 killed
80 % of K562 in 3.5 hrs, NK cells from healthy volunteer 3 only killed ~ 40% of K562 cells under
the same conditions. If using K562 cells as a targets for measuring the cytotoxic killing of NK cells
from cancer patients, it would be difficult to determine whether a potentially low NK cell
cytotoxic killing response is due to immunosuppression by the patients cancer or due to the
patients naturally reduced ability to kill the K562 cell line compared to other individuals with a

naturally high cytotoxic response against the same cell line.

The measurement of NK cell cytotoxicity against a cancer cell line that is NK cell-resistant
requires NK cells to be stimulated with recombinant IL-2 prior to the cytotoxic assay (Nagler et
al., 1989). This method has been commonly used to measure patient NK cell responses against

different cancer cell lines (Fregni et al., 2013, Mamessier et al., 2011a, Platonova et al., 2011).
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However, the addition of IL-2 to NK cells in vitro expands the CD56""€" population to a much
greater extent than the CD569™ population and therefore changes the ratio of the two NK
subsets (Nagler et al., 1989). Furthermore, IL-2 stimulation increases the expression of activating
receptors e.g. NKG2D, NKp46, NKp30, NKp44 on the NK cells (Hromadnikova et al., 2013, Markel
et al., 2009). In the context of measuring patient NK cell cytotoxic responses against relevant
NK-resistant cancer lines, IL-2 stimulation will dramatically alter the phenotype and ratio of the
CD56%™ and CD56&" subsets and the results obtained are unlikely to reflect their in vivo

phenotype and function.

In the present study, the measurement of cytotoxic killing through direct lysis of target cells was
performed using a modified version of a previously published method (Hopkinson et al., 2007).
For this, target cells were labelled with Mitotracker® Green and cell death was measured by the
uptake of propidium iodide. An additional tube was added per functional test to measure
spontaneous death of target cells over the 3.5 hrs effector target co-incubation. For this, effector
and target cells were kept apart for the 3.5 hr co-incubation and only added together, with
propidium iodide, prior to running on the flow cytometer. Any cell death in this tube would
represent background death of target cells and could be taken off the percentage of target cell
death measured in the cytotoxic tube in which effector and target cells were co-incubated
together. Interestingly, effector cells in the cytotoxic tube, despite not being stained with
Mitotracker® Green, positively fluoresced for the dye after contact with the Mitotracker® Green
stained target cells, whereas effector cells in the control tube remained negative for
Mitotracker® Green. This suggests that Mitotracker® Green only leaks out of the target cell if the

cell membrane becomes compromised.

Upon cytotoxic killing of target cells, NK cells are known to release granzyme B and perforin from
lytic granules (Peters et al., 1991). Perforin has been shown to create tubular lesions in the
plasma membrane of target cells (Liu et al., 1986). The tubular lesions could allow a small
amount of Mitotracker® Green dye to leak out of the target cells and then absorbed by the NK
cells. This would account for why NK cells / PBMC effector cells started to fluoresce slightly for

the dye and why dying target cells began to lose fluorescence in our experiments.

Measuring the up-regulation of CD107a on the cell surface of NK cells is an alternative, indirect
way of measuring NK cell cytotoxic killing, as the expression of CD107a on the cell surface
indicates degranulation and release of granzyme B and perforin (Alter et al., 2004, Betts et al.,
2003, Peters et al.,, 1991). Monensin has been reported to prevent the re-internalisation of
CD107a from the cell surface after release of lytic granule contents (Alter et al., 2004, Betts et
al., 2003). Experiments undertaken in the current study revealed that monensin did not improve

cell surface expression of CD107a on the NK cell surface, rather it inhibited detectable levels of
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expression. GolgiStop has been described by the manufacturer (BD Biosciences) as a protein
transport inhibitor that blocks intracellular protein transport processes and, in doing so, results
in the accumulation of cytokines and/or proteins in the Golgi complex. Lytic granules containing
granzymes and perforin have been reported to bud off the trans Golgi reticulum in T cells, and
a similar process is thought to occur in NK cells (Burkhardt et al., 1989, Peters et al., 1991).
Following the CD107a degranulation method published by Alter et al (Alter et al., 2004),
GolgiStop is not added to the effector target co-incubation until after 1 hr, thereby allowing early
release of some lytic granules and expression of a small amount of CD107a on the cell surface.
However, GolgiStop is likely to inhibit the transport and release of lytic granules, therefore
preventing CD107a expression from being up-regulated on the cell surface and preventing NK
cell killing of targets. Although GolgiStop increased target cell death, it did not induce CD107a
expression. Given that monensin is known to be toxic to erythrocytes and since K562 cells are
thought to be a erythroleukaemic cell line, it might be that monensin is toxic to K562 and caused

the increase in K562 cell death (Bhavsar et al., 2010).

Experiments optimising the length of effector target co-incubation without GolgiStop revealed
that CD107a can be optimally measured between 2 and 3 hrs co-incubation. Experiments
showed that at 4 hrs co-incubation less CD107a is up-regulated on the NK cell surface when
compared to 2 hrs and 3 hrs, thereby suggesting that up-regulated CD107a re-internalises, as
has previously been suggested (Betts et al., 2003). The point at which CD107a antibody is added
during the CD107a degranulation assay also appears to be important. Staining of CD107a at the
start of effector target co-incubation, as described by Alter G et al, appeared to increase the
intensity of background levels of CD107a expression on NK cells that had appeared not to up-
regulate additional CD107a (as indicated by a higher MFI value) (Alter et al., 2004). Staining NK
cells for CD107a expression after completion of the 2 to 3 hr effector target co-incubation,
similar to a method published by Brysceson YT et al (Bryceson et al., 2005), prevents the increase
in intensity of background CD107a staining on NK cells that have not further up-regulated
CD107a. Therefore, only the NK cells that have upregulated CD107a display an increase in
CD107a expression. Overall, these findings suggest that monensin should not be used in the
CD107a degranulation assay and that the staining for CD107a should take place after co-

incubation.

Surprisingly, although priming increased the ability of NK cells to kill PC3 cells, it reduced their
ability to kill K562 cells. Significant positive correlations between the expression of activating
receptors NKG2D and NKp46 with the percentage of K562 lysis were observed. These data
suggest that NKG2D and NKp46 are important for transducing the activating signals that

promote the capacity of NK cells to kill K562 cells. In contrast, North et al reported no change in
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K562 lysis following NK cell priming (North et al., 2007). It is known that there are at least 3
sublines of K562 and there is evidence that the cellular characteristics of cell lines may change
as a result of passaging (Dimery et al., 1983). Therefore, the reason for different abilities of
primed NK cells to kill K562 between the two laboratories could be due to different ligands being
expressed on the K562 cells following passaging. This conclusion highlights the need to know /
monitor the expression of NK cell ligands on targets cells, as they could influence conclusions

which may contribute to discrepancies between similar studies from different laboratories.

The aim of the work described in this chapter was to develop and optimise assays that can be
used to accurately measure the cytotoxic function of NK cells isolated from prostate cancer
patients. This has been achieved through development and optimisation of flow cytometry
based assays capable of measuring either direct target cell lysis or NK cell degranulation (indirect
measurement). Crucially, it is not just the development of functional assays that are important,
but also how they are used. Through literature research | questioned how accurately current
studies measure the cytotoxic function of NK cells when using either the MHC class | deficient
K562 cells as targets, or when stimulating NK cells with cytokines to promote their ability to kill
more relevant NK cell-resistant cancer lines. | believe that the NK cell priming method described
by Lowdell et al (North et al.,, 2007, Sabry et al., 2011) not only offers a potential
immunotherapeutic, but also offers a method that may better measure NK cell function. Using
Lowdell et al’s method two measurements of NK cell function can be measured: 1) the ability of
the NK cell to become ‘primed’ (i.e. activated) through the measurement of its phenotype. 2)
the ability of the primed NK cell to kill a relevant NK cell-resistant cancer cell line. In theory, any
deficiencies in the phenotype of the NK cell prior to priming may affect the ability of the NK cell
to become primed when in contact with the CTV-1 cells. Any reduction in activation of the
primed NK cells may then in theory directly affect the ability of the primed NK cell to kill the
relevant NK cell-resistant target cell. Lowdell et al’s method thereby allows for the measurement
of the NK cells cytotoxic function that is more relevant to the way NK cells would target cancer
cells in vivo. Interestingly, Lowdell et al described downregulation of the NKG2D and NKp46
receptors following NK cell priming (Sabry et al., 2011). The data in this chapter support this
observation and challenges the commonly held view that down-regulation of NK cell activating
receptors represents suppression of NK cell responses reviewed by (Sabry and Lowdell, 2013).
The next chapter describes the results of experiments designed to measure the function of NK
cells in patients with prostate cancer using the experimental approaches and functional assays

described in this chapter.
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Chapter 5 - RESULTS

Assessing the ability of NK cells from patients with prostate cancer to

become primed, as measured by changes in their phenotype

5.1 Introduction

The term immunological synapse was first defined in the late 1990s as being the crucial junction
for enabling receptor-ligand interactions between T cells and antigen presenting cells (Grakoui
et al., 1999, Monks et al., 1998). Subsequent studies described the formation of immunological
synapses between different immune cells, and between immune cells and non-immune cells
(Orange, 2008). This resulted in the immunological synapse being defined as the ‘intentional

arrangement of molecules in an immune cell at the interface with another cell’ (Orange, 2008).

NK cells rely on cell-to-cell contact to mediate their effector functions, using activating and
inhibitory receptors to sense the presence of stress ligand and MHC class | molecules
respectively, and to ultimately determine whether or not to engage the target cell of interest.
To this end, NK cells exhibit different types of immunological synapses; lytic synapses, inhibitory

synapses and regulatory synapses (Eissmann and Davis, 2010, Mace and Orange, 2011).

As reviewed by Orange (Orange, 2008), the immunological synapse has been proposed to have

multiple functions in NK cells:

e Ligand Recognition — The formation of a critical zone in which ligands on a target cell are
recognised by receptors with precision.

e Co-stimulation — NK cells have been reported to form dual synapses with other innate
immune cells and T cells. The innate immune cell induces the expression of co-
stimulatory ligands on the NK cell surface (e.g. 0X40L) which can be recognised by the
T cell.

e Cytotoxicity — Precise targeting of target cells by NK cells, thereby protecting
neighbouring cells from damage.

e Directed secretion — The creation of a conduit which enables the focused secretion of
Iytic granules, cytokines and other cellular components.

e Multi-directional secretion — Activating signals can induce the secretion of cytokines and
chemokines from other sites on the NK cell.

e Protein transfer — Cell-surface proteins can be transferred between NK cells and their
targets

e Inhibition of activation — Formation of an inhibitory synapse that prevents activation.
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e Signal termination — molecular patterns facilitate NK cell receptor internalisation and /
or the end of productive signalling

Using confocal microscopy the supramolecular organisation of NK cell receptors at inhibitory
synapses have been analysed (Davis et al., 1999, Orange et al., 2002). At the inhibitory synapse
where an NK cell and its target meet, clusters of killer inhibitory receptor (KIR) — MHC class 1
interactions were shown to form. The KIR — MHC class | interactions created a ring around the
interactions between LFA-1 and ICAM. Unlike with lytic synapses, actin-mediated cytoskeletal
movement is not required for the formation of the inhibitory synapse and this might explain why
NK cells remain ‘rounder’ when engaging inhibitory synapses as compared to lytic synapses
(Davis et al., 1999, Orange et al.,, 2002). Interestingly, it was shown that one NK cell can
simultaneously form inhibitory synapses with multiple targets, and also that one target can

simultaneously form inhibitory synapses with multiple NK cells (Davis et al., 1999).

The formation and function of lytic synapses require the coordinated regulation of cytoskeletal
elements, signalling molecules, cellular organelles and lytic granules. Mace and colleagues
proposed that the formation of a lytic synapse can grouped into 3 stages; recognition, effector

and termination, and that these comprise 48 steps and potential checkpoints (Mace et al., 2014).

During the initial contact between an NK cell and a potential target, a brief initial interaction is
potentially made via tethering receptors such as CD62L or PSGL-1 or adhesion receptors such as
CD2, LFA-1, DNAM-1, NKG2D (Grégoire et al., 2007). A firmer adhesion is then formed via the
binding of LFA-1 to ICAM-1. In order for this binding to occur, the structure of LFA-1 needs to
assume an open conformation, a form of which only ~10 % of peripheral blood NK cells have
been found to express. Stimulation via DNAM-1, NKG2D, 2B4 or CD2 promotes the formation of
the LFA-1 open conformation, with this type of signalling being known as ‘inside-out’ signalling
(Bryceson et al., 2009). LFA-1 engagement initialises the initial stages of synapse formation by
inducing the reorganisation of the actin cytoskeleton and promoting polarisation (Barber et al.,
2004, Mace et al., 2009). Lytic granules, which are already formed, move along microtubules
and converge on the microtubule organising centre (MTOC). At this point, the NK cell is not yet
committed to cytotoxicity, as this lytic granule convergence occurs in both lytic and inhibitory
synapse formation. However, the NK cell is thought to be preparing for cytotoxic commitment
(Mentlik et al., 2010). Inhibitory signalling, which is controlled via the spatial presence of SHP-1,
Lck and talin at the area of cell-to-cell contact, can quickly disrupt multiple points of activation
including conjugate formation, actin accumulation, activating receptor clustering and calcium
influx (Burshtyn et al., 2000, Kaufman et al., 1995, Liu et al., 2012, Vyas et al., 2002). Firm
adhesion to the target cells is achieved and sustained and the NK cell is committed to cytotoxicity

once F-actin polymerisation and reorganisation occurs.
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In comparison with NK cells forming an inhibitory synapse, those NK cells forming a lytic synapse
appear flattened and the diameter of the immunological synapse increases (Orange et al., 2002).
Dynamic micro-clustering of activating receptors (e.g. NKG2D) and inhibitory receptors then
occurs, and it has been suggested that there is some sort of interplay between the two types of
receptors, the significance of which is still being investigated (Abeyweera et al., 2011, Mace et
al., 2014, Pageon et al., 2013). Activation signalling and the cytoskeleton are dependent on each
other, with the disruption of one affecting the other and preventing functional cytotoxicity
(Mace et al., 2014). Transduction of activating signals results in the mobilisation of ions,
particularly Ca%* from stores in the endoplasmic reticulum (Bryceson et al., 2005, Feske et al.,
2012). At some point during the adhesion of the NK cell to its target via the cytoskeleton and
the micro-clustering of activating and inhibitory receptors at the immunological synapse, a lytic
cleft forms. The cleft represents the gap between the NK cell and the target cell, into which the
contents of lytic granules are secreted (Orange, 2008). However, it now seems that there is more
to the function of cleft, as membrane proteins such as receptors and their ligands transfer
between the NK cell and its target via membrane protrusions in a process known as trogocytosis
(Nakamura et al., 2013, Roda-Navarro et al., 2006, Williams et al., 2007). Acquisition of NKG2D
ligands from target cells has been shown to render the NK cells susceptible to fratricide by
neighbouring NK cells, thereby suggesting a form of negative regulation of activated NK cells
(Nakamura et al., 2013). Following the formation of the lytic cleft and more rearrangement of
the actin cytoskeleton, the microtubule organising centre (MTOC) and associated lytic granules
polarise towards the synapse (Krzewski et al., 2008, Orange et al., 2003, Orange et al., 2002).
Golgi and mitochondria have also been shown to move toward the synapse (Abarca-Rojano et
al., 2009, Kupfer et al., 1983). The lytic granules then fuse with the plasma membrane and the
granule contents cross the lytic left to the target cell and induce apoptosis (Liu et al., 2011). This
marks the end of the effector stage. During the termination stage, there is a period of inactivity
followed by detachment. The mechanisms surrounding this stage are still being investigated

(Mace et al., 2014).

5.2 Aims and hypothesis

The aim of this part of the study was to assess the ability of NK cells from patients with prostate
cancer to become primed following co-incubation with mitomycin C treated CTV-1 cells, as
measured by changes in their phenotype. This is important, as it will provide insight into the
potential therapeutic value of NK cell priming for the treatment of patients with prostate cancer.
For the purposes of this element of the study, only NK cells from patients having benign, Gleason

6 and Gleason 9 disease were studied, as these encompass key stages of the disease. The priming
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capability of the NK cells from the patient groups was also compared to that of NK cells from

healthy volunteers.

It was hypothesised that NK cells isolated from patients with a higher grade cancer (Gleason 9)
would have a reduced capacity to become primed, as would be evident by the extent of up-
regulation of co-stimulatory receptors, compared to NK cells isolated from benign patients,

patients with low grade cancer (Gleason 6) and NK cells from healthy volunteers.
5.3 Results

5.3.1 Comparing the phenotype of primed NK cells from healthy volunteers with that of

primed NK cells from patients with benign disease and prostate cancer

PBMCs isolated from the peripheral blood of both healthy volunteers and patients with prostate
cancer and benign disease were thawed, from which NK cells were isolated by negative selection
using magnetic beads. For each subject, half the isolated NK cells were primed using mitomycin
C treated CTV-1, whereas the others were cultured in the absence of CTV-1 cells under the same
conditions (non-primed controls). Following 17 hrs incubation, both non-primed and primed NK
cells were stained using antibody panels 1, 4, 5, 6 (thereby measuring receptors; CD56, CD16,
CD3, CD19, CD8, DNAM-1, NKG2D, NKp46, NKp30, CD2, CD96, CD25, CD69, OX40, NKp8O,
CD137, CRTAM, 2B4, TIGIT, GITR and CD107a) and their phenotype determined using flow
cytometry. The phenotypes of non-primed and primed NK cells from healthy volunteers were
compared to that of equivalent NK cells from patients with prostate cancer and benign disease

using Beckman Coulter Kaluza™ software and GraphPad Prism.

