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EVALUATING THE EFFECT OF IMMUNE CELLS ON THE OUTCOME OF PATIENTS WITH
MESOTHELIOMA

Serena Jamie Tzu Wen Chee

Mesothelioma is a rare cancer usually affecting the pleura. It is characteristically associated with
inhalation of asbestos fibres and accounts for 1% of cancers in the United Kingdom. Median
survival remains poor at 4-18 months despite treatment.

Immunotherapy has established itself as an important treatment option in many solid tumours
where survival benefit has been shown to be associated with CD8 infiltration. In mesothelioma,
there are 3 small studies that suggest that CD8 infiltration may confer survival benefit.

Here, a systematic assessment was undertaken of the prognostic and predictive value of
infiltrating adaptive and innate immune cells in a large cohort of patients with advanced
mesothelioma. A tissue microarray from 302 samples was constructed. Markers of adaptive
immune response CD4+ T helper and CD8+ Cytotoxic T cells, FOXP3+Tregs, CD45RO+Memory T
cells and B-cells (CD20+), and innate immune response; macrophages (CD68+), natural killer cells
(CD56+) and neutrophils (NP57+) were evaluated.

Surprisingly, CD8+ tumour infiltrating lymphocytes (TILs) did not predict for outcome. On
multivariate analysis a high CD4+, high CD20+ and low NP57+ count were linked to better
outcome in the epithelioid tumours. A low FOXP3+ predicted for good outcome in both
epithelioid and non-epithelioid tumours.

Next, multiplex immunohistochemistry was utilised to further evaluate CD4+ and CD8+ T cell
subtypes. This established the presence of MHC class Il expression on epithelioid mesothelioma
tumour cells and confirmed that some CD4+ T cell subsets (Tissue resident memory cellsand T
follicular helper cells), were associated with better outcome in epithelioid mesothelioma. The
intriguing question of why CD4 + T cells function as the outcome determining immune effectors in
mesothelioma, remains to be determined.

Mesothelioma-associated pleural fluid was evaluated to determine its utility as a surrogate for
immune events in the solid tumour by transcriptomic analysis. T cells in the pleural fluid exhibited
a phenotype characteristic of quiescent/naive cells.

In summary, the work presented in this thesis demonstrates that CD4+ and not CD8+ TILs
correlate with clinical outcome in epithelioid mesothelioma. Future work will focus on
characterising why and how the CD4+ TILs contribute to this effect.
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Chapter1 Introduction

1.1 Mesothelioma

Mesothelioma is a malignancy of mesothelial cells, which form the superficial surface of serosal
membranes such as the pleura, peritoneum, tunica vaginalis and pericardium. Pleural
mesothelioma is the most common subtype, accounting for 90% of cases. It is mainly associated
with asbestos exposure with a lag time from exposure to diagnosis of up to 30-40 years
(Scherpereel et al., 2010). There is also a genetic component, with family clusters of patients who
possess BAP1 mutations having an increased likelihood of developing mesothelioma and uveal

melanoma (Testa et al., 2011).

Mesothelioma usually presents late, with diagnosis typically made by radiological findings in
combination with pleural biopsies/pleural fluid cytology. The median survival following a
diagnosis of mesothelioma is 4-18 months despite treatments like chemotherapy, radiotherapy

and surgery.

Three histological subtypes of mesothelioma are recognised. Epithelioid mesothelioma carries the
best prognosis, sarcomatoid mesothelioma is the most aggressive and tumours with mixed
morphology have intermediate outcomes. Mesothelioma is a rare cancer that accounts for less
than 1% of cancers diagnosed in the United Kingdom. 83% of cases occur in males, reflecting
occupational exposure to asbestos. The UK has the highest incidence of mesothelioma worldwide
and the incidence is predicted to peak in the UK in 2020. Worldwide however, the incidence will
continue to rise as asbestos is still mined and used in industry in many countries outside of Europe
and Australia. It is not yet clear if inhalation of carbon nanotubes, increasingly used in the fields of
electronics and medicine, causes similar sequalae as inhalation of asbestos fibres (Jaurand et al.,

2009).

1.1.1 Aetiology

Asbestos is the name of a group of naturally occurring minerals that have been used by man for
thousands of years. In the 20™ century, asbestos was extensively used in many industries, as it is
inexpensive, fire-resistant and durable. Asbestos exposure is associated with 80% of cases of

mesothelioma.

Types of asbestos include those with serpentine fibres such as chrysotile (white asbestos), which

accounts for 90% of asbestos used and amphibole fibres such as crocidolite (blue asbestos) and
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amosite (brown asbestos) (Mossman et al., 2013). The UK was once the highest importer of
amosite asbestos in the world. Recognition of the harmful effects of asbestos exposure occurred
as early as 1918 by the US government. Despite research evidence and mainstream acceptance
that asbestos was carcinogenic, bans on the use of asbestos lagged behind by several decades. In
the UK, amphibole asbestos was banned in1985 and chrysotile asbestos was banned in 1999.
Although asbestos is banned in over 50 countries, a worldwide ban has not been passed and

asbestos is still used extensively in China, Russia, Canada, the United States and India.