5.3.1.1 Influence of priming on the phenotypes of CD56“™CD16"e", CD56%™CD16'"" and
CD56™CD16" NK cell subpopulations

Similar to NK cells from healthy volunteers, priming led to a downregulation / shedding of CD16
from NK cells for patients with prostate cancer and benign disease. In all subject groups, there
was a significant decrease in the percentage of CD569™CD16"&" NK cells, whereas there was a
significant increase in the percentage of CD569™CD16'" and CD569™CD16"8 NK cells. There
were no significant differences in the magnitude of these responses across the subject groups

that were analysed (Figure 5.1).

No significant changes in the intensity of CD56 expression (MFI) on CD569™ and CD56°"&" NK cell
subsets was observed as a result of NK cell priming for any of the subject groups. However, there
was a significant difference in the MFI of CD56 expression on primed CD56°€" NK cells between

healthy volunteers and patients with benign disease, and also Gleason 9 prostate cancer
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patients. Furthermore, there was also a significant difference between non-primed NK cells from

healthy volunteers and Gleason 9 patients. In contrast, within each subject group there was a
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Figure 5.1: The influence of priming on the expression of CD56 and CD16 on healthy volunteers
compared to patients with prostate cancer or benign disease

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed
with mitomycin C treated CTV-1ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both primed NK cells and non-
primed control NK cells were stained with NK cell defining antibodies CD56, CD16, CD3 and CD19. The
expression of these receptors was measured by flow cytometry. NK cells were defined as CD3- CD19"
CD56" cells. A to C) The proportion of NK cells with the phenotype CD569™CD16"¢", CD56%™CD16""
and CD569™CD16"E respectively, D) Median intensity fluorescence (MFI) of CD16 on CD56™ NK cells,
E) MFI of CD56 on the CD56%™ subset, F) MFI of CD56 on the CD56"8" subset. Statistical analysis was
done using parametric ANOVA and associated comparison tests; Tukeys multiple comparisons test
(solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **
P<0.005, ***P<0.0005, **** P<0.00005.
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significant decrease in the intensity of expression of CD16 on the CD56%™ subset between non-
primed NK cells and NK cells primed at the 1 : 1 NK : CTV-1 ratio. However, despite an apparent
trend indicating that patient NK cells shed less CD16, no significant difference in the intensity of
CD16 expression between healthy volunteer CD56%™ NK cells and patient CD56%™ NK cells
(irrespective of disease) was observed. The down-regulation / shedding of CD16 appeared to be

confined to the CD56™ subset only (Figure 5.1).

5.3.1.2 Influence of priming on expression of activating receptors NKp30, NKp46 and NKG2D.

NK cell priming did not significantly alter the intensity of expression or percentage of NK cells
expressing NKp30 for any of the subject groups that were analysed. The percentage of NK cells
expressing NKp30 in patients with Gleason 6 disease was more variable than that in the other

sample groups. However, there was no significant difference (Figure 5.2)

In contrast to NKp30, the percentage of NK cells from the patient groups (irrespective of disease
status) expressing NKp46 was lower on the primed NK cells compared to the non-primed NK
cells. This result was highly significant for all three patient groups. Interestingly, the percentage
of primed NK cells expressing NKp46 in the healthy volunteer group was not significantly lower
than the equivalent non-primed NK cells. The patterns of expression for NKG2D and NKp46 were
similar. Despite NK cells from healthy volunteers appearing to down-regulate NKG2D expression

following priming, the difference was not found to be of statistical significance (Figure 5.2)

The percentage of NK cells expressing NKp46 and NKG2D on primed NK cells from the patient
groups appeared to be lower than that observed for NK cells from health volunteers. For NKp46,
the proportion of primed NK cells from patients with benign disease and patients with Gleason
9 disease expressing NKp46 was significantly lower than that observed for primed NK cells from
healthy volunteers. For NKG2D, a significant difference was only observed between healthy

volunteer primed NK cells and primed NK cells from patients with benign disease.

5.3.1.3 Influence of priming on the expression of CD2, CD25 and CD69

Although priming had no effect on the expression of the adhesion receptor CD2, differences in
the level of CD2 expression by NK cells from healthy volunteers and the patient groups were
apparent but not significant. Sixty to 82 % of NK cells from healthy individuals expressed CD2,
with NK cells from 4 individuals comprising between 76 and 82 % CD2* cells, and in one individual
60 % the NK cell population was CD2". In comparison, the NK cell population in individuals with
benign disease was between 53 and 89 % CD2" and ranged between 26 and 72 % CD2" in patients
with Gleason 6 disease. For both groups, approximately 60% of the NK cells in the majority of

individuals were CD2*. For patients with Gleason 9 disease, between 66 and 91 % of their NK
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cells expressed CD2. Interestingly, the profile of CD2 expression intensities aligned with that for

the proportion of CD2* NK cells. NK cells from individuals with benign disease and patients with
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Figure 5.2: The influence of priming on the expression of NKp30, NKp46 and NKG2D on healthy
volunteers compared to patients with prostate cancer or benign disease.

NK cells from healthy volunteers and patients with prostate cancer or benign disease were
primed with mitomycin C treated CTV-1ata 1:1, NK: CTV-1 ratio for 17 hrs. Both primed NK
cells and non-primed control NK cells were stained for NK cell defining antibodies and antibodies
for NKp30, NKp46, NKG2D. The expression of these receptors was measured by flow cytometry.
The percentage of NK cells expressing and the median fluorescence intensity (MFI) of that
expression for each receptor are shown; NKp30 (top graphs), NKp46 (middle graphs), NKG2D
(bottom graphs). Statistical analysis was done using parametric ANOVA and associated
comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least
significant difference test (dotted black line). * P<0.05, ** P<0.005, ***P<0.0005, ****
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Figure 5.3: The influence of priming on the expression of CD2, CD25 and CD69 on healthy volunteers
compared to patients with prostate cancer or benign disease

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed
with mitomycin C treated CTV-1ata 1:1, NK: CTV-1 ratio for 17 hrs. Both primed NK cells and non-
primed control NK cells were stained with NK cell defining antibodies and antibodies for CD2, CD25,
CD69. The expression of these receptors was measured by flow cytometry. The percentage of NK cells
expressing and the median fluorescence intensity (MFI) of that expression for each receptor are
shown; CD2 (top graphs), CD25 (middle graphs), CD69 (bottom graphs). Statistical analysis was done
using parametric ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid
black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **
P<0.005, ***P<0.0005, **** P<0.00005.
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Gleason 6 prostate cancer appeared to express CD2 at a lower intensity than that expressed by
NK cells from healthy volunteers and Gleason 9 disease. The intensity of CD2 expression on NK
cells from patients with Gleason 6 disease was significantly lower than expressed by NK cells

from healthy volunteers (Figure 5.3).

NK cells from healthy volunteers and the three patient groups did not express CD25 prior to
being primed. Following priming, the NK cells from individuals in all 4 subject groups significantly
up-regulated CD25 expression, both in terms of the percentage of NK cells expressing the
receptor and the intensity of that expression. However, the increase in CD25 expression was

quantitatively small.

Interestingly, a lower proportion of NK cells from the patient groups up-regulated CD25 than for
healthy volunteer NK cells, and this difference was significant when comparing the responses of
primed NK cells from healthy volunteers with that of primed NK cells from individuals with
benign disease and Gleason 6 prostate cancer. The proportion of NK cells expressing CD25 in
patients with Gleason 9 disease was similar to that in individuals with benign disease and
patients with Gleason 6 disease, with 1 patient in the Gleason 9 group exhibiting a similar

proportion of NK cells expressing CD25 as the healthy volunteer group (Figure 5.3).

In contrast to the expression of CD25, CD69 was expressed on non-primed NK cells from each
healthy volunteer, individual with benign disease and patients with prostate cancer. For each
subject group, there was a large variation in the proportion of NK cells expressing CD69. This
may be due to both the activation level of the NK cells prior to blood donation and possibly the
effects of freeze-thawing on the NK cells. Irrespective of CD69 expression on the NK cells prior
to priming, both healthy volunteers and patients significantly up-regulated CD69 expression
both in terms of receptor intensity and the percentage of NK expressing CD69 following priming,
with no significant differences being observed between subject groups. The only exception was
that priming did not increase the intensity of CD69 expression on NK cells from patients with
Gleason 6 disease. For each individual, for all subject groups, greater than 70 % of their NK cells

had up-regulated CD69.

5.3.1.4 Influence of priming on the expression of the immunoglobulin superfamily receptor

members; DNAM-1, TIGIT and CD96

Priming had no effect on the level of DNAM-1 expression on NK cells from any of the individuals
tested. The proportion of NK cells expressing DNAM-1 remained very high regardless of whether
the NK cells were primed or not and regardless of whether the individual was healthy or not. In

contrast, within each subject group the intensity of expression and the proportion of NK cells
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Figure 5.4: The influence of priming on the expression of DNAM-1, TIGIT and CD96 on healthy
volunteers compared to patients with prostate cancer or benign disease

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed
with mitomycin C treated CTV-1ata 1:1, NK: CTV-1 ratio for 17 hrs. Both primed NK cells and non-
primed control NK cells were stained with NK cell defining antibodies and antibodies for DNAM-1,
TIGIT, CD96. The expression of these receptors was measured by flow cytometry. The percentage of
NK cells expressing and the median fluorescence intensity (MFI) of that expression for each receptor
are shown; DNAM-1 (top graphs), TIGIT (middle graphs), CD96 (bottom graphs). Statistical analysis
was done using parametric ANOVA and associated comparison tests; Tukeys multiple comparisons
test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05,
** P<0.005, ***P<0.0005, **** P<0.00005.
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expressing TIGIT was more variable. NK cell priming did not significantly affect the expression of
TIGIT, and no significant differences in the expression of TIGIT on NK cells between subject

groups were observed (Figure 5.4).

In contrast to the above, priming induced a significant decrease in the percentage of NK cells
expressing CD96 in all 3 patient groups. Although the proportion of NK cells from healthy
volunteers expressing CD96 also decreased after priming, the change was quantitatively smaller
and not statistically significantly different to non-primed NK cells. Conversely, the intensity of
CD96 expression on NK cells from healthy volunteers increased after priming. A highly significant
difference between the expression of CD96 on primed NK cells from healthy volunteers
compared to that on primed NK cells from all 3 patient groups, both in terms of percentage and
intensity of expression, demonstrates that priming has a greater effect on the expression of
CD96 expression on NK cells from individuals with benign disease and prostate cancer (Figure

5.4).

5.3.1.5 Influence of priming on the expression of the TNF co-stimulatory receptors 0X40,

CD137 and the immunoglobulin superfamily co-stimulatory receptor CRTAM

Although non-primed NK cells from healthy volunteers and patients did not express OX40,
CD137 or CRTAM, priming significantly induced the expression of all three receptors, both in
terms of the percentage of cells expressing and the intensity of expression (Figure 5.5). In
general, for both healthy volunteers and patients, a smaller proportion of NK cells up-regulated
0OX40 compared to those that up-regulated CD137 and CRTAM. Furthermore, for each individual
irrespective of their health, less than 40 % their total NK cell population up-regulated the
receptor CRTAM, whereas for CD137 and OX40 less than 20 % of their total NK population had

up-regulated these receptors (Figure 5.5).

A greater proportion of primed NK cells from healthy volunteers expressed CD137 and CRTAM
than did primed NK cells from individuals with benign disease and patients with prostate cancer.
This difference in expression was of statistical significance for NK cells from healthy volunteers
versus NK cells from individuals with benign disease and Gleason 6 prostate cancer.
Furthermore, a significantly greater proportion of primed NK cells from healthy volunteers
expressed CRTAM compared to primed NK cells from patients with Gleason 9 prostate cancer.
Once primed, the intensity of CD137 and CRTAM expression on NK cells from healthy volunteers

and the patient groups was comparable.
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Figure 5.5: The influence of priming on the expression of 0X40, CD137 and CRTAM on healthy
volunteers compared to patients with prostate cancer or benign disease

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed
with mitomycin C treated CTV-1ata 1:1, NK: CTV-1 ratio for 17 hrs. Both primed NK cells and non-
primed control NK cells were stained with antibodies for 0X40, CD137, CRTAM and their expression
measured by flow cytometry. The percentage of NK cells expressing and the median fluorescence
intensity (MFI) of that expression for each receptor are shown; OX40 (top graphs), CD137 (middle
graphs), CRTAM (bottom graphs). Statistical analysis was done using parametric ANOVA and
associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers
least significant difference test (dotted black line). * P<0.05, ** P<0.005, ***P<0.0005, ****
P<0.00005.
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Although priming induced an increase in the proportion of NK cells from healthy volunteers,

individuals with benign disease and patients with prostate cancer expressing OX40, the increase

in intensity of that expression was minimal and overall remained extremely low at <1 MFI.

5.3.1.6 Influence of priming on the expression of the TNF receptor GITR and the CD107a

receptor

On average, a similar proportion of non-primed NK cells in each subject group expressed GITR,

with the proportion of NK cells expressing GITR mainly ranging between 7 and 32 %. Following

priming, all subject groups significantly up-regulated both the intensity of expression and the

proportion of NK cells expressing GITR. The increase in intensity was relatively minor. There was

) e Healt
100 - . gea!thy - Benigrry
E 20 : G.Ia;:;gsr;nﬁ g 4 Gleasonb
?n AAEK K g Gleasond 8 Cleasond
E 60 e - ot ** ES-
S T :
5 40 - G 41
4
E 20 L4 2] « * ¢
< - o = * 4 ; ?
0 —T — — r 0 L L — —
Q‘t“ p\".\ Q*- p\".\ Q‘t" p\".\ Q*‘ Ne é-é. *:\'\ ‘\ﬁ* *:\P\ Qu*-*:\,\ bét-vt:\\
& L& S SF S S S SN
£& & && && F& && & &
G & G o S G Fob e
NK priming ratio (NK:CTV-1) NK priming ratio (NK:CTV-1)
100- 10 *
- 80 = Benign = X = Benion
5 604 4 Gleason B a4 Gleason B
B 40 o Gleason 9 1 O Gleason 9
O ol *% _
plop o Cai it S e
i o g
= [=]
g o 1 5 4 T - %
< © -
= 4
‘s 24
24
= T - - .
TSN & & & > & N &N &N
& SO AN A S & S & S &
& & & & & & & «° & « &
ST’ T T & & & & &
&L R Q S ¥ R E ECE

NK priming ratio (NK:CTV-1)

NK priming ratio (NK:CTV-1)

Figure 5.6: The influence of priming on the expression of GITR and CD107a on healthy volunteers
compared to patients with prostate cancer or benign disease
Isolated thawed NK cells from healthy volunteers and patients with prostate cancer or benign disease
were primed with mitomycin C treated CTV-1ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both primed NK
cells and non-primed control NK cells were stained NK cell defining with antibodies and antibodies for
GITR, CD107a. The expression of these receptors was measured by flow cytometry. The percentage
of NK cells expressing and the median fluorescence intensity (MFI) of that expression for each
receptor are shown; GITR (top graphs), CD107a (bottom graphs). Statistical analysis was done using
parametric ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black
line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, ** P<0.005,

***P<0.0005, **** P<0.00005.
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no statistical difference between the proportion of primed NK cells expressing GITR between
each subject group. The proportion of primed NK cells expressing GITR from healthy volunteers
(range 43 — 60 %) was generally greater than individuals from the patient groups (range 20 —
39%). However, the proportion of primed NK cells from 4 out of the 12 patients tested that
expressed GITR was similar to that observed for NK cells in the majority of the healthy volunteers

(Figure 5.6).

CD107a expression was only measured on patient NK cells before and after priming as a result
of a change in protocol. No CD107a was expressed on non-primed NK cells. Following priming
the NK cells from all three patient groups up-regulated CD107a. The proportion of primed NK
cells up-regulating CD107a ranged between 4 and 9 %. Although the intensity of expression was
also up-regulated, this up-regulation was only significant for the Gleason 6 and Gleason 9 patient
groups. Furthermore, the intensity of CD107a expression on Gleason 6 primed NK cells was

significantly greater than on primed NK cells from patients with benign disease (Figure 5.6).

5.3.2 Comparison of the CD56“™CD16"e", CD56“™CD16'" and CD56%™CD16"*¢ subpopulation

phenotypes of healthy volunteer and patient NK cells

For each healthy volunteer and patient, the total NK cell population was subdivided into 3
subpopulations; CD569™CD16"e" (CD16"&"), CD569mCD16"°% (CD16"%) and CD569mCD16"#
(CD16™¢#). The phenotype of each subpopulation was then further analysed in order to observe
any differences in the expression of activating receptors, co-stimulatory receptors and co-

inhibitory receptors before and after priming.

5.3.2.1 The influence of NK cell priming on the expression of NKp46 and NKG2D on
CD56™CD16Me", CD569™CD16'°" and CD569™CD16"¢ subpopulations

For each patient group, the expression of NKp46 was significantly decreased on all 3 NK cell
subpopulations following priming (Figure 5.7). The proportion of CD16"® NK cells down-
regulating NKp46 was greater than both the CD16"°% and CD16"e&" NK cells. Interestingly, there
was no significant difference in the proportion of NK cells down-regulating NKp46 in individuals
with benign disease and patients with prostate cancer. This was true for all 3 subpopulations. In
contrast, the proportion of each NK cell subpopulation in the healthy volunteer group only
marginally increased, with the proportion of the CD569™CD16"¢ NK cell subpopulation
increasing the greatest. For both healthy volunteers and patients, the intensity of NKp46
expression was also down-regulated on all 3 NK cell subpopulations following NK cell priming.
The magnitude of this down-regulation was similar for both healthy volunteer and patient NK

cells, with the exception of the CD56%™CD16"¢ in individuals with benign disease (Figure 5.8).
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Figure 5.7: The influence of NK cell priming on the expression of NKp46 on the three NK cell subpopulations; CD56%™CD16"&", CD569™CD16'°" and CD56“™CD16"s,

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1ata 1:1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the NKp46 antibody. The expression of these receptors was measured by flow
cytometry. The expression of NKp46 by the three NK cell subpopulations; CD569™CD16"e", CD569™CD16'% and CD569™CD16"¢, was analysed. The percentage of each NK
subpopulation expressing NKp46 (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **
P<0.005, ***P<0.0005, **** P<0.00005.
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Figure 5.8: The difference in median expression of non-primed and primed NK cells expressing the
receptors NKp46, NKG2D, CD25 and CD69 within each NK subpopulation for both healthy volunteers
and patients.