All types of asbestos can cause mesothelioma, however, amphibole fibres have been associated
with a higher incidence of mesothelioma (Gibbs and Berry, 2008). Particular properties of the
asbestos fibres affect tumourigenicity: Long thin, amphibole asbestos fibres are the most
tumorigenic (Stanton et al., 1981) with long-term persistence in tissue, once inhaled. Persistence
of asbestos fibres generates on-going inflammation that contributes to a tumorigenic

environment (Coussens and Werb, 2001).

Although the majority of cases of mesothelioma are associated with asbestos exposure, there is
also a subset of patients (20-25%) with no known asbestos exposure (Jasani and Gibbs, 2012).
Recognised causes of mesothelioma include exposure to non-asbestos mineral fibres such as
erionite, radiation and genetic mutations, all of which in one way or another lead to

transformation of mesothelial cells.

1.1.2 Pleural space

Physiologically, a small volume of pleural fluid exists between the visceral and parietal pleura. This
acts as a lubricant allowing frictionless movement of the lungs during respiration. Many diseases
including primary and secondary malignancies are associated with a pleural effusion, which is an

accumulation of pleural fluid in the pleural space.

Pleural fluid accumulates by a combination of increased fluid production and impaired lymphatic
outflow (Stathopoulos and Kalomenidis, 2012). A suggested pathway of increased pleural fluid
production is an interaction between tumour cells and the host vasculature and immune cells
resulting in enhanced plasma extravasation into the pleural space (Stathopoulos and Kalomenidis,
2012). The presence of a pleural effusion has been shown at autopsy to be best predicted by
blockage of the mediastinal lymph nodes rather than the extent of pleural involvement (Meyer,

1966).
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94% of pleural malignancies have an associated pleural effusion (Woolhouse et al., 2018).
Mesothelioma is the most common primary malignancy of the pleura and associated with a

pleural effusion in 90% of cases.

70% of patients with mesothelioma develop pleural effusions containing malignant cells (Sneddon

et al., 2018).

Pleural fluid is easily accessible and pleural fluid cytology is accepted as a basic investigation for
patients with a pleural effusion. The mean sensitivity of cytology in a malignant pleural effusion is
60% but this is decreased in mesothelioma (Roberts et al., 2010). The reliability of diagnosis of
mesothelioma on cytology is variable, with a mean sensitivity of 16-73% (Segal et al., 2013,

Woolhouse et al., 2018). A biopsy is advocated for diagnosis but sometimes cytology is adequate.

1.1.3 Mesothelial cells

Mesothelial cells form the single cell surface of the mesothelium and regulate serosal response to
injury and infection (Mutsaers, 2002). The mesothelium is a complex organ, which functions as a
protective barrier and a low-friction interface to allow organs to move freely (Mutsaers, 2002).
Mesothelial cells play an active role in inflammation and secrete pro and anti-inflammatory
mediators such as nitric oxide, reactive oxygen species, cytokines, growth factors, chemokines
and prostaglandins with a view to maintaining or restoring tissue homeostasis (Mutsaers, 2002,
Antony et al., 1995, Choe et al., 1998). Mesothelial cells also play a role in fluid and cell transport

and tissue repair (Mutsaers, 2002).

Inflammation, activation of resident cells, a chemotactic gradient and upregulation of adhesion
molecules are required for leucocytes to migrate to the serosal space (Topley et al., 1996). A
specific immune response requires presentation of foreign antigen by MHC class Il molecules,
usually present on professional antigen presenting cells (APCs), to T helper (Th) cells. Non-
professional APC such as endothelial cells, keratinocytes and mesothelial cells have also been
shown to be able to express MHC class Il and present antigen following cytokine stimulation
(Sprent, 1995, Nickoloff and Turka, 1994). Mesothelial cells can act as the sole antigen presenting
cells and, in the presence of IFNy, can induce the proliferation of previously activated
memory/effector CD4+ Th cells (Valle M et al., 1995). High levels of ICAM-1 (intercellular adhesion
molecule 1) are present on the surface of non-professional APCs such as mesothelial cells which
acts as an accessory molecule for antigen presentation to memory T cells instead of CD80 and

CD86 (Sprent, 1995, Nickoloff and Turka, 1994).
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1.14 Pathogenesis of malignant transformation

Inhaled asbestos fibres migrate from the lung to the pleural space (Holt 1983) and accumulate in
the visceral and parietal pleura (Boutin et al., 1996, Jaurand and Fleury-Feith, 2005). Here, the
fibres are taken up by phagocytic cells and mesothelial cells, which subsequently die due to the
physical damage caused by the fibres, leading to a new iteration of phagocytosis and cell death.

The net effect is repetitive tissue damage and repair, and chronic inflammation (Sekido, 2013).

The exact mechanism of carcinogenesis of asbestos is not known but there are several
hypotheses. These can be divided into factors that initiate and those that promote a neoplastic

process.

Possible mechanisms for initiation of carcinogenesis include:

1) - Reactive oxygen species (ROS) generated on the surface of asbestos fibres lead to DNA
damage such as base hydroxylation and strand breaks. ROS are produced by macrophages when
unable to digest the phagocytosed asbestos fibres (Sekido, 2013, Liu et al., 2000, Wang et al.,
1987).

2) - Mesothelial cells phagocytose asbestos fibres (Jaurand et al., 1979). Asbestos fibres inside the
mesothelial cells physically impinge on mitotic spindles and disrupt the cell cycle with
chromosome mis-segregation (Sekido, 2013, Yegles et al., 1993). Interference with chromosomes
or mitotic spindles may result in chromosomal structural abnormalities and aneuploidy of
mesothelial cells (Sekido, 2013). Asbestos fibres have also been shown to cause chromosome
damage (Wang et al., 1987), most likely again by physically interfering with DNA repair complexes.
Unlike macrophages, mesothelial cells are less likely to die following phagocytosis of asbestos

fibres allowing persistence of these chromosomal abnormalities.

3) - Asbestos fibres absorb a variety of proteins and chemicals to their surface, which may result
in accumulation of additional carcinogens such as benzo(a)pyrene from cigarette smoke (Sekido,
2013, Mossman et al., 1984). Asbestos fibres also bind important cellular proteins such as
chromatin binding proteins, RNA binding proteins, cytoprotective proteins amongst many others
and the deficiency of such proteins may be detrimental to the function of mesothelial cells

(Sekido, 2013, Nagai et al., 2011).
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A number of factors both initiate and promote a neoplastic process:

4) — Asbestos-exposed mesothelial cells and macrophages release a variety of cytokines and
growth factors that induce inflammation in response to injury by asbestos fibres. Inhalation
studies of asbestos fibres have found they induce an acute inflammatory response, followed by
mesothelial cell proliferation (Mossman et al., 2011). As the asbestos fibres are unable to be
eliminated by phagocytosis, a continuous cycle of chronic inflammation ensues. Persistently
activated macrophages release TNFa, which inhibits mesothelial cell death and as a consequence,
increases the risk of malignant transformation (Yang et al., 2006). Asbestos activates the MAP
kinase pathway leading to a cascade of phosphorylation and expression of specific genes involved
in the production of inflammatory factors that may play a role in cancer progression (Zanella et
al., 1996, Jaurand and Fleury-Feith, 2005). Additionally, when mesothelial cells undergo necrotic
cell death following asbestos exposure, they release high mobility group box 1 protein, which also

promotes an inflammatory response (Yang et al., 2010).

It is likely that a combination of factors that initiate and promote the carcinogenic process over
many years lead to malignant transformation of mesothelial cells to mesothelioma and formation

of the tumour promoting microenvironment.

Features common to most cancer development, so called Hallmarks of Cancer, also contribute to
mesothelioma development (Hanahan and Weinberg, 2011). This includes self-sufficiency in
growth signals such as PDGFA and TGFf in mesothelioma cells, insensitivity to growth inhibitory
signals by inactivation of molecules such as p14 and p16 that are important in the Rb and p53
tumour suppressor pathway so allow unchecked tumour growth, evasion of apoptosis by elevated
levels of anti-apoptotic molecules in mesothelioma (Broaddus et al., 2005), immortalisation of the
cell by expression of telomerase in 90% of mesothelioma cells (Dhaene et al., 2000) , sustained
angiogenesis by production of VEGF by mesothelioma cells and tissue invasion (Hanahan and

Weinberg, 2011, Robinson and Lake, 2005).

1.15 Genetic factors contributing to the incidence of mesothelioma

Less than 5% of workers with significant exposure to asbestos go on to develop mesothelioma
(Below et al., 2011, Burdorf et al., 2003, Sekido, 2013, Sluis-Cremer et al., 1992) leading to the
hypothesis that mesothelioma occurs in genetically pre-disposed individuals exposed to a

causative agent.
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1.16 Genomics and epigenetics of mesothelioma

Mesothelioma is mainly caused by chronic inflammation and reactive oxygen species that
promote DNA damage (strand breaks, crosslinks and double strand breaks) leading to genomic
instability and epigenetic alterations (Sage et al., 2018). The impact of reactive oxygen species
can be amplified by germline mutations affecting the ability of the cell to repair DNA damage
(Sage et al., 2018). In mesothelioma, chromosome 22 is frequently lost along with rearrangements
in the 1p, 3p, 9p and 6q regions (Robinson and Lake, 2005). Somatic mutations in CDKN2A and
NF2 and copy number alterations are caused by genomic instability in mesothelioma (Sage et al.,

2018).