For healthy volunteers and each patient group (i.e. Benign, Gleason 6 cancer, Gleason 9 cancer) flow
cytometry was used to measure the median fluorescence intensity (MFI) and the percentage of each
NK subpopulation expressing the receptors NKp46, NKG2D, CD25 and CD69 before and after priming.
For each measurement, the bar graphs above show the difference in the median expression of each
receptor between non-primed and primed NK cells from both healthy volunteers and patients.

However, the down-regulation in NKp46 intensity was found to be significant for the healthy
volunteer Gleason 6 and Gleason 9 patient groups on the CD569™CD16"°¢ NK subpopulation only

(Figure 5.7).
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Similarly to the pattern of expression for NKp46, the proportion of NKG2D was also down-
regulated on all 3 NK cell subpopulations following priming for both healthy volunteers and
patients. A significant difference within the CD16"e" and CD16'" subpopulations between the
primed NK cells of healthy volunteers and the primed NK of patients with benign disease was
observed (Figure 5.9). The intensity of NKG2D expression was also decreased on all 3 NK cell
subpopulations for both healthy volunteers and patients following priming. However, there was
no significant difference in the magnitude of this down-regulation between the three subject

groups (Figure 5.8).

5.3.2.2 The influence of NK cell priming on the expression of CD25 and CD69 on
CD569™CD16"Me", CD56“™CD16"" and CD56%™CD16" subpopulations

Although NK cell priming resulted in the up-regulation of CD25, the significance of this increase
in expression was limited to the CD16"" and CD16"€ NK cell subpopulations (with the exception
of the benign patient group) for healthy volunteers, Gleason 6 and Gleason 9 patients (Figure
5.10). The proportion of the CD16M"&" NK cell subpopulation up-regulating CD25 averaged
between 0.87 and 1.89 % for all subject groups. For the CD16"" subpopulation, the average
proportion of NK cells expressing CD25 ranged between 3.4 and 5.2 % for all subject groups. The
greatest up-regulation of CD25 was observed in the CD16" subpopulation, with an average
proportion of NK cells expressing CD25 ranging between 10.3 and 20.4 %. For all subject groups,
the CD16"e" and CD16"" subpopulations marginally up-regulated the intensity of CD25
expression, whereas the CD16"# subpopulations from all subject groups down-regulated the
intensity of CD25 expression (Figures 5.8 and 5.10). This disparity is likely due to the low
numbers of non-primed NK cells measured in the CD16"8 gate during data analysis. Any outliers
with a high CD25 MFI may have had a greater effect on the overall MFI value of the non-primed

CD16"8 subpopulation obtained for each individual regardless of their health status.

For both healthy volunteer and patient NK cells, CD69 was expressed by all 3 subpopulations
prior to priming. Furthermore, a large range in the proportion of NK cells expressing CD69 was
observed for each subpopulation. CD69 expression (proportion of positive cells and intensity of
expression) was significantly, and similarly, upregulated on all 3 NK cell subpopulations from
healthy volunteers and patients following priming. However, there was a difference in the
magnitude of the intensity of CD69 expression between all 3 NK cell subpopulations (Figure
5.11). In general, for both healthy volunteers and patients, the up-regulation in the intensity of
CD69 expression was greater on the CD16"¢ subpopulation compared to the CD16"" and
CD16"e" subpopulations (Figure 5.8). The CD16"e" subpopulation up-regulated CD69 the least,
whereas the CD16"® subpopulation upregulated CD69 the most (Figure 5.8). Noticeably, the

CD16" population from healthy volunteers on average up-regulated a greater intensity of CD69
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Figure 5.9: The influence of NK cell priming on the expression of NKG2D on the three NK cell subpopulations; CD56“™CD16"€", CD56%™CD16'°* and CD56%™CD16"€,
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NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the NKG2D antibody. The expression of these receptors was measured by flow
cytometry. The expression of NKG2D by the three NK cell subpopulations; CD569™CD16Me", CD569MCD16'% and CD569™CD16"¢, was analysed. The percentage of each NK
subpopulation expressing NKG2D (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **

P<0.005, ***P<0.

0005, **** P<0.00005.
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Figure 5.10: The influence of NK cell priming on the expression of CD25 on the three NK cell subpopulations; CD569™CD16"&", CD569™CD16'°% and CD56%™CD16"E.

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the CD25 antibody. The expression of these receptors was measured by flow
cytometry. The expression of CD25 by the three NK cell subpopulations; CD569™CD16"e", CD56%™MCD16'* and CD569™CD16"¢, was analysed. The percentage of each NK cell
subpopulation expressing CD25 (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **

P<0.005, ***P<0.0005, **** P<0.00005.
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Figure 5.11: The influence of NK cell priming on the expression of CD69 on the three NK cell subpopulations; CD56“™CD16"h, CD56“™CD16'°" and CD56%™CD16"°¢.

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the CD69 antibody. The expression of these receptors was measured by flow
cytometry. The expression of CD69 by the three NK cell subpopulations; CD569™CD16M&", CD569™CD16'°" and CD569™CD16"¢, was analysed. The percentage of each NK cell
subpopulation expressing CD69 (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **

P<0.005, ***P<0.0005, **** P<0.00005.
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compared to the NK cells from patients which generally up-regulated the expression of CD69
to a similar degree.

5.3.2.3 Influence of NK cell priming on the expression of 0X40, CD137, GITR and CRTAM on
CD569™CD16"e", CD56“™CD16"" and CD56%™CD16" subpopulations

Analysis of the expression of 0X40, CD137 and CRTAM on the 3 NK cell subpopulations revealed
a similar pattern of up-regulation of all 3 receptors for both healthy volunteers and patients
following priming. In regards to the proportion of NK cells expressing 0X40, CD137 and CRTAM
following priming, in general there was little to no up-regulation on the CD16"&" subpopulation.
A greater proportion of the CD16"% NK cell subpopulation up-regulated 0X40, CD137 and
CRTAM. However, this was less than the CD16"% subpopulation in which the highest proportion
of primed NK cells up-regulated OX40, CD137 and CRTAM (Figures 5.12 to 5.15). Focusing on the
CD16"" subpopulation, a similar proportion of primed NK cells from healthy volunteers and
patients expressed OX40 (median expression ranged 5 to 8 %) and CD137 (median expression
ranged 14 to 15). In contrast, there was a greater difference in the median proportion of NK cells
expressing CRTAM; NK cells from healthy volunteers 26.7 %, NK cells from individuals with
benign disease and Gleason 6 disease 17 and 20.4 % respectively, NK cells from patients with
Gleason 9 disease 12.6 %. Regarding the CD16" subpopulation, in general a greater proportion
of NK cells from healthy volunteers expressed CD137 and CRTAM compared to NK cells from
patients, whereas a similar proportions of NK cells from healthy volunteers and patients
expressed the OX40 receptor. The median proportion of CD16" NK cells from healthy
volunteers expressing CD137 and CRTAM was 42 and 50 % respectively, whereas the median
proportion of CD16"& NK cells from patients expressing CD137 and CRTAM ranged between 22.7
and 28.9 % and 21 and 28 % respectively (Figures 5.13 and 5.14).

For all subject groups, the intensity of OX40 expression on each NK cell subpopulation only
marginally changed after priming. In contrast, a greater increase in MFI for CD137 and CRTAM
was observed following NK cell priming, with the magnitude of this increase being different for
the 3 NK cell subpopulations. However, when comparing the MFI of 0X40, CD137 and CRTAM
expression on primed NK cells from healthy volunteers and patients, no significant differences
was observed. In general, priming induced only a minor increase in the expression (MFI) of
CD137 and CRTAM on the CD16"&" NK cell subpopulation. In comparison, the CD16""
subpopulation exhibited a slightly greater increase in the intensity of expression of both
receptors following priming. The CD16"® subpopulation exhibited the greatest increase in the

intensity of expression for CD137 and CRTAM of the 3 NK cell subpopulations.
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Figure 5.12: The influence of NK cell priming on the expression of OX40 on the three NK cell subpopulations; CD569™CD16"g", CD569™CD16'°" and CD56“™CD16":,

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1 ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the OX40 antibody. The expression of these receptors was measured by flow
cytometry. The expression of OX40 by the three NK cell subpopulations; CD569™CD16"&", CD56%™CD16'°" and CD569™CD16"8, was analysed. The percentage of each NK cell
subpopulation expressing OX40 (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **

P<0.005, ***P<0.0005, **** P<0.00005.
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Figure 5.13: The influence of NK cell priming on the expression of CD137 on the three NK cell subpopulations; CD56%™CD16"e", CD569™CD16'°* and CD56“™CD16"¢,

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1ata 1: 1, NK : CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the CD137 antibody. The expression of these receptors was measured by flow
cytometry. The expression of CD137 by the three NK cell subpopulations; CD569™CD16"&", CD569™CD16'°% and CD569™CD16"¢, was analysed. The percentage of each NK cell
subpopulation expressing CD137 (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **

P<0.005, ***P<0.0005, **** P<0.00005.
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Figure 5.14: The influence of NK cell priming on the expression of CRTAM on the three NK cell subpopulations; CD56%™CD16"&", CD569™CD16'°" and CD56“™CD16"€,

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1 ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the CRTAM antibody. The expression of these receptors was measured by
flow cytometry. The expression of CRTAM by the three NK cell subpopulations; CD569™CD16"e", CD569™CD16'°" and CD569™CD16"%8, was analysed. The percentage of each NK
cell subpopulation expressing CRTAM (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **
P<0.005, ***P<0.0005, **** P<0.00005.
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Figure 5.15: The difference in median expression of the receptors 0X40, CD137, CRTAM and GITR
by non-primed and primed NK cells within each NK cell subpopulation for both healthy volunteers
and patients.

For healthy volunteers and each patient group (i.e. benign disease, Gleason 6 cancer, Gleason 9
cancer), flow cytometry was used to measure the median fluorescence intensity (MFI) and the
percentage of each NK cell subpopulation expressing the receptors 0X40, CD137, CRTAM and GITR
before and after priming. For each measurement, the bar graphs above show the difference in the
median expression of each receptor between non-primed and primed NK cells.

Although non-primed NK cells from healthy volunteers and patients expressed no 0X40, CD137
or CRTAM (only background levels) they did express GITR, but with no significant difference
between them. Nor was a difference observed between NK cell subpopulations of non-primed

NK cells. Following NK priming, the proportion of NK cells from healthy volunteers and patients
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expressing GITR increased for all 3 NK cell subpopulations (Figure 5.16). In general, for both
healthy volunteers and patients, a similar proportion of primed CD16"# NK cells expressed GITR
compared to primed CD16" NK cells, whereas less CD569™CD16"&" NK cells expressed GITR. On
average, a greater proportion of NK cells from healthy individuals expressed GITR than NK cells
from patients, which in turn all expressed GITR to a similar degree. This was true for all 3 NK

subpopulations.

Similar to CD137 and CRTAM, the median intensity of GITR significantly increased following NK
cell priming, with the exception of the CD16"¢ NK cell subpopulation for the Benign and Gleason
9 patients for which the increase in GITR expression was not found to be significant. As with the
expression of CD137 and CRTAM, the intensity of GITR expression was higher on the CD16"
subpopulation compared to the CD16"% and CD16"e" subpopulations. The CD16™¢ NK cells
expressed the lowest intensity of GITR. In general, there was no noticeable difference in the
intensity of GITR expression on non-primed and primed NK cells between healthy volunteers

and patients.

5.3.2.4 Expression of DNAM-1, TIGIT and CD96 on CD16 subpopulations.

For both healthy volunteers and patients, there was no increase in the proportion of CD16"e"
and CD16"" NK cells expressing DNAM-1 following NK cell priming. The proportion of CD16"&"
and CD16"" NK cells expressing DNAM-1 ranged between 93 and 99 % for both primed and non-
primed NK cells. However, a small increase in the proportion of the CD16"& NK cell
subpopulation from healthy volunteers and patients expressing DNAM-1 was observed
following priming. Only the increase seen on NK cells from patients with Gleason 9 disease was

found to be significant (Figure 5.17).

For both healthy volunteers and patients, the intensity of DNAM-1 expression on CD16"¢ NK
cells was also significantly up-regulated following NK cell priming - from an MFI of ~2 expressed
by non-primed NK cells to an MFI level of ~2.5 expressed by primed NK cells. Changes in the
intensity of DNAM-1 on the CD16"&" and CD16"°" NK subpopulations were not significant and

appeared to be a combination of minor up-regulation and down-regulation (Figure 5.17).

Similar to DNAM-1, NK cell priming did not significantly alter the proportion of CD16"&" and
CD16"" NK cells from healthy volunteers and patients expressing TIGIT. However, the proportion
of CD16"¢ NK cells from all subject groups expressing TIGIT significantly increased following NK
cell priming. The median proportion of non-primed CD16" NK cells expressing TIGIT for healthy

volunteers (66%) was higher than the median for the patient NK cell groups; individuals with
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Figure 5.16: The influence of NK cell priming on the expression of GITR on the three NK cell subpopulations; CD564™CD16"&", CD56“™CD16'" and CD569™CD16".
NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1 ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the GITR antibody. The expression of these receptors was measured by flow
cytometry. The expression of GITR by the three NK cell subpopulations; CD569™CD16Me&", CD569™CD16'°% and CD569™CD16"¢, was analysed. The percentage of each NK cell
subpopulation expressing GITR (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **

P<0.005, ***P<0.0005, **** P<0.00005.
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Figure 5.17: The influence of NK cell priming on the expression of DNAM-1 on the three NK cell subpopulations; CD56%™CD16"g", CD56%™CD16"" and CD56“™CD16"¢,

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1 ata 1: 1, NK : CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the DNAM-1 antibody. The expression of these receptors was measured by
flow cytometry. The expression of DNAM-1 by the three NK cell subpopulations; CD569™CD16"e", CD569™CD16'°% and CD569™CD16"¢, was analysed. The percentage of each NK
cell subpopulation expressing DNAM-1 (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using
parametric ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line).
* P<0.05, ** P<0.005, ***P<0.0005, **** P<0.00005.
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Figure 5.18: The influence of NK cell priming on the expression of TIGIT on the three NK cell subpopulations; CD564™CD16"&", CD56“™CD16'" and CD569™CD16".

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1 ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the TIGIT antibody. The expression of these receptors was measured by flow
cytometry. The expression of TIGIT by the three NK cell subpopulations; CD569™CD16"e", CD569™CD16'°" and CD56%™CD16"8, was analysed. The percentage of each NK cell
subpopulation expressing TIGIT (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **
P<0.005. ***P<0.0005. **** P<0.00005.
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Figure 5.19: The influence of NK cell priming on the expression of CD96 on the three NK cell subpopulations; CD56%™CD16"&", CD56“™CD16'°" and CD56%™CD16"°¢.
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NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1 ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the CD96 antibody. The expression of these receptors was measured by flow
cytometry. The expression of CD96 by the three NK subpopulations; CD569™CD16Me", CD569™CD16'" and CD569™CD16"8, was analysed. The percentage of each NK
subpopulation expressing CD96 (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **

P<0.005, ***P<0.0005, **** P<0.00005.
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Figure 5.20: The difference in median expression of the receptors DNAM-1, TIGIT, CD96 and CD107a
by non-primed and primed NK cells within each NK subpopulation for both healthy volunteers and
patients.

For healthy volunteers and each patient group (i.e. benign disease, Gleason 6 cancer, Gleason 9
cancer), flow cytometry was used to measure the median fluorescence intensity (MFI) and the
percentage of each NK cell subpopulation expressing the receptors DNAM-1, TIGIT, CD96 and CD107a
before and after priming. For each measurement, the bar graphs above show the difference in the
median expression of each receptor between non-primed and primed NK cells.

benign disease 48 %, patients with Gleason 6 disease 57 %, patients with Gleason 9 disease 58%.
Upon priming, the median proportion of NK cells from healthy volunteers expressing TIGIT
increased to 80 % which again was higher than the median values for NK cells from the patient

groups; individuals with benign disease 61 %, patients with Gleason 6 disease 71 %, patients
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with Gleason 9 disease 73 %. In contrast, only the CD16™#& NK cell subpopulation from the
healthy volunteers significantly up-regulated their TIGIT expression following priming (MFI 3 vs

5, non-primed vs primed respectively, Figure 5.18).

The pattern of expression of CD96 on the 3 NK cell subpopulations following priming was
different compared to TIGIT and DNAM-1. Priming resulted in the proportion of all 3 NK
subpopulations from the 3 patient groups significantly down-regulating the expression of CD96.
In contrast, priming had no significant effect on the expression of CD96 by the 3 NK cell
subpopulations from healthy volunteers (Figure 5.19). Furthermore, priming down-regulated
the intensity of CD96 expression on the CD16"& NK cell subpopulation from the 3 patient groups.
This down-regulation was not observed on the CD16"" and CD16"¢" subpopulations. In contrast
to the patient groups, the intensity of CD96 expression on the CD16"¢ NK cell subpopulation
from healthy volunteers was significantly down-regulated by priming, whereas the CD16"&" and
CD16"" subpopulations significantly up-regulated their expression of CD96. The intensity of
CD96 expression on the CD16"&" and CD16"" NK cell subpopulations from patients did not

significantly change following priming.
5.3.2.5 Expression of CD107a and its correlation with other receptors

Due to time constraints, the influence of priming on CD107a expression was only determined
using NK cells obtained from patients. Although non-primed NK cells did not express CD107a,
expression, in terms of the intensity of expression and the proportion of NK cells expressing, was
upregulated on all 3 NK cell subpopulations following priming (Figure 5.20). Similar to the
expression of CD25, CD137 and CRTAM, a greater proportion of the CD16"t NK cell
subpopulation up-regulated CD107a following priming compared to both the CD16"°" and
CD16"e" NK cell subpopulations. The CD16"e" NK cell subpopulation exhibited the smallest
increase in the proportion of cells expressing CD107a (Figures 5.21). In terms of the proportion
of NK cells, there were no significant differences between the ability of the 3 patient groups to
up-regulate CD107a. Although the intensity of CD107a expression on all 3 NK cell subpopulations
increased as result of priming, the increase was not significant for any of the 3 patient groups in
regards to the CD16"¢ NK cell subpopulation. In contrast, the increase in CD107a intensity was
significant on the CD16"&" and CD16'" NK cell subpopulations, but only for the Gleason 6 and
Gleason 9 patients. The increase in CD107a intensity of the CD16"&" population for both Gleason

6 and Gleason 9 patients was significantly higher than the individuals with benign disease.

Next, using data from all 3 patient groups | wanted to test whether the up-regulation in the
proportion of NK cells expressing CD107a correlated with the proportion of NK cells expressing

other receptors such as 0X40, CD137, CRTAM, GITR, CD25, CD96, NKp46 and NKG2D that were
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Figure 5.21: The influence of NK cell priming on the expression of CD107a on the three NK cell subpopulations; CD56%™CD16"e", CD56%™CD16'"°* and CD56“™CD16"¢.

NK cells from healthy volunteers and patients with prostate cancer or benign disease were primed with mitomycin C treated CTV-1 ata 1: 1, NK: CTV-1 ratio for 17 hrs. Both
primed NK cells and non-primed control NK cells were stained with NK cell defining antibodies and the CD107a antibody. The expression of these receptors was measured by
flow cytometry. The expression of CD107a by the three NK cell subpopulations; CD56%™CD16"e", CD569™CD16'°% and CD569™CD16"%8, was analysed. The percentage of each NK
cell subpopulation expressing CD107a (top row of graphs) and the intensity of that expression (bottom for of graphs) was measured. Statistical analysis was done using parametric
ANOVA and associated comparison tests; Tukeys multiple comparisons test (solid black line), uncorrected Fishers least significant difference test (dotted black line). * P<0.05, **
P<0.005, ***P<0.0005, **** P<0.00005.
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Figure 5.22: Correlation between CD107a expression and the expression of receptors 0X40, CD137,
CRTAM, GITR, NKp46 and NKG2D on primed NK cells.

NK cells from patients with Gleason 6 prostate cancer, Gleason 9 prostate cancer and individuals with
benign disease were primed with mitomycin C treated CTV-1 ata 1: 1, NK : CTV-1 ratio for 17 hrs.
Primed NK cells were stained with NK cell defining antibodies, CD107a, OX40, CD137, CRTAM, GITR,
NKp46 and NKG2D antibodies. For each individual, the expression of CD107a on primed NK cells was
correlated with their expression of the receptors 0X40, CD137, CRTAM, GITR, NKp46 and NKG2D.

also modified as a result of priming (Figure 5.22). Surprisingly, only the proportion of NK cells
expressing CD96 correlated (negatively) with the proportion of NK cells up-regulating CD107a
(Figure 5.23). The negative correlation had a Spearman rank coefficient of -0.96 and was highly

significant P < 0.0001 (Figure 5.23A). Further analysis correlating the proportion of NK cells
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Figure 5.23: Correlation between CD107a expression and the expression of the receptor CD96 on
patient primed NK cells as a total population and broken down into the CD56%™CD16"e",
CD569™CD16'°* and CD56™CD16"*¢ subpopulations.

NK cells from patients with prostate cancer or individuals with benign disease were primed with
mitomycin C treated CTV-1ata 1:1, NK: CTV-1 ratio for 17 hrs. Primed NK cells were stained with
NK cell defining antibodies and the CD107a, CD96 antibodies. The expression of CD107a and CD96
was measured on the total NK cell population and on the individual NK cells subpopulations and then
correlated: A) On total NK cells a significant negative correlation, Spearman Rank -0.9624, P<0.0001,
B) On the CD569™CD16M#" a non-significant negative correlation, Spearman Rank -0.5667 P<0.1206,
C) On CD569™mCD16"" a significant negative correlation, Spearman Rank -0.8201, P=0.0086, D) On
CD56%mCD16" no correlation.

expressing CD96 and CD107a on the 3 NK cell subpopulations revealed only a significant negative
correlation on the CD16"" subpopulation (Spearman rank coefficient of -0.82, significance
P=0.0086). Although there was a degree of negative correlation in the CD16"¢" subpopulation,
it was not of statistical significance. Surprisingly, there was no correlation between CD96 and
CD107a expression in the CD16"# subpopulation which, on average, exhibited the greatest

proportion of NK cells up-regulating CD107a.
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5.4. Discussion

The aim of this part of the study was to use the NK cell priming method to provide insight into
the functional ability/potential of NK cells from patient groups and examine any differences in
that may correlate with the Gleason grade of the patients. The findings will also provide insight
into the capacity of NK cells from patients with prostate cancer to be primed, and hence the

suitability of these patients for therapeutic strategies that are based on NK cell priming.

Due to time constraints, the number of priming experiments which could be performed was
limited and additional studies need to be performed in order to increase confidence in the
findings and their interpretation. However, the spread of expression data for some of the NK
cell receptors measured e.g. CD137 and CRTAM, was narrow and statistically the results may be
accurate. For other receptors e.g. CD69, GITR, CD107a, the range of data is greater and therefore
these results are likely less statistically accurate. Due to the low numbers of subjects within each
group | was forced to use parametric statistical tests despite the data often being non-Gaussian
in nature. Normally, non-Gaussian data would require the use of non-parametric statistical tests,
but due to the low sample numbers these tests were simply not powerful enough to provide
accurate statistical analysis. For accurate statistical analysis using the non-parametric statistical

tests a minimum of 7 subjects per group is required.

In addition, sample availability restricted the analysis of patient samples to priming, and it was
not possible to undertake functional tests to measure the ability of the primed NK cells to kill
PC3 target cells. These studies could have provided additional important information regarding
the function of patient-derived NK cells. It is unknown how well phenotypic changes reflect the
ability of the NK cell to kill its target. Measurement of the NK cell phenotype following priming
was enough to suggest that the proportion of NK cells capable of becoming primed is reduced
in patients suspected of prostate cancer compared to healthy volunteers. This was highlighted
by a lower proportion of NK cells from patients, irrespective of the presence of cancer and its
Gleason grade, being able to up-regulate CD25, CD137, CRTAM and GITR following priming.
However, NK cells from some patients from each patient group could up-regulate these markers

to a degree that was comparable to the healthy volunteers.

Surprisingly, the decrease in the proportion of NK cells from patients expressing CD96 following
priming, negatively and significantly correlated with the increase in the proportion of NK cells
up-regulating CD107a. Since CD107a is an indirect marker of degranulation, these results
contradict those derived from the analysis of NK cells from healthy volunteers that are reported
in Chapter 4 which suggested that the loss of CD96 was associated with decreased lysis of PC3

cells. It is known from studies conducted by other groups which have analysed the structure of
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the CD96 receptor that in humans the receptor has the potential to be both co-stimulatory and
co-inhibitory (Meyer et al., 2009). Further studies are needed to define the role of CD96 in NK

cell priming and determine whether down-regulation means a loss of stimulation or inhibition.

Although the NK cell priming method was able to distinguish NK cell functional differences
between healthy volunteers and patients, there was little overall difference between the ability
of NK cells from patients with different Gleason grades of cancer to respond to priming.
Regardless of whether individuals had benign disease, low grade prostate cancer (Gleason 6) or
even high grade cancer (Gleason 9), the ability of the patient NK cells to become primed and to
up-regulate CD107a appeared to be comparable. It should be noted that the range age of the
healthy volunteers was 31 to 51 yrs, with a median age of 41 yrs, whereas the age range of the
patients was 54 to 81 yrs, with a median of 63.5 yrs. As a consequence, the healthy volunteers
were significantly younger than the patients, and the difference in the ability of the NK cells to
become primed between the two groups could simply be due to age. Studies have shown that
NK cell cytotoxicity decreases with age and consequently is a high risk factor for the appearance
of infections in old age. Preservation of NK cell cytotoxicity in middle age may be crucial to avoid
some age-related diseases (Mariani et al., 1990, Mocchegiani and Malavolta, 2004, Mocchegiani
et al., 2003, Ogata et al., 1997). A Japanese study further supports this conclusion (Imai et al.,
2000). In that study, the cytotoxic function of NK cells from 3625 residents was measured by
targeting NK cells against K562 and, over the course of an 11-year follow up, their NK cell
function was correlated with the incidence of cancer and death from all causes. They found that
medium and high cytotoxic function was associated with reduced cancer risk, whereas low
cytotoxic activity was associated with increased cancer risk (Imai et al., 2000). Therefore, in the
present study the reason why NK cells from patients appeared to be significantly less able to
become primed compared to NK cells from healthy volunteers could simply be due to age. This
would account for why there was no statistical difference between the priming ability of NK cells
from all 3 patient groups; benign, Gleason 6 and Gleason 9. Consequently, this calls into question
whether the phenotype and function of peripheral NK cells reflects that of intratumoural NK

cells.

Unfortunately, the ability of NK cells from healthy volunteers to up-regulate CD107a was not
measured, nor was the ability of NK cells from patients to lyse PC3 cells. A lack of correlation
between the expression of co-stimulatory receptors CD137, CRTAM, 0X40, GITR and the up-
regulation of CD107a on primed NK cells from patients suggest that these receptors do not serve
as triggering receptors. Therefore, it is still unknown how well the phenotype of primed NK cells
reflects their cytotoxic function. However, signalling through receptors such as 0X40, CD137 and

GITR may still yet effect NK cell functions by influencing or promoting the predominance of
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specific NK cell responses such as cytokine release, degranulation, proliferation or even down-
regulation of NK cell function in general. Therefore. further experiments should study what

impact these receptors have on NK cell function.

One important finding regarding the phenotype of NK cells following priming are the differences
in the phenotype of the 3 NK cell subpopulations within the CD569™CD16"&" NK, CD56“™CD16'°"
NK and CD569mCD16"¢ NK cell subpopulations. Generally, as seen for both healthy volunteers
and patients, the primed CD569™CD16"& NK cell subpopulation contained a higher proportion
of NK cells expressing CD137, CRTAM, 0OX40, CD107a and CD25 compared to both primed
CD56%™CD16°" NK and primed CD56%™CD16Me" NK cells. A greater intensity of expression for
the receptors CD137, CRTAM and CD107a on the primed CD569™CD16™8 NK cells was also
observed. There was an upregulation in the proportion of CD56“™CD16"" NK cells expressing
CD137, CRTAM, 0X40, CD107a and CD25 following priming, but this was always less than the
CD56%™CD16"e population, yet greater than the CD569™CD16"e" population which up-regulated
very little. These results suggest that the NK cells that remain CD56%™CD16"¢" following priming
may have a different function within the total NK cell population than the CD564™CD16"" and
CD569MCD16" populations. The extent to which the NK cells from an individual down-regulates
CD16 appears to be vary from person to person for both healthy and cancer patients, including
those in the same Gleason group. Therefore, the extent CD16 down-regulation and the resulting
ratio of CD569™CD16"e", CD569™CD16"°" and CD569™CD16"e NK cell subpopulations may have
important consequences on the overall function of that individual’s NK cell population and their
ability to fight different types of diseases. Whether there is a functional or even multifunctional
difference between CD569MCD16°% and CD569™CD16"8 subpopulations requires further
investigation. The greater extent of up-regulation of CD107a seen in the CD56%™CD16"¢
subpopulations suggests that they will be the more cytotoxic subpopulation. However, the
CD569MCD16"°Y subpopulation were greater in proportion and in number than the
CD569MCD16™¢ subpopulation. Therefore, whether it is more beneficial to have more
CD569MCD16"Y NK cells or CD569™CD16™¢ NK cells following NK cell activation remains an

unanswered question that requires further investigation.

Despite the small number of healthy volunteers, patients with benign disease and patients with
cancer tested using the NK priming method, it has been shown that the NK cells from all these
individuals can be primed. They therefore had the potential to kill PC3 cells and this means NK
priming has the potential to be a immunotherapy for prostate cancer patients. Interestingly,
although the NK cells from all three groups can be primed, the degree of the phenotypic changes
in response to this priming varies within a group. Therefore, even though patients can be

grouped according to the Gleason grade of the cancer the responsiveness of these patient’s
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immune systems (in this case NK cell immune response) may differ and therefore their ability to
respond to different immunotherapeutic treatments may differ. It is therefore entirely possible
that in the future, in order to determine the patient’s prognosis and treatment plan both the
grade of cancer and the ability of the patient’s immune response to stimulus may need to be

taken into account.

It is unlikely that we have sampled the full range in the variation of phenotypic changes in
response to NK cell priming and more people need to be tested using this method. Overall, we
saw some differences in the phenotype of primed NK cells between healthy volunteers and
patients, particularly regarding the expression of receptors NKp46, CD25, CD96, CD137, CRTAM
and GITR. Unfortunately, there was not time to measure the cytotoxic function of the primed
patient NK cells. As a consequence, we do not know if the phenotypic differences between
healthy volunteers and patients or even the phenotypic similarities between patients translate
into similarities or differences in cytotoxic function. Future work needs to focus on completing
these experiments. Only then can conclusions be made regarding how well the NK cell priming
method measures NK cell cytotoxic function and whether this measurement can be used to
improve patient diagnosis, improve determination of a patients prognosis and better inform

what treatment plan to out the patient on.
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Chapter 6 - DISCUSSION

6. Discussion

According to the Prostate Cancer UK website, over 44,000 men in the UK are diagnosed with
prostate cancer every year. Currently, over 330,000 men are either living with and/or have had
prostate cancer, and over 10,500 men die from the disease each year. Prostate cancer mainly
effects men over the age of 50 yrs, with the average age of diagnosis being between 65 and 69
yrs. It is estimated that 1 in 8 men will develop prostate cancer at some point in their life time.
The figure is 1 in 4 men if they are of African heritage, with twice as many men is this group

dying of the disease each year compared to their Caucasian counterparts.

The aim of this PhD programme was to characterise the phenotype and function of NK cells in
the periphery in patients suspected of having prostate cancer in order to detect phenotypic
profiles that may potentially improve patient diagnosis and / or prognosis. This aim was based
on the concept that immunological dialogue between cancer and the immune system is
reflected by changes in immunological profiles in the periphery. The study was undertaken in
parallel with other studies that examined the influence of prostate cancer on the prevalence
and phenotype of T cells and T cell subsets in the periphery. Although beyond the scope of the
current study, additional studies will integrate these datasets and use computational
intelligence and other bioinformatics-based approaches to more deeply interrogate and
interpret the influence of prostate cancer on phenotypic profiles in the periphery. The overall
goal of these studies is to improve the accuracy of prostate cancer diagnosis in men, and thereby
provide clinicians with information which will assist the management and treatment of these
patients. This is particularly important in the context of prostate cancer for which it is essential
to distinguish indolent from aggressive forms of the disease. Inappropriate treatment can have

dramatic effects on the quality of life.

Until recently, with the development of the transperineal (TP) biopsy, there had been limited
improvements in the detection and diagnosis of prostate cancer since the 1980s. Although the
TRUS biopsy was developed by Watanabe et al in 1971 (Watanabe et al., 1971), it was not until
the mid-1980s, when high resolution scanners were developed, that the technique was
generally used in the clinic (Lee et al., 1989). The technique improved the accuracy of prostate
cancer diagnosis and aided earlier detection of prostate cancer. The prostate specific antigen
(PSA) ELISA test was developed by Kuriyama et al in 1980 and was implemented as a biomarker
test for prostate cancer in 1986. The introduction of the PSA test increased the earlier detection

of prostate cancer (Nafie et al., 2014a). However, studies have shown that the PSA test is not a
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specific test for prostate cancer, as patients with benign disease can have elevated PSA levels
and the fact that PSA levels in patients with early and advanced cancer overlap means that the
PSA test cannot be used to predict the stage of prostate cancer (Hudson et al., 1989, Stamey et
al., 1987). The PSA levels measured in the prostate cancer patient cohort analysed in this PhD
study also reflect the challenges in using PSA levels as a diagnostic test. When grouping the TP
and TRUS patients on the basis of Gleason grade, it was clearly seen that levels varied greatly
and that the range of PSA levels within the individuals with benign disease and patients with
prostate cancer overlapped. It is also important to note that a ‘normal’ PSA test cannot exclude
the possibility of cancer. As a consequence, the PSA test can deliver false positive and false
negative results, and a definitive diagnosis therefore requires additional, typically invasive,
procedures. Notwithstanding these problems, the introduction of the PSA test into the clinic and
its use in combination with the DRE test improved the accuracy of prostate cancer detection
(Catalona et al.,, 1991). Using historical data, the introduction of the PSA test has been
associated with an increase in the incidence of prostate cancer detection and the number of
organ-confined cancers diagnosed, and a decrease in patient mortality (Hankey et al., 1999, Lee

et al., 1989).