Epigenetic differences have been found between mesothelioma and normal pleura such as over-
expression of key epigenetic regulators such as EZH2 and SUZ1q (Christensen et al., 2009,
McLoughlin et al., 2017). These are associated with poor survival in mesothelioma (Christensen et

al., 2009, McLoughlin et al., 2017).

BAP1 (BRACAI1 associated protein-1), CDKN2A/ARF (cyclin-dependent kinase inhibitor
2A/alternative reading frame) and NF2 (neurofibromatosis type 2) are the most frequently
mutated tumour suppressor genes in mesothelioma (Sekido, 2013). A specific mutation in a single
common driver gene has not been found and it is likely that a combination of mutations

accumulated over many years leads to the development of mesothelioma (Hylebos et al., 2016).

1.1.6.1 BAP1

BAP1 is localised to chromosome 3p21.1 and has been shown to be an important tumour
suppressor gene in mesothelioma. BAP1 has been implicated in chromatin dynamics, DNA

damage response and regulation of cell cycle and growth (Eletr and Wilkinson, 2011).

Mutations can be inherited or acquired. Inherited mutations within BAP1 are rare (Melaiu et al.,
2018)however 58% of histology samples and 59% of cytology samples from patients with

mesothelioma were found to have a BAP1 mutation (Pulford et al., 2017).

BAP1 is localised at the endoplasmic reticulum and modulates calcium release into the cytosol
and mitochondria, which promotes apoptosis of the cell. Reduced levels of BAP1 cause reduction
in calcium flux preventing apoptosis in damaged cells (Bononi et al., 2017). As a result, more

asbestos-damaged cells survive, leading to a higher rate of neoplastic transformation.

BAP1 germline mutant carriers have a high frequency of cancers, including mesothelioma, lung
cancer and uveal melanoma. However, on average, these patients survive longer than patients in

the BAP-WT equivalent cohorts (Baumann et al., 2015).
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BAP1 inactivation may be also be important as an epigenetic regulator (Yap et al., 2017).

1.1.6.2 CDKN2A

The CDKN2A gene on chromosome 9 encodes proteins that regulate cell cycle regulatory
pathways, p53 and RB1. CDKN2A is frequently deleted or mutated in many cancer cells and has
been found in 70% of mesotheliomas. In 2 of 6 families with a predisposition to mesothelioma
and melanoma, a BAP1 mutation or CDKN2A germline mutation was found suggesting CDKN2A
mutations might also contribute to rare familial cancer syndromes (Betti et al., 2016). CDKN2A
encodes p16 and p14. Loss of p14 in mesothelioma contributes to p53 repression (Yap et al.,
2017, Urso et al., 2016, Walter et al., 2015), loss of p16 prevents apoptosis of mesothelioma cells
as p16 inhibits CDK4 and CDK6 that are required for phosphorylation and activation of the Rb

protein that promotes progression from G1 to S in the cell cycle (Yap et al., 2017).

1.1.6.3 NF2

The NF2 gene is located in the chromosomal region 22g12 and encodes Merlin, a tumour
suppressor gene inactivated in 40% of mesotheliomas (Sato and Sekido, 2018). Merlin inhibits the
Hippo pathway and negatively regulates focal adhesion kinase (FAK), which is a protein kinase
that controls cell adhesion, invasion and migration (Sato and Sekido, 2018). FAK is overexpressed
in cancer and recruits immunosuppressive cells into the TMA. Merlin inhibits FAK phosphorylation
at Try397, which disrupts the interaction of FAK with p85 on PI3K and SRC (Yap et al., 2017,
Poulikakos et al., 2006). Inactivation of Merlin may sensitise mesothelioma cells to FAK inhibition
as weak cell-cell adhesions increase dependence on cell-extracellular matrix induced FAK

signalling (Yap et al., 2017).

The rate of NF2 mutations is highest in Sarcomatoid mesothelioma and lowest in epithelioid
tumours (Bueno et al., 2016). This suggests that NF2 mutations may be involved in the epithelial-
mesenchymal transition (Sato and Sekido, 2018). It has been shown that the restoration of NF2
expression in NF2 deficient mesothelioma cells significantly inhibited their growth (Sato and

Sekido, 2018).

1.1.7 Surrogate markers

It has been established that pleural effusions contains immune cells and cytokines that vary

between diseases and tumour types.

More recently, it has been shown that the same principle mutations that are found in

mesothelioma solid tumours, such as BAP1, CDKN2A and NF2 alterations, were also found in the
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short-term tumour cell cultures from pleural effusions associated with mesothelioma (Sneddon et

al., 2018).

Pleural fluid is an attractive surrogate option for monitoring the tumour environment in
mesothelioma. It is accessible and can be sampled repeatedly to allow assessment of tumour

progression and response to treatment (Sneddon et al., 2018).

There is increasing evidence that surrogates such as circulating tumour DNA in blood might be
usable to monitor disease response in many cancers. The proximity of pleural fluid to the tumour
and presence of tumour cells in a large number of mesothelioma-associated pleural effusions
arguably makes the pleural fluid a more representative surrogate than blood. However, to date it

is not clear how closely the associated pleural effusion reflect the solid mesothelioma tumour.