Despite the improvements in prostate cancer diagnosis which have been enabled by the
introduction of the PSA test, the application of the TRUS biopsy and the DRE test, patients
continue to be misdiagnosed. As stated above, the PSA test is not specific and, at best, tells a
clinician that something is wrong with the prostate, but does not necessarily reflect the presence
of cancer. Studies focusing on the accuracy of the TRUS biopsy have shown that the detection
rate of prostate cancer at initial TRUS biopsy is low, and ranges between 26 and 33 % (Aganovic
et al., 2011, Naughton et al., 2000, Welch et al., 2007, Yuasa et al., 2008). Upon repeat biopsy
following an initial negative TRUS biopsy, the detection rate of cancer has been reported to
range between 18 and 35.7 % (Aganovic et al., 2011, Yuasa et al., 2008). Of the 18 % of patients
with cancer positive biopsies that were detected in the latter study, 73 % were organ confined
with an average Gleason grade of 6 upon repeat biopsy, compared to 44 % of the cancers being
organ confined upon initial biopsy (Yuasa T 2008). These results suggest that the TRUS biopsy
tends to pick up the more obvious, perhaps larger prostate cancers, yet struggles to detect some
early stage cancers that are still organ confined. Studies using saturation biopsy techniques on
both initial and repeat biopsy in order to improve prostate cancer detection and reduce the
need for repeat biopsies did not greatly increase the rate of detection. Using the saturation
biopsy technique, the detection rate on initial biopsy was 43 % and between 24 and 34 % upon
repeat biopsy (Lane et al., 2008, Stewart et al., 2001). Early studies showed that the majority of

prostate cancer (74 %) can be found in the peripheral zone of the prostate and therefore can be
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biopsied using the TRUS biopsy (Chen et al., 2000). However, it has been reported that there is
a subgroup of patients who develop tumours in the anterior region of the prostate and that,
despite having abnormal PSA levels, appear negative for prostate cancer by TRUS biopsy (Tiguert
et al., 1998). The possibility of patients having rising PSA levels despite having a set of two
negative TRUS biopsies has been described as a major concern for clinicians (Nafie et al., 2014b).
It was recommended that patients with abnormal PSA values and a negative TRUS biopsy

undergo biopsies in the anterior region (Tiguert et al., 1998).

More recently, a biopsy technique known as the Transperineal template prostate biopsy (TP
biopsy) has been developed. The technique was established by adapting the template grid used
to assist transrectal ultrasound guided brachytherapy (Demura et al., 2005). Currently, there is
no standard method for performing the TP biopsy and consequently there is variation in the
technique and equipment used between studies. In a study analysing the distribution of
carcinoma cores within the prostate using the TP biopsy, it was concluded that the majority of
positive carcinoma cores in DRE positive patients was found in the posterior region (77 %)
compared to the anterior region. In patients that were DRE negative, the carcinoma positive
cores were equally distributed throughout the entire prostate (Demura et al., 2005). Studies
have shown that in patients having elevated PSA levels who had a set of negative TRUS biopsies,
between 26 % and 68 % of the men had prostate cancer (Dimmen et al., 2012, Mabjeesh et al.,
2012, Nafie et al., 2014b, Pal et al., 2012). In two of the studies, it was shown that between 44
% and 83 % of the patients with prostate cancer, had cancer in the anterior zone (Mabjeesh et
al., 2012, Pal et al., 2012). In one study analysing a cohort of 122 men, 58 % of men who had
previously had two negative TRUS biopsies were found to have prostate cancer with 49 % of the
cancer positive cores being found in the anterior zone, 31 % found in the middle zone and 20 %
found in the posterior zone (Nafie et al., 2014b). The results from these studies show that a
significant proportion of patients with rising PSA levels, despite being negative by TRUS biopsy,
often have prostate cancer in the regions of the prostate that the TRUS biopsy cannot sample.
The TP biopsy offers improved detection of prostate cancer in all regions of the prostate,
including in the peripheral zone where 20 % of positive cores were found despite these patients
undergoing two TRUS biopsies (Nafie et al., 2014b). This was further emphasised by a study
comparing the prostate cancer detection level of the TRUS biopsy to the TP biopsy in a cohort
of men who were biopsy naive, benign by DRE with a PSA <20 ng/ml (Nafie et al., 2014a). Out of
50 participants, 60 % were positive for prostate cancer, as detected by the TP biopsy, with a
median Gleason score of > 7 (indicating clinically significant disease). The fact that the TRUS
biopsy only identified 32 % of the participants as being positive for prostate cancer highlights

that the TRUS biopsy is likely to miss 28 % of prostate cancer cases in patients with elevated PSA
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and a benign feeling DRE. The authors concluded the TP biopsy appeared not to increase the risk
of prostate cancer over-diagnosis and advised that patients with elevated PSA levels and a
benign feeling DRE should undergo TP biopsy. Patients with an abnormal DRE should still be
considered for TRUS biopsy as it is unlikely that this biopsy technique will miss-diagnose the

prostate cancer in this group of men.

Despite the improved detection rate of the TP biopsy, there are advantages and disadvantages
to the technique. As reviewed by Chang et al (Chang et al., 2013) the TP biopsy is more expensive
to perform as it often requires operating theatre time and an intravenous or general
anaesthetic. The equipment used for the technique is generally less readily available, and
requires better probes, disposable grids and with some methods an MRI. However, the
advantage of the TP biopsy is not just the improved detection rate of prostate cancer, but also
fewer complications, despite the increased number of biopsy cores. Due to the nonsterile
transfaecal method of the TRUS biopsy, patients are at risk of developing life threatening sepsis
and urinary tract infections (UTIs). Although the routine prescription of perioperative antibiotics
significantly lowers the risk of infection, it consequently increases the incidence of microbial
antibiotic resistance. The TP biopsy can be performed aseptically and has the potential to reduce
the incidence of sepsis. Providing the patient’s urine is sterile, antibiotics are not required. No
significant difference in the development of erectile dysfunction, urinary retention or the
presence of blood in the urine or semen between the two biopsy techniques has been observed
(Chang et al., 2013, Pal et al.,, 2012). The downside to using both the TRUS and TP biopsy

techniques to diagnose prostate cancer is that both techniques are invasive.

The John van Geest Cancer Research Centre is dedicated to the identification of biomarkers that
may improve cancer diagnosis and / or represent targets for immunotherapy that can be used
to treat cancer patients. This PhD is part of a larger investigation into measuring the phenotype
of peripheral immune cells in patients with and without cancer in order to identify biomarkers
that may help improve diagnosis and provide clinicians with accurate information regarding
patient prognosis and potentially help identify the best treatment plan for these patients. A
review of studies analysing the immune infiltrate entering the prostate in prostate cancer
patients found a surprising lack of information regarding the precise phenotypic profiles of
leukocytes infiltrating prostate tumours. Such information would aid the identification of ideal
immune populations to target forimmunotherapy and provide biomarkers to assess therapeutic
efficacy (Strasner and Karin, 2015). The aim of this PhD was to measure the phenotype and
function of patient peripheral NK cells and observe whether this measurement could improve

prostate cancer diagnosis and / or patient prognosis, and thereby provide more accurate
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information to clinicians and assist them in their decision-making process regarding the best

treatment plan for the patient.

The idea for measuring the phenotype and function of peripheral prostate cancer patient NK
cells as a tool for patient diagnosis and prognosis is based on a link between the presence of
inflammation, the development of cancer and their effects on the immune system of the patient.
It is now thought that there are two pathways whereby the presence of inflammation promotes
the development of cancer: an intrinsic pathway and an extrinsic pathway. Prostate cancer is
thought to be an the extrinsic pathway, in that inflammatory conditions increase the risk of

cancer development (Mantovani et al., 2008).

The ability of cancer to avoid immune destruction has been described as an emerging hallmark
of cancer (Hanahan and Weinberg, 2011). The concept that cells of both the innate and adaptive
immune system (e.g. T cells and NK cells) continually survey the host tissues for the presence of
transformed cells has been termed ‘cancer immunosurveillance’, and this concept is now widely
accepted (Dunn et al.,, 2004a). Dunn et al proposed the ‘cancer immunoediting’ process,
whereby the host protective cancer immunosurveillance activities of the immune system
actually shapes the development of tumours (Dunn et al., 2002, Dunn et al., 2004a, Dunn et al.,
2004b). Cancer immunoediting can be divided into three phases: elimination, equilibrium and
escape. During the equilibrium phase, the immune system is initially able to constrain the
growth of heterogeneous tumours that are composed of cells that are genetically unstable and
rapidly mutating. Although the immune system destroys the original tumours, new variants with
more mutations emerge. The immune response destroys the more immunogenic phenotypes,
but remains unable to destroy the less immunogenic phenotypes. The outcome of this process
re-shapes the development of the tumour enabling it to survive in its local environment. The
tumour cells that survive the equilibrium phase enter the escape phase, during which they are

able to grow without restraint from the immune system (Dunn et al., 2004a).

The inflammatory tumour microenvironment plays an important role within both the
equilibrium and escape phases by promoting a pro-tumour environment using various
mechanisms which are the subject of intense study. There have been many reviews in this area,
and so herein | will be provide a brief overview of tumour microenvironment, how it promotes
tumourogenesis and how it affects the phenotype and function of NK cells, which in turn may

be measured by sampling peripheral blood.

Studies have shown that the inflammatory milieu within the tumour microenvironment can
destabilise the genome of cells undergoing transformation. This can occur either directly by

inducing DNA damage or indirectly by influencing DNA repair mechanisms or dysregulating cell
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cycle checkpoints (reviewed by (Colotta et al., 2009, Vitale et al., 2014)). Inflammatory mediators
are induced following abnormal activation of transcription factors e.g. NF-kB, STAT3 and HIF-1aq,
in both tumour and inflammatory cells (reviewed by (Harris, 2002, Karin, 2006, Vitale et al.,
2014, Yu et al., 2007)). Tumour derived factors such as fibroblast growth factor (FGF), TGF-B,
and platelet-derived growth factor (PDGF) induce tumour associated fibroblasts (TAFs) to
produce factors that are involved in tumour cell transformation — these include TGF-B, insulin
growth factor (IGF), and hepatocyte growth factor (HGF). TAFs also secrete extracellular matrix
remodelling enzymes that promote tumour evasion — these include matrix metalloproteinases
(MMPs) and vascular endothelial growth factor (VEGF), and also chemokines which promote
inflammation — these include CCL2, CXCL12, CXCL8 (reviewed by (Servais and Erez, 2013, Vitale
et al., 2014)). Studies in melanoma have shown that TAFs can reduce NK cell function by down-
regulating their expression of NKp44 and NKp30 via the release of PGE2, and down-regulating

the expression of DNAM-1 via cell-to-cell contact (Balsamo et al., 2009).

Cell transformation can also be influenced by immune cells from the innate immune system that
are recruited and / or activated by the tumour microenvironment. Tumour associated
macrophages (TAMs) are particularly abundant at tumour sites. TAMs play a role in the
cytotoxicity against tumours, but also appear to undergo polarisation to an immunoregulating,
tumour favourable M2-like phenotype during tumour progression (Biswas and Mantovani,
2010). In prostate cancer, studies have associated higher numbers of CD68* TAMs with higher
stage of cancer, higher Gleason scores (> Gleason 8) and disease progression (Gannon et al.,
2009, Lanciotti et al., 2014, Nonomura et al., 2011). Like TAFs, TAMs are also capable of reducing
NK cell function. However, the mechanisms involved in this inhibitory capacity remain unknown
(Biswas and Mantovani, 2010, Vitale et al., 2014). Myeloid derived suppressor cells (MDSCs) and
regulatory T (Treg) cells can also be found in the tumour microenvironment and these cells are
known to secrete suppressive cytokines such as TGF-B and IL-10 (Gabrilovich et al., 2012, Vitale
et al., 2014). The secretion of TGF-B by MDSCs and Treg cells have been reported to down-
regulate NK cell expression of NKp30 and NKG2D respectively (Ghiringhelli et al., 2005, Hoechst
et al., 2009). Although increased numbers of Treg cells and MDSCs have been identified in the
prostate of patients with prostate cancer, as compared to individuals with benign disease and
healthy volunteers, no correlation with the Gleason score was observed (Ebelt et al., 2009, Idorn
et al., 2014, Strasner and Karin, 2015). Therefore, overall there are a number of cells types within
the microenvironment of cancers that are capable of suppressing the function of NK cells by
down-regulating their expression of activating receptors. Although the number of TAMs, Tregs

and MDSCs have been found to be increased in patients with prostate cancer compared to
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individuals with benign disease and healthy donors, no studies have yet measured the effect of

these cells on the phenotype and function of NK cells in patients with prostate cancer.

Intheory, the suppressive effects of TAMs, TAFs, Tregs and MDSC on the phenotype and function
of intratumoural NK cells could be reflected in the phenotype and function of NK cell populations
in the peripheral blood following recirculation of the intratumoural cells. This concept forms the
basis of this PhD, the aim of which was to measure the phenotype and function of peripheral
blood NK cells in patients with prostate cancer and observe whether they can provide a ‘window’

on the disease and inform the diagnosis and prognosis of the disease.

A study comparing the phenotype and function of peripheral and intratumoural NK cells in
patients with breast cancer found significant decreases in the intensity of expression of the
activating receptors NKp30, NKG2D, DNAM-1 and 2B4 on peripheral blood NK cells from patients
with invasive breast cancer compared to healthy controls and patients with non-invasive breast
cancer. The down-regulation of activating receptor expression was associated with significant
down-regulation in the capacity of NK cells to degranulate, their ability to kill K562 cells and also
their capacity to synthesise IFN-y and TNF-a. Furthermore, a comparison of the phenotype and
function of peripheral blood NK cells with intratumoral NK cells from the same patients with
invasive breast cancer revealed that features of intratumoural NK cells were reflected by NK
cells in the periphery, albeit to a less pronounced level. It therefore appears that alterations
detected in the peripheral blood may derive from recirculating intratumoural NK cells and / or
be induced by soluble factors that are secreted by the tumour (Mamessier et al., 2011b). These
results suggest that it is possible to gauge the level of immunosuppression exerted by the
presence of cancer on the immune system by measuring the phenotype of immune populations
in the periphery. This potentially means that measurement of peripheral immune populations
could help diagnosis and / or provide information on patient prognosis and perhaps inform
which treatment plan is best for the patient. However, in another study Platonova et al showed
that the phenotype of peripheral blood NK cells from patients with lung carcinoma did not
reflect the phenotype of intratumoural NK cells. The down-regulation of NKp30, NKp80, NKG2D
and DNAM-1 expression was only observed on intratumoural NK cells and was significantly
different compared to the peripheral blood NK cells (Platonova et al., 2011). Similar results have
been observed in a study of patients with ovarian cancer, in which tumour associated NK cells
displayed a significantly different phenotype to that of peripheral NK cells which, in turn, were
not significantly different to the phenotype of peripheral NK cells from healthy donors (Carlsten
et al., 2009). The studies by Platonova et al and Carlsten et al highlight that peripheral blood NK
cells may only reflect the phenotype of intratumoural NK cells in some forms of cancer.

Furthermore, in some cancers the phenotype of patient peripheral NK cells may not be
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significantly different to that of healthy people and therefore cannot be used to inform diagnosis

or patient prognosis.

A limitation of this PhD study was that it was not possible to measure the phenotype of
intratumoural NK cells, either by flow cytometry of isolated cells or by immunohistochemical
staining for infiltrating NK cell populations. The needle biopsies that were routinely obtained
from patients as part of the diagnostic process are not of sufficient size to enable the isolation
of sufficient numbers of NK cells for flow cytometric analysis, or be wused for
immunohistochemical staining of the immune populations to identify the extent and phenotype
of the immune infiltrate entering the prostate. The availability of sufficient clinical material to
undertake these studies would require the patient to undergo a radical prostatectomy, a
treatment option which was not necessary for the majority of the patients that were included

in the study.

However, this study was able to compare the phenotypes of peripheral blood NK cells in patients
with different grades of prostate cancer with those in individuals having elevated PSA levels, but
benign disease. The study has revealed that the proportion of NK cells expressing NKp30 and
NKp46 in patients with low grade prostate cancer (i.e. the Gleason 6 and Gleason 7 patient
groups) was higher than that in individuals with benign disease, and that this was then decreased
in patients with advanced disease (i.e. the Gleason 8+9 patient group). The increase and
decrease in expression of NKp30 and NKp46 suggests that these receptors could be involved in
the recognition of prostate cancer. In a very recent study measuring NK cell phenotype in
patients with metastatic prostate cancer, Pasero et al found that patients whose NK cells
expressed a higher intensity of NKp30 and NKp46 on their NK cells exhibited an increased overall
survival compared to patients with NK cells exhibiting low MFI expression of the two receptors.
Furthermore, functional studies involving blocking antibodies revealed that the NK cell receptors
NKp46, DNAM-1, NKG2D and, to a lesser extent, NKp30 regulated the recognition of prostate
cancer cell lines by healthy NK cells (Pasero et al., 2015). Although in this PhD study a significant
change in the MFI expression of NKp30 and NKp46 was not observed in our patient cohort, the
connection between the proportion of NK cells expressing NKp30 and NKp46 with the grade of
cancer supports the conclusions from Pasero et al’s study that NKp30 and NKp46 are involved
in prostate cancer recognition. In contrast to the study of Pasero et al, changes in the expression
of NKG2D and DNAM-1 on peripheral blood NK cells in patients with prostate cancer were not
observed. As | was unable to analyse the intratumoural NK cell phenotype in my patient cohort,
it was not possible to determine whether the expression of NKG2D and DNAM-1 are altered on
intratumoural NK cells, but not reflected by the phenotype of NK cells in the peripheral blood,

as has been reported by Platonova et al in lung cancer (Platonova et al., 2011). Pasero et al
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concluded that the measurement of peripheral blood NK cell phenotypes has prognostic value
and suggested that NK cell markers could be screened on blood samples for routine diagnosis,
given that peripheral blood NK cells may reflect intratumoural NK phenotypes (Pasero et al.,

2015).