1.1.8 Treatment

1.1.8.1 Chemotherapy

Chemotherapy with pemetrexed and cisplatin is recommended by NICE for patients with
previously untreated mesothelioma. Median overall survival time with this combination first line
treatment was 12.7 months (Ceresoli et al., 2006). Where licensed, bevacizumab (anti-VEGF) may
be added to this regime (Woolhouse et al., 2018). There are no licensed drugs for patients with
previously treated mesothelioma and patients are usually given a combination of single or dual

agent regimens.

1.1.8.2 Radiotherapy

There is a role for palliative radiotherapy for symptom control for localised pain in mesothelioma.
Previously, prophylactic radiotherapy was given to the chest wall of patients with mesothelioma
at the site of any tract from thoracoscopic surgery to prevent tumour growth through the tract;
however, the PIT trial demonstrated no role for this treatment. There is little evidence for

hemithorax radiotherapy (Woolhouse et al., 2018).

1.1.8.3 Surgery

Extra-Pleural Pneumonectomy (EPP) was previously conducted for a select group of patients with
early stage mesothelioma and good performance. However, recent meta-analysis has shown
there is no survival benefit and recent guidelines do not recommend EPP (Woolhouse et al.,
2018). An extended pleurectomy decortication procedure is not recommended outside of a
clinical trial; the MARS2 trial is currently underway, comparing extended pleurectomy

decortication following chemotherapy vs chemotherapy alone.
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1.1.84 Immunotherapy

The large phase IIb DETERMINE study of tremelimumab, an anti-CTLA4 antibody, demonstrated

no improvement in overall survival in mesothelioma (Maio et al., 2017).

PDL1 is expressed in 40% of mesotheliomas. PDL1 is associated with non-epithelioid histology and
worse survival (Thapa 2017). A phase 1b clinical trial of Pembrolizumab (anti-PD1 antibody)

reported a 20% response rate and median overall survival of 18 months (Alley et al., 2017).

Currently, in the UK, there are several clinical trials of immunotherapy for mesothelioma
underway. The Confirm study is a phase IIb/Ill trial recruiting patients 2:1 to nivolumab, (anti-PD1
antibody) vs placebo (Fennell et al., 2018) A trial of an oral FAK inhibitor was discontinued in 2015
but the FAK-PD1 study, a phase I/Ila study of a combination of FAK (Defactinib) and PD1
(Pembrolizumab) inhibitors and is open to patients with Mesothelioma, NSCLC and pancreatic

cancer (NCT02758587).

1.2 Cancer Immunology

Tumours are not simply collections of malignant cells, but comprise a complex mix of cancer cells
that co-locate and interact with cells that make up the tumour microenvironment (TME). These
include innate and adaptive immune cells, endothelial cells and fibroblasts (Balkwill et al., 2012).

Numerically, cancer cells may be far outnumbered by other cells in the TME (Hadrup et al., 2013).

In many solid cancers, there is abundant evidence of the key role that immune responses against
the tumour play in determining the progress and outcome of the cancer. During the generation
of cancerous change, new antigens are frequently generated, either derived from oncogenic
viruses such as human papilloma viruses or as a result of the mutations occurring during the
malignant transformation and progression. When confronted by such new antigens, the immune
system is likely to generate an adaptive anti-tumour response that may comprise a range of
effector mechanisms including cytotoxic T lymphocytes and antibodies. In addition to the
adaptive immune response, the components of the innate immune response can also make
important contributions to the anti-cancer defences. Thus, macrophages can adopt various
phenotypes that may either have anti-cancer effects (so-called M1 macrophages) or they may
exert tumour-supporting effects (so-called M2 macrophages). Another important cellular
element in anti-tumour defences are the Natural Killer (NK) cells. These cells can kill tumour cells
not through recognition of tumour-associated neo-antigens, but through interaction with a
variety of other membrane-associated receptors and molecules. The overall effectiveness of the

anti-tumour immune response is the resultant between the effectiveness of the anti-tumour
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cytotoxic immune mechanisms and the tumour’s wide range of protective escape mechanisms
aimed at avoiding detection by the immune system or aimed at actively suppressing any immune

effector mechanisms.

1.2.1 Generation of a new/primary immune response

I"

Protein antigens must be taken up by specialized, so-called “professional” antigen presenting cells
(APC). These cells are members of the dendritic cell family. They have highly developed
properties by which they process potentially antigenic proteins into forms that can be presented
to naive CD4+ helper T cells — the first components of the complex inter-cellular interaction that
generates the full immune response. Potentially antigenic proteins are endocytosed into vesicles
to which lysosomal enzymes are added (phagolysosomes). The proteins are digested by proteases
to form a “soup” of peptides; newly synthesized MHC molecules from the endoplasmic reticulum
are contained in endosomes that fuse with the phagolysosomes. Following addition of the newly
synthesized MHC molecules to the peptide mixture, appropriately structured peptides are taken
into the groove that is a central part of the MHC molecular structure. The peptide-loaded MHC

molecules are then cycled out to the surface of the APC where they are available for presentation

to naive T cells.

It is classically accepted that this is the route by which antigens/proteins that originate outside
the cell are processed and the MHC molecules into which the peptides are loaded are the MHC
Class Il. When antigens/proteins arise within the cell, such as from viruses or cancer cells, they
are processed slightly differently, being broken down by the proteolytic mechanisms of the
proteasomes and the resulting peptides are loaded into MHC Class | molecules. It is now also
recognized that antigenic peptides that arise within the cell can get loaded onto MHC Class Il —a

process called “cross-presentation”.

During the processing of the antigen-containing proteins, the APC becomes activated and it
migrates to the regional draining lymph nodes. On the journey, while “processing” the antigenic
protein/polypeptide, it undergoes a “maturation” which involves up-regulation of the expression
of a set of key molecules on the cell surface. These include antigen-presenting MHC molecules
and so-called co-stimulatory molecules (CD80, CD86, CD40 and others). These molecules and
receptors are a vital part of the essential and powerful signalling system that the APC needs to
give to activate naive T cells. Upon entering the regional lymph node, the activated APCs enter
the paracortical area of the node where they traffic among the naive T cells “presenting” their
load of MHC-associated antigens for “inspection” and recognition by the T cell antigen receptor

(TCR). A critical aspect of antigen-presentation is that peptides loaded into MHC Class Il
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molecules are recognized only by T cells that express the CD4 molecule in association with their
TCR — CD4+ T cells; peptides associated with MHC Class | are only recognized by T cells that

express the CD8 molecule in association with their TCR — CD8+ T cells.

Recognition and binding of the MHC-bound peptide by the naive T cell gives it the first of 3 major
activation signals that it requires to be awakened from its “slumbering or catatonic state”. The
second signal is delivered via the co-stimulatory molecules, which interact with their ligands
expressed by the T cell. Thus, CD80 and 86 on the APC interact with CD28 on the T cell; CD40 on
the APC interacts with CD40L on the T cell, and so on for the many activating co-stimulatory
molecules. The precise combination of interactions and the affinities with which the receptors

interact, initiates various possible differentiation pathways in the awakening naive T cell.

The third signal is delivered in the form of various possible cytokines. For example, IL12, IFNYy, IL4,
TGF[3 may be produced by the APC, and sometimes by adjacent T cells. The exact composition of
the cytokines present as signal three, is crucially influential in directing the differentiation

pathway down which the awakening CD4+ T cell will progress.

1.2.2 T cell differentiation pathways

Naive CD4+ T cells are referred to as ThO cells because they are precursors that have yet to follow
any differentiation pathway. The first function of CD4+ T cells, after activation by interaction with
antigen presented by APCs, is that of helper cells. They can “help” other T cells to mature, such as
CD8+ cells, and they can also help B cells to produce antibodies of the various classes. In addition,
however, CD4+ T cells can follow a number of differentiation pathways, depending on the

combinations of co-stimulatory and cytokine signals to which they are exposed.
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Figure 1: T-cell activation and differentiation. Adapted from (Ren et al., 2017).

The subpopulations of CD4+ T helper cells (Th1, Th2, Th9, Th17, Th22, Tfh), T regulatory cells,

memory T cells and cytotoxic CD4+ T cells will be discussed.

1.2.3 CD4+ T cells

1.23.1 Thl

Th1 cells, characterised by strong expression of IFNy, are pro-inflammatory and important in
protection against intracellular pathogens like viruses. Excess Th1 cell activity can cause tissue

damage, autoimmune and inflammatory diseases (Wan and Flavell, 2009).

Th1 cells are classically recognised as anti-tumourigenic due to their role in activation of cytotoxic

CD8+ T cells, macrophages and NK cells (Wan and Flavell, 2009, Vella, 1994, Vegran et al., 2015).

Naive ThO cells differentiate towards a Th1 phenotype through contact with IFNy, which is
produced by activated NK cells, and IL12, which is secreted primarily by dendritic cells (lvanova
and Orekhov, 2015). Together, IFNy and IL12 induce T-bet (T-box 21) expression, the master

transcription factor of Th1 cells (lvanova and Orekhov, 2015, Muranski and Restifo, 2013, Wan
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and Flavell, 2009, Nurieva and Chung, 2010). The Thl phenotype is relatively stable as T-bet can
induce its own expression either directly or indirectly via a positive feedback loop(lvanova and
Orekhov, 2015). T-Bet can suppress GATA-3, the alternative transcription factor responsible for

Th2 differentiation (lvanova and Orekhov, 2015).