The results from this PhD study suggest that, despite significant changes in the expression of
some of the NK receptors i.e. NKp30, NKp46 and 2B4, the differences were not sufficient to
distinguish patients with prostate cancer from those with benign disease. The conclusion from
my studies is that it is not possible to use the measurement of the peripheral blood NK cell
phenotype as a diagnostic tool in the context of prostate cancer. However, in agreement with
Pasero et al, the evidence supports that in light of the decrease in the median percentage of NK
cells expressing NKp30 and NKp46 between Gleason 7 and Gleason 8+9 patient groups,
continuous measurement of these two NK cell markers has the potential to indicate cancer
progression. Furthermore, we also observed that the intensity of 2B4 expression was also
significantly lower in Gleason 8+9 patients, as compared to those with Gleason 7 disease, as a
consequence of which the measurement of this receptor could also potentially be used to assess
prostate cancer progression. However, further studies will be needed in order to assess whether
the progression of prostate cancer is associated with down-regulation in the expression of
NKp30, NKp46 and 2B4 on peripheral blood NK cells. Due to the slow growing nature of prostate
cancer and the absence of taking repeated blood samples, | was unable to confirm the
association of cancer progression with the down-regulation of NKp30, NKp46 and 2B4

expression.

The analysis of NKp30 expression on peripheral blood NK cells revealed that there was a large
range in the percentage of NK cells expressing NKp30 in individuals with benign disease. It
appeared that, on the basis of NKp30 expression, individuals in this cohort could be segregated
into two groups: one group with a high percentage of NK cells expressing NKp30 (similar to that
of Gleason 6 patients) and a second group with a more variable range in percentage of NK cells
expressing NKp30. The greater variation in the second group could be attributed to natural
differences in NKp30 expression which are dictated by genetics, as described by Markel et al
(Markel et al., 2009). Markel and colleagues showed that the expression of NK cell activating
receptors such as NKp30 naturally varies between healthy individuals, both in terms of the
percentage of NK cells expressing the receptor and the intensity of that expression (Markel et
al., 2009). The cohort of individuals with benign disease in our study was further subdivided
according to the presence of tissue abnormalities such as high grade prostatic intraepithelial
neoplasia (HGPIN) and atypical small acrinar proliferation (ASAP). HGPIN essentially describes a

state in which the epithelial cells lining the acini and ducts become abnormal, but crucially
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remain intact. This is in contrast to prostate cancer in which the epithelial lining is ruptured and
malignant cells penetrate the tissue of the prostate gland itself. ASAP is proliferation of usually
small acini with features highly suggestive but not diagnostic for carcinoma
(www.harvardprostateknowledge.org). It is currently unclear whether the presence of HGPIN
and or ASAP leads to the development of prostate cancer (El-Hakim and Moussa, 2010, Vral et

al., 2012).

In a study looking at the presence of prostate cancer upon repeat biopsy following an initial
diagnosis of HGPIN or ASAP, only 21.9 % of patients who were initially diagnosed with HGPIN
were diagnosed with cancer upon repeat biopsy. This detection rate was further reduced to 15
% when further broken down into each biopsy session. In contrast, 51.9 % of patients initially
diagnosed with ASAP were diagnosed with prostate cancer upon repeat biopsy (Amin et al.,
2007). As a consequence, it has been recommended that patients with HGPIN only be re-
biopsied on an individual basis indicated by PSA density, the number of initial biopsy cores taken
and DRE results. For patients initially diagnosed with ASAP, it is recommended that the patients
be re-biopsied (Amin et al., 2007, El-Hakim and Moussa, 2010). In this PhD study, the allocation
of individuals with benign disease to benign, HGPIN, ASAP and HGPIN + ASAP subgroups
revealed a trend towards evidence that individuals with ASAP exhibited a higher percentage of
NK cells expressing NKp30 (similar to the Gleason 6 patients) compared to individuals with
HGPIN and benign disease that showed no evidence of ASAP. Although the result was not
significant, it is plausible that, with larger group sizes that it may become significant. This

concept warrants further investigation.

The biology of NK cells require the analysis of multiple parameters simultaneously. Using a
CyTof™ mass cytometer, Horowitz et al found up to 30,000 phenotypic NK cell populations in a
given individual, and concluded that the expression of inhibitory receptors was strongly
influenced by genetics whereas the expression of activating and co-receptors was influenced by
environmental factors (Horowitz et al., 2013). The results from the phenotype analysis of NK
cells in patients suspected of prostate cancer in this PhD study reflect the findings of Horowitz
et al. The expression of inhibitory receptors appeared unaltered by the presence of prostate
cancer, whereas expression of the activating receptors NKp30, NKp46 and 2B4 appeared altered
in association with the presence and grade of prostate cancer. Although changes in the
expression of NKp30, NKp46 and 2B4 appeared to be associated with an increase in the Gleason
grade, the mechanism is unclear and warrant further investigation. It is also unclear whether the
increase in the percentage of NK cells expressing NKp30 and NKp46 in patients with Gleason 6
and Gleason disease, as compared to individuals with benign disease, is a result of up-regulation

of NKp30 and NKp46 by these NK cells or the expansion of specific NK cell phenotypic subgroups.
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The fact that the intensity of NKp30 and NKp46 expression was not significantly altered is
suggestive of alterations in the proportion of particular NK cell phenotypic subgroups rather
than an up-regulation of NKp30 and NKp46 expression on the NK cell surface. It is also not clear
whether the lower percentage of NK cells expressing NKp30 and NKp46 in patients with Gleason
849 disease as compared to patients with Gleason 7 disease was the result of increased

immunosuppression by the prostate cancer in the Gleason 8+9 patients.

The presence of immunosuppressive cytokines and factors in the plasma / serum of the patients
were not measured, nor was it possible to examine prostate tissue biopsies by
immunohistochemistry. As far as | am aware, there are no reports measuring the presence of
immunosuppressive cytokines and factors in the prostate of prostate cancer patients. It is
therefore unclear to what degree prostate cancer secretes immunosuppressive cytokines and
factors, or to what extent these factors might influence the phenotype of immune cells within
the prostate and the periphery. Clinical data for both TRUS and TP patients revealed that
individuals diagnosed with Gleason 6 and Gleason 7 disease were generally benign, T1 or T2
stage cancers, thereby indicating organ-confined cancer. Patients diagnosed with Gleason 9
disease were more likely to have stage 4 cancers, meaning the cancer had broken through the

prostate capsule and was starting to spread to nearby organs (www.prostatecanceruk.org). It is

therefore unknown whether the decrease in the percentage of NK cells expressing NKp30 and
NKp46 in patients with Gleason 8+9 disease compared to the those in patients with Gleason 7
disease was the result of an increased dispersal of immunosuppressive cytokines and factors
outside of the prostate due to the spread of cancer beyond the prostate. Alternatively, it is
plausible that the decrease in the expression of NKp30 and NKp46 was an age-related
phenomenon. The Gleason 8+9 patient group was shown to be significantly older than all of the
other patient groups, and other studies have shown that the percentage of NK cells expressing

NKp30 and NKp46 decreases with age (Almeida-Oliveira et al., 2011, Hazeldine et al., 2012).

A third possibility to explain the lower expression of NKp30 and NKp46 could relate to the
recently proposed ‘discontinuity theory’ which states ‘that effector immune responses are
induced by an antigenic discontinuity; that is, by the appearance of molecular motifs that are
qualitatively or quantitatively different from those with which the immune system has regularly
interacted with so far’ (Pradeu et al., 2013). The authors go on to state that the duration of
antigenic exposure is crucial, as cells that have been chronically exposed to stimulation become
desensitised over time due to the activation of either intrinsic or extrinsic regulatory pathways.
In the case of NK cells, it is thought that they detect and respond to sudden modifications in
their environment, but that they adapt to the modifications and cease to respond when these

modifications are prolonged (Pradeu et al., 2013). In the case of this PhD study, the NK cells in

Page | 203


http://www.prostatecanceruk.org/

the Gleason 8+9 patients could simply have been exposed to a greater volume of cancer and /
or for longer considering that prostate cancer tends to be asymptomatic until metastatic spread
to areas of the body like the bones. This long-term exposure may decrease the expression of
NKp30 and NKp46 on the NK cells (the decrease in the MFI expression of NKp46 on Gleason 8+9
patient NK cells compared to the other patient groups did not quite reach significance) or reduce
the proliferation of specific NK cell phenotypic subsets expressing NKp30 and NKp46. As a
consequence, NK cells in the Gleason 8+9 patients may simply be adapting to the presence of

prostate cancer and consequently reducing their effector functions against the cancer.

As discussed above, measuring the changes in the phenotype of the patient NK cells did not
distinguish patients with prostate cancer from those with benign tissue. Nor could it distinguish
patients with different grades of prostate cancer. This was because the heterogeneity of data
within the patient groups for the expression of any given receptor overlapped. Only the median
expression of some of the receptors i.e. NKp46, NKp30 and 2B4 increased or decreased in
association with the presence of increasingly advanced cancer. It was therefore decided to
measure the function of the NK cells to see if NK cell function could better distinguish patients

with prostate cancer from those with benign disease or ‘no disease’.

This approach required the development of a suitable assay to measure NK cell function in
patients with prostate cancer. Typically, the standard approach is to determine the function of
patient NK cells by measuring their cytotoxic activity against target cells, typically K562 cells
(Carlsten et al., 2009, Mamessier et al., 2011b, Platonova et al., 2011). The cytotoxic function
can be measured using either a >'chromium release assay (Brunner et al., 1968), a flow
cytometry-based cytotoxic assay (Hopkinson et al., 2007) or on the basis of a CD107a
degranulation assay (Alter et al., 2004). The K562 leukaemic cell line is deficient in the expression
of MHC class | (Nishimura et al., 1994) and is therefore inherently sensitive to NK cell killing, but
insensitive to killing by CD8* T cells. K562 cells are therefore a suitable target for measuring the
cytotoxic function of purified NK cells and NK cells in PBMC preparations. However, the
relevance of K562 cells as targets for measuring the cytotoxic function of NK cells isolated from
prostate cancer patients is questionable given that prostate cancer cells can express MHC class
I. Indeed, prostate cancer cell lines such as DU145, PC3 and LNCaps are known to be NK cell-
resistant and all three cell lines express MHC class | molecules (Seliger et al., 2010). It is likely
that prostate cancers are MHC class | positive and so will demonstrate an inherent resistance to
the cytotoxic effects of NK cells. Since MHC class | molecules induce inhibitory signals upon
contact with NK inhibitory receptors, it is likely that the ability of patient NK cells to kill the MHC
class | deficient K562 cells does not reflect the ability of patient NK cells to kill an MHC class |

positive prostate cancer target. Interestingly, it has been shown that healthy individuals kill K562
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cells with varying degrees (Almeida-Oliveira et al., 2011). Even with the limited experiments
which used previously frozen isolated NK cells as effector cells against K562 in this PhD study,
the percentage of K562 cells lysed ranged between 44 % and 84 %. Thus, when measuring the
cytotoxic killing ability of NK cells from patients against K562 it is unclear whether the potentially
poor cytotoxic killing ability is due to immunosuppression by the cancer or whether the patient’s

NK cells are inherently poor at killing K562.

NK cells can be induced to kill NK cell-resistant cell lines by stimulation with cytokines such as IL-
2 and IL-15 (Carlsten et al., 2009, El-Sherbiny et al., 2007, Mamessier et al., 2011a). The
stimulation of CD569™CD16* NK cells to kill NK cell-resistant cell lines has been shown to require
around 100 U/ml IL-2 and incubation periods between 18 hrs and 7 days (EI-Sherbiny et al., 2007,
Mamessier et al., 2011a, Nagler et al., 1989). Stimulation of NK cells with IL-2 (500 U/ml) has
been reported to significantly increase the expression of NK receptors such as NKG2D, NKp30
and NKp44 within 24 hrs (Markel et al., 2009). It is therefore likely that, in these studies, the NK
cells are being stimulated with IL-2 beyond physiological levels and consequently altering their
phenotype and the ratio of the CD56%™ and CD56&" NK cell subsets (Nagler et al., 1989). This
will result in an NK cell population that no longer represents the original phenotype which was
present in patients. As a consequence, the ability of IL-2 stimulated NK cells to kill relevant NK

cell-resistant cell lines is no longer a reflection of NK cell function in patients.

Overall, it was not felt that using K562 cells as target cells, or IL-2 stimulated NK cells as effector
cells would accurately reflect the NK cell function of the prostate cancer patients. As a
consequence, | based my NK cell functional assays on the methods published by Mark Lowdell’s
group from University College London. They discovered that co-incubating NK cells with the
CD15 positive CTV-1 cell line generated ‘primed’ NK cells that were then subsequently able to
kill NK cell-resistant cell lines such as DU145 prostate cancer cells and Raji cells (North et al.,
2007, Sabry et al., 2011). NK cell priming required cell-to-cell contact with the MHC class |
positive CTV-1 cell line. Although the NK cells were primed by the CTV-1 cells, they could not kill
the CTV-1 cell line, but could subsequently kill other NK cell-resistant cell lines (North et al.,
2007). The authors concluded that stimulation of NK cells to kill its target can be split into two
stages: priming and triggering. Priming is postulated to involve the transduction of activating
signals by the NK cells through either the binding of cytokines (via cytokine receptors) or through
the binding of the correct combination and intensity of stress ligands expressed on tumour cells
(via NK activating receptors). Triggering of the cytotoxic immune response requires the binding
of one more activating receptors to its stress ligand expressed on the tumour cell, thereby
avoiding autoreactivity with healthy cells (North et al., 2007, Sabry and Lowdell, 2013). The

priming of NK cells was shown to be associated with a change in NK cell phenotype, as
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characterised by decreases in the expression of CD16 expression and the NKG2D, NKp46 and
NKp80 activating receptors, and an increase in the expression of CD69 and CD25 (North et al.,
2007, Sabry et al., 2011). This work highlights that the down-regulation of activating receptors
on NK cells from patients is not necessarily a sign of cancer immunosuppression, but could

represent activation of a NK response that has ultimately failed to eradicate the cancer.

Publications from Lowdell’s group suggested and used primed NK cells as an immunotherapy to
treat patients with acute myelogenous leukaemia (AML) (Kottaridis et al., 2015, Sabry et al.,
2011). On the basis of these studies, | proposed that the NK : CTV-1 priming method has the
potential to be used as a method for accurately measuring NK cell potential and function. Two
functions of the patient NK cells could be measured using the NK priming method; 1) how well
the patient NK cells are primed following contact with CTV-1 cells, as measured on the basis of
the up-regulation and down-regulation of NK cell receptors and 2) the subsequent ability of the
primed NK cells to kill a relevant cancer cell line, as measured using relevant cytotoxicity assays.
The measurement of these two functions in vitro will mimic the ability of NK cells to become
activated and exert their cytotoxic function following contact with cancer cells in vivo. If the
patient’s cancer has suppressed NK cell function via the down-regulation of activating receptors
such as NKp30 or NKp46 (as potentially observed through patient NK cell phenotypic analysis),
or through other unknown mechanisms, then the ability of the NK cells to become primed will
be reduced. This will then affect the up-regulation of triggering receptors and the down-
regulation of activating receptors such as NKG2D on the NK cell surface, and thus subsequently
influence the ability of the primed NK cells to kill the NK resistant cancer lines, as measured using

cytotoxic assays.

In the original study published by North et al (North et al., 2007), fresh NK cells were primed by
co-incubating them with irradiated CTV-1 cells for up to 20 hrs. The experiments in this PhD
study have shown that NK cells that have been previously frozen can also be primed using
mitomycin C treated CTV-1 cells, and that these primed NK cells can subsequently kill up to 42
% of PC3 prostate cancer cells. Furthermore, similar to the published literature, it was shown
that the NK cells primed by mitomycin C treated CTV-1 cells also down-regulated or shed CD16,
down-regulated their expression of NKG2D and NKp46, but up-regulated their expression of
CD69 and CD25. Through blocking experiments with a recombinant CD69 protein, North et al
showed that CD69 is one of the receptors involved in the triggering of the cytotoxic response,
but hypothesised that there may be other triggering receptors since 3 out of 10 AML samples

were resistant to being killed by primed NK cells despite expressing CD69L (North et al., 2007).

The work in this PhD study has shown that in addition to primed NK cells up-regulating CD69

and to some extent CD25, they also up-regulate the co-stimulatory receptors; CD137 (4-1BB),
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GITR, OX40, CRTAM and CD107a. Based on one CD107a degranulation experiment, it appears
that the co-receptors CD137 and CRTAM are not triggering receptors, as the majority of NK cells
that up-regulated CD107a did not also up-regulate CD137 and CRTAM. The remainder of the NK
cells either co-expressed CD107a and CRTAM or co-expressed CD107a, CRTAM and CD137. No
NK cells co-expressed CD107a and CD137 only. More experiments will be needed to confirm if
CD137, GITR, OX40 and CRTAM are triggering receptors. However, even if these receptors are
not triggering receptors, based on studies in the literature it is likely that these receptors will

influence NK cell function.

Although CRTAM is known to bind NECL2 expressed on tumour cells and is believed to play a
role in cell-to-cell adhesion, there are conflicting reports regarding whether it promotes
cytotoxicity (Arase et al., 2005, Boles et al., 2005). The co-receptors CD137, GITR and OX40 are
currently the targets of monoclonal antibodies designed to stimulate the immune response
against different forms of cancer which are now undergoing clinical trials. All three receptors are
members of the TNFR superfamily and can be found on a range of cell types. Although the
expression of CD137 and OX40 is absent on resting T cells and NK cells, expression is up-
regulated upon activation. OX40 can also be expressed by NKT cells and neutrophils, while
CD137 expression can also be found on activated B cells, dendritic cells, myeloid precursors and
mast cells. The pattern of expression for the GITR receptor is slightly different, as there is a basal
expression on resting T cells and NK cells which is then up-regulated upon activation.
Eosinophils, basophils, macrophages and B cells also express GITR (reviewed by (Melero et al.,

2013)).