Th1 cells are characterised by secretion of IFNy and IL2, along with pro-inflammatory cytokines
such as TNFa and TNFB (Wan and Flavell, 2009). IFNy is essential for the activation of
macrophages, CD8+ T cells and NK cells (Wan and Flavell, 2009, Vella, 1994, Vegran et al., 2015).
IFNy also induces MHC class Il expression on cells that do not usually do so, such as epithelial cells,
thus enabling them to act as APCs (Vella, 1994). IL2 supports the primary antigen response by
promoting proliferation of both the Th1 cells and cytotoxic CD8+ T cells, and also the secondary
immune response by promoting development of memory CD8+ cells. In addition, IL-2 supports
the differentiation of naive T cells to express FoxP3 thus promoting the formation of

immunosuppressive Tregs to regulate the Thl pathway (Luckheeram et al., 2012, Li et al., 2017).

Together, the dendritic cells, Th1 and cytotoxic cells create a tumour suppressive environment

leading to control or elimination of the tumour (Disis, 2010).

The predominant Th phenotype in mesothelioma is not yet known.

Reduction in Thl-related IFNy production and chemokine receptor CXCR3 expression has been
observed in cell lines chronically exposed to asbestos (Maeda et al., 2011). This suggests that
chronic asbestos exposure may reduce anti-tumour Th1 activity (Maeda et al., 2011) and

contribute to tumour escape in mesothelioma.

1.2.3.2 Th2

Th2 cells are characterised by the production of IL4, IL5 and IL13 and are mainly involved in
humoral responses to extracellular organisms or parasites and development of atopy and allergic
reactions. Th2 cells are also important for lung mucosal immunity and they “help” B cells to make
antibodies, IgE class being particularly involved in anti-parasite immunity and allergic responses

(Wan and Flavell, 2009).

Th2 cells are mainly pro-tumourigenic through production of cytokines that promote tumour
growth (Vegran et al., 2015) as well as not producing IFNy, so are unable to activate innate and

CD8+ T cells to mount an anti-tumour response (Ruffell et al., 2010).
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Naive ThO cells differentiate towards a Th2 phenotype in the presence of IL4. The cell that initially
produces IL4 has not yet been identified. GATA-3 is the master transcription factor for Th2
differentiation and is up regulated by IL4 (Ilvanova and Orekhov, 2015, Muranski and Restifo,
2013, Wan and Flavell, 2009). Similar to T-bet in Th1 cells, GATA-3 forms its own positive feedback
loop (Wan and Flavell, 2009, Ivanova and Orekhov, 2015).

IL4 plays a major role in allergic inflammation as well as inducing other pro-inflammatory
mediators like IL6 and GM-CSF (Luckheeram et al., 2012). Initially, IL4 may be able to improve
anti-tumour immunity by promotion of acute inflammation and leucocyte recruitment before the
development of a pro-tumourigenic chronically inflamed tumour microenvironment (Kemp and
Ronchese, 2001, Ruffell et al., 2010). IL4 may also contribute to tumour promotion by direct
immunosuppressive effects on CD8+ T cells as seen in a murine model (Ruffell et al., 2010, Kemp

and Ronchese, 2001).
IL4 and IL5 are required for the activation and proliferation of B cells respectively.

Both IL4 and IL13 induce M2 TAMs, causing immunosuppression by up regulating
immunosuppressive cytokines and reducing inflammatory cytokines, driving tumour immune
tolerance and neo-angiogenesis (Ruffell et al., 2010, Vegran et al., 2015, Dong, 2017). IL4 induces
cathepsin activity in TAMs promoting angiogenesis, growth and invasion of tumour cells (Dong,
2017, Gocheva et al., 2010). IL4 induced M2 TAMs may also potentiate metastasis by activation of

EGFR signalling in malignant epithelial cells (Dong, 2017, DeNardo et al., 2009).

The type Il IL4 receptor binds both IL4 and IL13 and is expressed by many non-haemopoetic cells
such as epithelial cells and so may affect tumour growth independent of the immune system

(Ruffell et al., 2010, Murata et al., 1999).

The TAMs and B cells in the Th2 environment promote infiltration of Tregs to the TME. Tregs
secrete TGFf3 and inhibit the generation of CTLs thus contributing to the pro-tumourigenic TME
(Disis, 2010).

The presence of Th2 cells in the TME has been associated with increased metastasis and worse

survival in some cancers (Chang et al., 2015).
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Figure 2: Th2 and Th1 tumour specific immunity. Figure from (Disis, 2010).

1.233 Th9

Th9 cells confer protection against helminth infections. They are associated with allergy,

inflammatory and autoimmune diseases.

Th9 cells are anti-tumourigenic via the production of granzyme B and cytokines in solid tumours

(Kaplan 2015).

Th9 cells differentiate via stimulation of naive T cells with IL4 and TGF-B, or by stimulation of Th2
cells with TGF-B (Muranski and Restifo, 2013, lvanova and Orekhov, 2015, Purwar et al., 2012,
Vegran et al., 2015). Th9 cells were initially thought to be a subtype of Th2 cells but have been
shown to be a distinct subset of cells. Th9 differentiation and IL9 production is inhibited by IFNy

and indirectly through the induction of IL27 from dendritic cells (Murugaiyan et al., 2012).