The study of OX40 has been mostly confined to its expression on T cells (Croft, 2010) and even
the primed NK cells in this PhD study express very low levels of OX40. Out of the three co-
receptors, CD137 and GITR are the two receptors that have been studied the most on NK cells.
It appears that both receptors play a role in the crosstalk between NK cells and other cells.
Depending on the cell type and / or interaction with the two co-receptors, the outcome of this
interaction can inhibit NK cell function or activate NK cells and even promote a type | immune
response. Studies have reported that CD137L is expressed on a percentage of acute myeloid
leukaemia (AML) cells (35 %) and on B chronic lymphocytic leukaemia (B-CLL) cells. For both sets
of leukaemia patients, CD137 was found to be significantly up-regulated compared to healthy
controls (Baessler et al., 2010, Buechele et al., 2012). Both studies stimulated the primary
leukaemic cells using immobilised CD137-Ig and found that immunomodulating cytokines were
released. The AML cells were stimulated to produce TNF and IL-10 whilst the B-CLL cell were
stimulated to produce TNF and IL-8. Both studies co-cultured allogenic NK cells with their

respective leukaemic cells in the presence of an anti-CD137 monoclonal antibody and in both
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studies the NK cells increased their ability to both lyse the leukaemic cells and produce IFN-y
(Baessler et al., 2010, Buechele et al., 2012). Furthermore, Bueschele et al also reported that
sera from patients with B-CLL was able to weakly induce CD137 expression on NK cells from
healthy donors, whereas sera from healthy donors did not induce CD137 expression. These
studies suggest that the leukaemic cells not only up-regulate CD137L, but also promote the
expression of CD137 on NK cells via cytokines. The ligation of CD137 and CD137L on leukaemic
cells promotes two immunosuppressive effects: 1) CD137:CD137L ligation directly inhibits NK
cell cytotoxicity and IFN-y production 2) CD137:CD137L ligation promotes the leukaemic cell to
release immunosuppressive cytokines into the microenvironment, both of which can have
immunosuppressive effects on T cells and dendritic cells. In contrast, Kohrt et al found that
adding an anti-CD137 agonist monoclonal antibody could significantly enhance rituximab (anti
CD20 monoclonal antibody) induced ADCC against Raji, Ramos, and DH-4 cell lines (Kohrt et al.,
2011). Therefore, depending on the type of interaction, CD137L may be activating or inhibitory.
It should be noted though that there is some speculation in the literature regarding whether or
not the enhancement of cytotoxic function by the anti-CD137 monoclonal antibody in Kohrt et
al’s study was due to blocking CD137L from binding to the CD137 receptor (Buechele et al.,
2012). Similar to CD137L on leukaemic cell lines, ligation of immobilised GITR-Ig fusion protein
with GITRL positive tumour cells (e.g. MCF7 and HCT116 cell lines) resulted in the secretion of
TGF-B by those tumour cells. In co-cultures of unstimulated and IL-15 stimulated NK cells with
GITRL positive tumour cells in the presence and absence of an anti-GITR monoclonal antibody,
the presence of the antibody increased NK cell cytotoxicity and IFN-y release in comparison to
its absence (Baltz et al., 2007). Overall, it seems that tumour cells seem to be able to use the
bidirectional signalling abilities of the TNF superfamily to their advantage by down-regulating
NK cell function whilst promoting their own secretion of immunosuppressive cytokines.
Therefore, the use of anti-CD137 and anti-GITR monoclonal antibodies to block CD137:CD137L
and GITR:GITRL interactions appears to be an attractive immunotherapeutic approach for
boosting anti-tumour immunity by blocking inhibitory signals. These monoclonal antibodies are
currently being used alongside other immunotherapeutic treatments that induce ADCC and also
treatments that block inhibitory immune receptors such as CTLA-4 and PD-1 (Mentlik James et

al., 2013).

The published literature suggests that the expression of CD137 and GITR on activated NK cells is
associated with the transduction of inhibitory signals that suppress NK cell responses. However,
this is not the complete picture. In stark contrast, in the limited studies that have been
undertaken in humans, CD137:CD137L and GITR:GITRL interactions can enhance cytotoxicity

(and in some cases IFN-y release) when involved in NK cell cross talking with healthy immune
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cells such as y6 T lymphocytes (y8 T cells) and plasmacytoid pre-dendritic cells (pDCs). In a study
by Maniar et al (Maniar et al., 2010), activated y6 T cells were co-incubated with immobilised
human immunoglobulin G1 (higG1) primed NK cells. CD69 expression was upregulated on 25 %
of NK cells that had been primed with hlgG1. The addition of y6 T cells increased the proportion
of activated NK cells to 45.9 %. This increase in CD69 expression was associated with cell-to-cell
contact. They observed that OX40L and CD137L were only expressed on activated yb T cells.
HlgG1 primed NK cells expressed OX40 and CD137, and this expression was further enhanced
following contact with the activated y6 T cells. Crucially, higG1 primed NK cells could not kill
squamous cell carcinoma head and neck tumour cell lines (SCCHN), melanoma, breast cancer or
B and T lymphoma cells lines. However, following contact with activated y6 T cells, the NK cells
significantly increased their ability to lyse these cell lines. Blocking of the CD137:CD137L
interactions using a CD137Ig fusion protein decreased the cytolytic activity of the NK cells against
SCCHN by 40%, thereby indicating that signalling through CD137 is at least partially involved in
the regulation of NK cell cytolytic activity (Maniar et al., 2010). In a study by Hanabuchi et al
(Hanabuchi et al., 2006), activated pDCs have been shown to express high levels of GITRL,
whereas NK cells were shown to up-regulate GITR expression following exposure to IL-2, IL-12
and IL-15, but not IFN-a. pDCs activated through exposure to a B-type CpG ligand (known to
induce GITRL expression and only a small amount of type | IFN production) induced strong NK
cytotoxic activity and IFN-y release against both K562 and the NK-resistant Daudi cell line. The
cytotoxic activity against Daudi cells was higher than when the NK cells were stimulated with
IFN-a alone. Furthermore, they showed that blocking GITRL with monoclonal antibodies
inhibited the increase in cytotoxic function and IFN-y release. Interestingly, blocking the initial
IFN-a release by activated pDCs completely prevents the NK cells from killing Daudi cells and
from secreting IFN-y. Overall, studies in the literature and the results from this PhD study have
shown that the expression of TNF receptors OX40, CD137 and GITR are up-regulated following
activation of NK cells (via cytokine stimulation, higG1 or CTV-1 tumour cells). Ligation of these
receptors with their respective ligands following cross talk with other immune cells e.g. dendritic
cells and y6 T lymphocytes, may not trigger cytotoxic activity and IFN-y release, but instead
enhance these NK functions, thereby increasing the ability of the NK cells to kill NK-resistant
tumour cell lines. However, it seems that tumours have developed mechanisms that can counter
these effects by taking advantage of the TNF receptor bidirectional signalling and promoting the
up-regulation of CD137 and GITR expression and in turn inhibiting NK function following ligation

with these receptors.

The results from this PhD study and from publications by Lowdell’s group (North et al., 2007,

Sabry et al., 2011) show that resting NK cells can be primed following co-incubation with the
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CTV-1 cell line, and that this enables them to kill solid tumour cells lines (DU145 and PC3), a
lymphoma cell line (Raji), a multiple myeloma cell line (RPMI8226), leukaemic cell lines (ARH77)
and 7 out of 10 primary AML samples. This led to the hypothesis that the primed NK cells appear
to be insensitive to inhibitory signals from the target cells (North et al., 2007). Further work will
be needed to determine whether these CTV-1 primed NK cells are sensitive to signalling via
CD137, GITR and OX40 and if so whether they are receiving activating or inhibitory signals from
their targets. Its plausible that the 3 primary AML samples that could not be killed by primed NK
cells in the study by North et al managed to suppress the cytotoxic function of the primed NK
cells via signalling through the three TNF receptors. This is assuming that the three TNF receptors
were up-regulated on the primed NK cells in North et al’s study, similar to the primed NK cells

in this PhD study.

Interestingly, the analysis of the CTV-1 primed NK cells generated in this PhD study revealed that
NK cell priming primarily involves the CD569™ subset. Since NK cells require cell-to-cell contact
with CTV-1 cells in order to be primed, the observation that it is mainly the CD569™ subset that
is primed is in line with studies by Fauriat et al (Fauriat et al., 2010). Studies by this group
concluded that CD56%™ subsets are activated by cell-to-cell contact rather than by cytokine
stimulation, whereas CD56""€" cells are strongly activated by cytokines, but not by cell-to cell
contact (Fauriat et al., 2010). Thus, the NK : CTV-1 priming method can be used to activate
CD56%™ subsets without altering the CD56%4™ : CD56"€" ratio which is altered through cytokine
stimulation (e.g. IL-2) of NK cells. Furthermore, it was observed in this PhD study that the down-
regulation / shedding of CD16 which was observed to be associated with NK cell priming by CTV-
1 cells allowed the CD56%™ subset to be divided into three further subpopulations:
CD56%™CD16Me", CD569™CD16"°" and CD56%™CD16ME. Following priming, the proportion of NK
cells within each of the three subpopulations expressing 0X40, CD137, GITR and CD107a
generally differed. Few CD569™CD16"&" NK cells expressed each of the 4 receptors, whereas a
greater proportion of CD56%™CD16"" and CD569™CD16"e NK cells expressed them. Often, the
CD569™MCD16" population contained the highest proportion of NK cells expressing each of the
4 receptors. The MFI for CD137, GITR and CRTAM expression also followed the same pattern of
expression. All NK cells from healthy volunteers and patients with prostate cancer (irrespective
of whether they had cancer and the grade of cancer) were primed and their phenotypes
followed the same pattern of expression described above. This suggests that the priming
method appears to affect different NK cell phenotypic subpopulations in different ways. The
primed NK cells that continue to express high levels of CD16, with very few NK cells up-regulating

the three TNF receptors and the CD107a receptor suggests that this population is not the
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population which is responsible for the increased cytotoxic killing of NK cell-resistant tumour

cells such as PC3 cells.

The enhanced loss of CD16 expression by CD569™CD16°" and CD569™CD16"¢ NK cells,
combined with the greater proportion of these NK cell subpopulations expressing the three TNF
receptors plus the CD107a receptor suggest that primed NK cells from these two subpopulations
are responsible for the cytotoxic killing of PC3 cells. This observation aligns with reports
describing the phenotype of NK cells that kill K562 target cells. Using a CD107a degranulation
assay, resting NK cells responsible for killing K562 targets cells have been shown to be from the
CD56%™ subset and associated with reduced or negative expression for CD16 (Grzywacz et al.,
2007). The down-regulation of CD16 was found to be due to CD16 shedding which could be
inhibited using a broad spectrum matrix metalloproteinase inhibitor (GM6001). Interestingly,
the shedding of CD16 was not a requirement for the NK cells to kill the K562 cells (Grzywacz et
al., 2007). The differences in the phenotypes of the three CD569™CD16 subpopulations following
NK priming suggests that the different NK phenotypic subpopulations may be differentially
activated, and involves the selection of NK cell subpopulations having particular phenotypes and
stimulating them to become activated. Due to the large number of different NK cell phenotypes
within the NK cell population of just one person which has been described by Horowitz et al
(Horowitz et al., 2013), it is likely the NK cells are stimulated to different degrees depending on
the number of activating and inhibitory receptor ligand pairings that are made. In line with
reports by Fauriat et al (Fauriat et al., 2010), the different degree of stimulation received by the
NK cells could in theory influence the type of NK cell effector response i.e. a cytotoxic response
or an IFN-y response or both, and whether or not it is associated with additional cytokine and
chemokine release. The up-regulation in expression of CD25 (IL-2 alpha subunit) on the 3 primed
CD56%™ CD16 subpopulations followed a similar expression pattern to the three TNF receptors
and the CD107a receptor. These results suggest that the NK cell priming method initiates and or
mimics a potential in vivo selection mechanism, whereby NK cells with the correct phenotype to
respond to the target cell are selected and could potentially be expanded via stimulation of small
amounts of in vivo IL-2 to form an NK cell immune response that is both specific to the threat,
but also capable of initiating and or recruiting a wider immune response. Currently, this model
is just theoretical. Measurement of the proliferation and cytotoxic killing capacity of the 3
primed CD56%™CD16 NK cell subpopulations following cell sorting and IL-2 stimulation could be

used to test the validity of the proposed in vivo NK immune response selection model.

The detection of CD107a at the surface of primed NK cells that had not encountered a target cell
was unexpected. During NK cell and T cell degranulation it is widely accepted that CD107a in the

lysosomal membrane of lytic granules is exposed to the cell surface following fusion of lytic
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granules with the cell surface membrane, resulting in the release of their contents into the cleft
of the immunological synapse (Mace et al., 2014, Peters et al., 1991). This mechanism forms the
basis of the CD107a degranulation assay used for indirectly measuring NK cell and T cell cytotoxic
responses which can be further adapted to provide information about the phenotype of the NK
cells and T cells that are responsible for target cell killing (Alter et al., 2004, Betts et al., 2003,
Grzywacz et al.,, 2007). Although | never tested it myself (this is the subject of future
experiments), it is known that NK cells primed by CTV-1 cells cannot actually kill CTV-1 cells
despite being able to kill other NK cell-resistant tumour cell lines (North et al., 2007). This
suggests that primed NK cells do not degranulate following contact with CTV-1 cells. Yet for
some reason the data from this PhD study has shown that they up-regulate CD107a on their cell

surface.

There could be two explanations for this: 1) the CTV-1 cells somehow prevent granzyme B from
passing through the cell membrane (which | think is unlikely) or 2) the lytic granules incompletely
fuse with the NK cell membrane, as has recently been described by Liu et al (Liu et al., 2011).
The incomplete fusion of Iytic granules has been suggested to explain why stable clusters of
exocytosed LAMP-1 had been detected on cell surface of live degranulating NK cells in the
absence of granule polarisation in earlier studies by the same group (Liu et al., 2009). Therefore,
it is possible that the up-regulation of CD107a on the primed NK cells following contact with
CTV-1, but prior to contact with susceptible target cells, represents incomplete fusion of lytic
granules and no release of granzyme B and perforin. Assuming that this is correct, the next
question would be is the incomplete fusion of lytic granules the result of missing triggering

signals? This is a question | hope to answer in future experiments.

There were two ways in which the CTV-1 : NK priming model could be used to measure the
functional potential of patients with prostate cancer: 1) how well patient NK cells are primed
following contact with CTV-1 cells, as determined on the basis of the up-regulation and down-
regulation of NK cell receptors and 2) the ability of the primed NK cells to kill a relevant cancer
cell line, as measured using cytotoxicity assays. Unfortunately, due to limited time, | was only
able to measure the phenotypic changes induced by priming using NK cells from healthy
volunteers, individuals with benign disease, and patients with Gleason 6 and Gleason 9 prostate
cancer. Although | was able to determine the cytotoxic function of non-primed and primed NK
cells from healthy volunteers against K562 and PC3 targets, it was not possible to undertake the
same functional assays for NK cells from patients with prostate cancer and benign disease.
Despite the limited amount of NK cell functional data, patterns in the data started to emerge.
The most surprising pattern was that NK cells from all three prostate cancer patient groups i.e.

benign, Gleason 6 and Gleason 9, could be primed, and to a similar degree. However, there were
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differences in the priming of NK cells from healthy volunteers and individuals with prostate
cancer. Generally, there was no difference in the ability of both primed NK cells from healthy
individuals and patients with prostate cancer to down-regulate CD16 / shed CD16. As a
consequence, there were no significant difference in the proportion of CD564™CD16"e",
CD569MCD16"" and CD569™CD16"¢ NK cell subpopulations in samples from healthy volunteers
and patients with prostate cancer. Likewise, the down-regulation of NKG2D and up-regulation
of CD69 by NK cells from healthy individuals and patients with prostate cancer was generally
comparable. The proportion of NK cells that upregulated the expression of OX40 in healthy
individuals and patients with prostate cancer were generally comparable, with the exception of
the CD56%™CD16"8 subpopulation. In this subpopulation of NK cells, a greater up-regulation of
0OX40 was observed on NK cells from healthy individuals as compared to NK cells from patients

with Gleason 6 and Gleason 9 prostate cancer.

Overall, the upregulation of CD137 expression on NK cells was greater following the priming of
NK cells from healthy individuals. Although the proportion of CD56%™CD16"¢" and
CD56%™CD16'°" NK cells up-regulating CD137 was generally similar following NK priming, the up-
regulation of CD137 on CD569™CD16"¢ NK cells from healthy individuals was generally greater
than that by CD569™CD16"™¢ NK cells from patients with prostate cancer. Regarding the
expression of CRTAM, this was induced to a greater extent on NK cells from healthy individuals,
as compared to patients with prostate cancer, with the greatest effect being seen for
CD56%™CD16Me cells from healthy individuals. There was a greater variation in the proportion of
NK cells from patients with prostate cancer up-regulating GITR expression as compared to NK
cells from healthy individuals. On average, the upregulation of GITR was more marked for NK
cells from healthy individuals, and this was particularly apparent for the CD569™CD16"¢

population.

To my surprise, the proportion of NK cells expressing CD96 and NKp46 was lower for patients
with prostate cancer, as compared to NK cells from healthy individuals, and this was true for all
three CD569™CD16 subpopulations. When determining the optimal NK : CTV-1 priming ratio. the
down-regulation of CD96 was associated with a decrease in the ability of the NK cells to kill PC3
target cells. In contrast, for the prostate cancer patients, there was a significant negative
correlation between the proportion of NK cells down-regulating CD96 and the proportion of NK
cells up-regulating CD107a. Although the reasons for these findings are unclear, the discovery
by Liu et al (Liu et al., 2009) that CD107a can be expressed on the NK cell surface in the absence
of lytic granule polarisation, which has been suggested to be due to incomplete fusion of lytic
granules, could provide some explanation. Despite the differences in the phenotypes of primed

NK cells from healthy individuals and patients with prostate cancer, there is no definitive way to
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tell if these phenotypic differences will lead to differences in cytotoxic function or IFN-y release
without direct measurement of these two NK cell functions following NK priming. Overall, more
patient samples will be needed to determine if the CTV-1 : NK priming method and the direct
measurement of cytotoxic function is a superior approach for assessing NK cell function in

patients with cancer than the standard methods that are currently in use.

It is important to point out that there were limitations to using the CTV-1 : NK cell method,
particularly when using previously-frozen PBMCs. Inevitably, NK cells will be lost following
thawing and the priming process was associated with a loss in NK cell viability (up to roughly 50
% in some cases). It is therefore unknown if there is a loss of some important NK cell
subpopulations as a result of freeze thawing. The results in this PhD study also highlight the
effects of freeze thawing on the loss of NK cytotoxic function, even against the easily killed K562
cell line. Therefore, ideally NK cell priming and subsequent functional assays should be
undertaken using fresh NK cells in order to best retain NK cell numbers and phenotypic sub-

populations, as well for maintaining NK cell function.

Although the NK cell functional assays in this PhD study had their limitations, there was no
significant difference in the function of NK cells from patients with benign disease and Gleason
6 and Gleason 9 prostate cancer, despite differences in NK cell function being observed between
the NK cells from these patients and NK cells of healthy patients. Furthermore, the results show
no correlation in changes in patient NK cell phenotype with changes in their NK cell function as

the grade of prostate cancer increases.
Overall, the phenotype and functional results for the prostate patient cohort suggest:

1) Changes in NK cell phenotype do not necessarily or accurately reflect changes in NK cell
function. Measurement of NK cell phenotype must always be used in association with
direct functional assays to draw accurate conclusions on patient NK cell function.

2) There is no apparent prostate cancer driven immunosuppression on peripheral blood
NK cells.

3) If there is immunosuppression of intratumoural NK cell function associated with some
grades of prostate cancer, then it is not reflected in the function of peripheral NK cell
populations and therefore questions the meaning of the observed NK cell phenotypic
changes.

4) Highlights that the phenotype and function of both peripheral and intratumoural NK
cells ideally need to be measured in order to draw accurate conclusions regarding the

effects of prostate cancer on NK cell populations.
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In addition to the measurement of NK cell function in patients with cancer, | believe that the
CTV-1 : NK priming method can be used to investigate the molecular processes involved in the
function of different immunological synapses. It is now recognised that there are three types of
immunological synapses: lytic synapses, inhibitory synapses and regulatory synapses (Mace and
Orange, 2011). As briefly reviewed by Mace and Orange, determination of the function of the
immunological synapse seems to be dictated by the type and health of the cell targeted (i.e. the
expression level of MHC class | molecules and stress ligands), the clustering of activating and
inhibitory receptors on NK cells, actin accumulation by NK cells, polarisation of the NK cell
microtubule organising centre (MTOC) and lytic granules towards the synapse and, lastly, the
length of interaction between the NK cell and its target. Lytic synapses are formed with MHC
class | deficient stressed cells, whereby activating signals predominate, reorganisation of the
actin cytoskeleton at the synapse occurs, the MTOC and lytic granules polarise towards the

synapse and the target is killed.

In the case of inhibitory synapses, inhibitory signals predominate, the actin cytoskeleton is
blocked from reorganising, polarisation of the MTOC and lytic granules towards the synapse
does not occur and the target cell survives. Regulatory synapses have been described mostly in
association with dendritic cells and appear to be a mixture of the process of the lytic and
inhibitory processes. Although dendritic cells present cytokines (IL-12, IL-15 and IL-18) at the
synapse to moderately activate NK cells, in order to prevent the formation of a lytic synapse
they instead reorganise their actin cytoskeleton to allow for clustering of MHC class | at the
inhibitory synapse and the provision of inhibitory signals to the NK cell (Mace and Orange, 2011).
It has been suggested that the regulatory synapse described between NK cells and dendritic cells
can promote NK cell survival, NK cell proliferation and priming for further responsiveness (Brilot
et al., 2007). The CTV-1 : NK priming model may be useful in further investigating the molecular
mechanisms involved in the formation of activating, inhibitory and regulatory immune synapses.
It is currently unknown whether the formation of the immunological synapse between the NK
cell and the CTV-1 is an example of a regulatory synapse or a failed lytic synapse. Further
investigation using immunofluorescence can be used to determine what type of synapse it is

and what molecular processes are involved in its formation.

The differential priming of NK cells by CTV-1 cells which leads to the generation of what appears
to be three CD56%™ subsets having different levels of CD16 expression and potentially different
functions, has the potential to aid the investigation regarding the formation of different
immunological synapses. The CD107a receptor was up-regulated on a proportion of
CD569MCD16™¢ cells (but not all) and hardly at all on CD569™CD16"&" NK cells, thereby

suggesting the presence of different immunological functions which in turn suggests the
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formation of different immunological synapses with the targets cells. Furthermore, this PhD
study highlighted significant correlations between the proportion of NK cells down-regulating
NKG2D and NKp46 following NK cell priming and the decreased ability of the primed NK cells to
kill K562 cells, thereby suggesting that both activating receptors play a significant role in the
cytotoxic function of NK cells against K562 cells. However, these same primed NK cells exhibited
an enhanced ability to kill PC3 cells. Further investigation will be needed in order to decipher
the reason for these discrepancies, especially with regard to the suggestion that the down-
regulation of NKG2D at the immunological synapse is thought to occur at the termination of the
immunological synapse following the release of lytic granules (Mace et al., 2014). The NK cell
priming model could also be used to further elucidate the mechanisms regarding the release of
lytic granules contents at the lytic synapse. It is plausible that primed NK cells, before making
contact with their target cells, are experiencing incomplete fusion of Iytic granules at their cell
surface which is why CD107a can be detected in the absence of CTV-1 cell death. Upon contact
with susceptible targets, complete fusion of lytic granules occurs. Therefore, this CTV-1:NK
priming method has the potential to be used to determine the molecular mechanisms involved
with complete and incomplete fusion of lytic granules with the plasma membrane. Potential
triggering receptors could also be identified. So far, there is no information regarding the roles
of co-stimulatory receptors such as 0X40, GITR and CD137 in the regulation of immunological
synapses, as a consequence, the NK cell priming method could also provide further information

regarding roles of these receptors.

The in vitro demonstration that CTV-1 primed NK cells have the ability to kill both leukaemic and
solid tumours cells lines suggests that there is potential in the use of primed NK cells as an
immunotherapy (Sabry et al.,, 2011). Their mechanism of action is different to other
immunotherapeutic strategies such as bispecific and trispecific killer cell engagers (BiKEs and
TriKEs) and monoclonal antibody therapies targeting either cancer antigens (e.g. HER2, CD20,
EGRF), co-stimulatory TNF receptors (0OX40, CD137, GITR) or immune checkpoint inhibitors (e.g.
PD-1, CTLA-4), which kill tumour targets through ADCC (Ferris et al., 2010, Gleason et al., 2014,
Mentlik James et al., 2013, Scott et al., 2012).

BiKEs and TriKEs are yet to have been tested in clinical trials, while a number of monoclonal
antibody treatments have been approved for clinical use by the FDA (e.g. Cetuximab targeting
EGREF, Ipilimumab targeting CTLA-4, Herceptin targeting ERBB2 positive breast cancer) (Scott et
al., 2012). However, monoclonal antibody therapy response rates are about 8-10 % when used
on their own and up to 30 % when used in conjunction with other treatments. They are also
associated with adverse side-effects, particularly when targeting cancer antigens due to off-

target responses resulting from the low expression of the cancer antigens on healthy cells (Ferris
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et al., 2010). In comparison to in vitro studies of Cetuximab-activated NK cells, CTV-1 primed NK
cells appear to be more potent at killing NK cell-resistant tumours (Roda et al., 2007, Sabry et
al., 2011). This PhD study showed that CTV-1 primed NK cells can up-regulate TNF receptors for
potential crosstalk with other immune cells such as dendritic cells and y6 T lymphocytes.
Cetuximab has been shown to promote activated NK cell crosstalk with dendritic cells which in
turn promotes the expansion of EGRF-specific T cells (Srivastava et al., 2013). Even BikES
targeting CD19 Raji cells were thought to crosstalk with the Raji cells, presumably via TNF
receptors and an enhancement of the release of NK cell-derived cytokines and chemokines
which have the potential to attract other immune cells into the microenvironment (Gleason et
al.,, 2014). It is reasonable to conclude that the use of CTV-1 primed NK cells as an
immunotherapeutic has the potential to be as effective, if not better, than other current and up

and coming immunotherapeutic treatments.

Completion of a recent Phase | clinical trial using donor NK cells that have been primed using a
CTV-1 lysate as an immunotherapeutic strategy in high risk AML patients who were not eligible
for curative standard allogenic stem cell procedures or other conventional treatments has
confirmed the immunotherapeutic potential of primed NK cells to kill primary AML tumours
(Kottaridis et al., 2015). No toxicities were reported from the infusion of ex vivo primed NK cells,
and none of the patients developed any evidence of graft versus host disease (GVHD) in any
organs. Although patients did suffer from cytopenias (low immune cell counts which included
neutropenia and thrombocytopenia), it was likely that this was due to the lymphodepleting
conditioning regime comprising of flurdarabine treatment for 3 days followed by a single dose
of total body radiation (Kottaridis et al., 2015). Other studies have shown that patients receiving
high intensity conditioning regimes using cyclophosphamide and fludarabine have also
developed neutropenia (Miller et al., 2005). Six months following infusion of primed NK cells,
out of 6 people three patients achieved complete remission and remained in remission, two
patients relapsed and one had died. A further patient achieved complete remission 50 days after
infusion. He remained in complete remission for 10 months before relapsing. A protocol
amendment allowed him to receive a second dose without lymphodepleting conditioning. He
never regained complete remission, but remained stable for a further 203 days while in relapse.
After one year post-infusion, only one patient remained in complete remission while three had
relapsed. During the two year follow up, six out of seven trial patients died (5 patients due to
AML relapse, one due to intracranial haemorrhage due to thrombocytopenia and the other due
to septic shock). Three of seven patients had detectable donor NK cells in their peripheral blood
and / or bone marrow at more than one time-point post infusion, indicating donor chimerism.

Six of seven patients showed an increase in activated NK cells in their circulation, whereas five
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of six evaluable patients exhibited the presence of circulating primed NK cells, as measured by
their ability to lyse the NK cell-resistant Raji cell line. Overall, the results were positive and
indicated that donor primed NK cells are tolerated by patients and their use as a treatment is

associated with promising clinical outcomes (Kottaridis et al., 2015).

In summary, the work in this PhD study contributes to what is known about the changes in
phenotype of NK cells in the periphery of patients with prostate cancer. At present, it is not
possible to use changes in peripheral NK cell phenotype to inform patient diagnosis, but there
is a suggestion it could potentially be used to determine patient prognosis. However, further
investigation is needed. The NK cell priming results in this PhD study and in studies by Lowdell’s
group bring into question how accurately changes in peripheral NK cell phenotype reflect
changes in NK cell function in the periphery. Down-regulation in the expression of receptors
does not necessarily mean a loss in NK cell function, but instead could mean activation of the
NK cells. Furthermore, it is unclear how well the phenotype and function of NK cells in the
peripheral circulation reflects intratumoural phenotype and function due to the small size of the
prostate and the lack of access to intratumoural NK cells. No studies have looked at the
phenotype and function of intratumoural NK cells and no studies to my knowledge have looked
at immunosuppressive cytokines and factors secreted within in the prostate. It is therefore
impossible to tell whether the changes in the peripheral phenotype of NK cells from prostate
cancer patients is even due to the presence of their prostate cancer. Further investigation is
needed regarding this. There is evidence to suggest that these phenotypic changes could be due

to old age which is plausible given that prostate cancer is more likely to develop in older men.

It is in my opinion that the current methods of measuring NK cell function involving either
targeting resting NK cells against K562 cells or targeting cytokine stimulated NK cells against NK
cell-resistant tumour cells lines are not adequate to accurately measure the NK cell function in
patients with cancer. The development of the CTV-1 induced NK cell priming method and its
further characterisation in this PhD suggests it has the potential to more accurately measure the
NK cell function of cancer patients. However, further work is needed to confirm this. There is
therapeutic potential regarding the use of primed NK cells to treat patient tumours due to their
increased capability to kill NK cell-resistant tumour cell lines and primary AML cells from
patients. There are plans to further investigate the therapeutic potential of primed NK cells for
the treatment of a variety of cancers. Furthermore, there is potential for the CTV-1 based NK
cell priming method to be used to further investigate the formation of immunological synapses

using immunofluorescent imaging techniques.
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Further Work

This PhD study used an adapted version of the NK cell priming method originally developed by
Lowdell at UCL to measure the cytotoxic function of NK cells. Unfortunately, | could only draw
comparisons on the function of NK cells from healthy individuals and patients with prostate
cancer on the basis of phenotypic changes on the NK cell surface following priming with CTV-1.
Further work should focus on extending these observations and in addition measure the actual
cytotoxic ability of the patient NK cells to kill PC3 and other prostate cancer cells following NK
cell priming. This would not only allow the determination of whether there is a difference in
cytotoxic killing between healthy volunteers, patients with benign disease and patients with
prostate cancer, but also whether the phenotype of the primed NK cells truly reflects their
cytotoxic function. These results will have implications regarding whether priming NK cells with
CTV-1 and targeting them against a relevant cancer cell line is a suitable method for measuring

NK cell function.

Currently, prostate cancer is the only form of solid tumour that is known to be susceptible to
being killed by CTV-1 primed NK cells in vitro. It would be interesting to know if solid tumours
from other organs e.g. ovarian, breast, colon, are also susceptible to being killed by primed NK
cells in vitro, but crucially also in vivo in pre-clinical immunocompromised murine models such
as NOD SCID mice. It is important that future studies focus on the efficacy of the primed NK cells
to kill tumours in pre-clinical animal models as this will ultimately determine the future of
primed NK cells as an immunotherapeutic strategy to treat cancer. To this end the John van
Geest Cancer Research Centre has recently started a body of work in collaboration with UCL and
INmune Bio International Ltd to study the ability of primed fresh NK cells to kill ovarian cancer

cell lines (e.g. SKOV3) both in vitro and in vivo in NOD SCID murine models.

One important aspect of future work would be to define what a primed NK cell is and how they
compare to NK cells exposed to cytokines and / or K562 cells. It is important to know whether
NK cells respond differently to the three activation methods. Do the three methods activate the
same or different signalling cascades producing phenotypically and functionally similar or
different NK cell populations? This work can be easily achieved by using nanoString gene
expression profiling technology to measure gene expression and flow cytometry assays to
measure NK cell phenotype and function. Both primed NK cells and NK cells that have killed K562
have been shown to shed CD16 from their cell surface (Grzywacz et al., 2007, North et al., 2007).
It has been shown in this study that following priming with CTV-1 cells the shedding of CD16
creates NK cell subpopulations that are phenotypically different and potentially have different

functions. To my knowledge this has not been investigated in NK cells that have been exposed
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to K562 cells. It would be interesting to compare if similar NK subpopulations are created using

the two different activation methods.

Although we have observed the creation of NK subpopulations following priming, analysis has
so far been limited to the number of antibodies that can be accommodated into a single 9 colour
antibody panel, of which 6 panels have been created in this study. Flow cytometry analysis
programs such as Infinicyt™ have been created that allows phenotypic analysis of NK cells using
antibodies from two or more separate panels. Whilst such analysis would require validation, the
software allows the potential identification of NK cell subpopulations using 2 or more 9 colour

antibody panels.

Further investigation regarding the functions of the NK cell subpopulations would also be
needed. This study has shown that following priming the receptors CD107a and CD137 are
mainly up-regulated on separate NK cell populations, potentially suggesting that these two NK
cell subpopulations may be functionally different. Future studies should investigate the extent
and range of primed NK cell functions, as this information may have important implications on

the success of the NK cell priming as a suitable immunotherapy.

As published by Lowdell and colleagues (North et al., 2007), NK cells cannot kill CTV-1 cells. It
was therefore surprising that primed NK cells could up-regulate CD107a following priming with
CTV-1, but prior to exposure to PC3 target cells. The ability of primed NK cells to kill fresh CTV-1
targets was not measured in this study. It will be important to do these experiments in order to
confirm the observations by Lowdell and colleagues. If an upregulation of CD107a expression on
NK cells in the absence of killing is confirmed, then both flow cytometry and
immunofluorescence could be used to determine the architecture and molecular mechanisms
involved in the formation of immunological synapses between primed NK cells and CTV-1 cells
and between primed NK cells and target cells. This work would improve our knowledge of how
NK cells function and determine exactly what signals need to be provided to trigger the primed
NK cell immune response. Future studies should also focus on whether the primed NK cell
responses can be enhanced or inhibited via stimulation with different cytokines. It would be
important to know whether the function and / or survival of primed NK cells could be enhanced
through exposure to cytokines such as IL-15 and IL-2. Equally, it would be important to know
whether primed NK cells are susceptible or not to immunosuppression by cytokines such as TGF-

B and IL-10, which may limit their potential as an immunotherapy.
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