Th9 cells are characterised by IL9 and IL21 production (Vegran et al., 2015, You et al., 2017).
During Th9 differentiation, these cells express IL9 and cease to express IL4, IL5 and IL13, the
cytokines associated with a Th2 phenotype (Vegran et al., 2015, Purwar et al., 2012). Th9 cells are
not the only cells that secrete IL9, which can also be secreted by Th2, Th17 and Treg cells (Vegran
et al., 2015).

The master transcription factor for Th9 cells has not yet been identified.
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The role of Th9 cells in cancer immunology is not yet established. The anti-tumour effect of Th9
cells might be explained by the release of cytotoxic granzyme B; IL9 dependent effects such as
inducing mast cell cytotoxicity, promoting DC survival and activating epithelial cells to produce
CCL20 which attracts DCs and CD8+ T cells into the tumour bed; and IL21 dependent effects such
as inducing IFNy production by NK cells and CD8+ T cells, promoting CD8+ T cell proliferation and

increasing NK cell cytolytic activity (Vegran et al., 2015).

1.23.4 Th17

Th17 cells are important in acute and chronic tissue inflammation, and protect against a variety of
predominantly extracellular bacterial and fungal pathogens in the epithelial and mucosal barriers
(Dong, 2017, lvanova and Orekhov, 2015, Muranski and Restifo, 2013). They have been implicated

in autoimmune disease.

Differentiation towards a Th17 subset allows these cells to acquire properties of the stem
memory T cells (Tscm) Which can efficiently form memory, generate more differentiated progeny,
self-renew and are long-lived (Muranski and Restifo, 2013). Th17 cells are plastic and can initially
provide an inflammatory response by recruiting myeloid cells then switch to a cytotoxic Th1-like
phenotype (Muranski and Restifo, 2013). They are also able to switch to other phenotypes
including Th2, Treg and Tfh (Guery and Hugues, 2015).

The role of Th17 in cancer is controversial (Muranski and Restifo, 2013). Both pro and anti-tumour
properties have been described. Th17 cells infiltrate tumours and their concentrations are highly
elevated in comparison with surrounding tissues, implying a specific role in tumours (Ilvanova and

Orekhov, 2015).

Th17 cells are polarized from naive ThO cells by IL6, 1L21, IL23 and TGF-B (Hirahara et al., 2010,
Ivanova and Orekhov, 2015, Wan and Flavell, 2009). The master transcription factor of Th17 cells
is retinoic acid-related orphan receptor y (RORy) (Muranski and Restifo, 2013, Wan and Flavell,
2009, Ivanova and Orekhov, 2015).

Th17 cells produce IL17A, IL17F, IL21, IL22. IL17 induces pro-inflammatory cytokines such as IL6,
IL1 and TNFa and pro-inflammatory chemokines. IL17R is widely expressed by immune and
non-immune cells and IL17 has effects beyond immune mediated responses (Muranski and

Restifo, 2013).

16



Chapter 1

[L21 is a self-amplifying cytokine for Th17 differentiation and also activates T cells and NK
cells, and induces B cell differentiation into plasmocytes and memory cells (Luckheeram et

al, 2012).

Th17 cells are regulated by innate system-derived pro-inflammatory cytokines such as IL23, IL6,
and IL1 (Dong, 2017). Th17 cell development and function is highly regulated by IL23, which is
important for Th17 survival, inflammatory potential and is highly expressed in many tumours

(lvanova and Orekhov, 2015, Langowski et al., 2006, Dong, 2017).

Th17 cells are commonly found in precancerous and cancerous lesions (Muranski and Restifo,
2013). Th17 cells may cause tissue damage by engagement with the antigen-specific target, or

from recruitment of macrophages and neutrophils into the TME (Muranski and Restifo, 2013).

Th17 cells can promote a pro-tumourigenic TME in chronically inflamed tissue by IL17 induced
myeloid derived suppressor cell (MDSC) recruitment and angiogenesis (Chang et al., 2014, Dong,
2017). Th17 cells demonstrate plasticity to a Treg phenotype, thus contributing to an

immunosuppressive and pro-tumour TME (Guery and Hugues, 2015).

Conversely, Th17 cells can contribute to an anti-tumour TME by recruitment of NK cells, CD8+ T
cells, Th1 cells and DCs into the inflammatory TME and activation of CD8+ T cells (Guery and
Hugues, 2015). Th17 cells also demonstrate plasticity to a Th1l phenotype, which promotes anti-

tumour IFNy and TNFa mediated killing (Guery and Hugues, 2015).

Th17 cells have been reported in many types of cancers with varying impact on survival (Dong,
2017). In colon and pancreatic cancer, increased Th17 cells were associated with poor prognosis
(Bailey et al., 2014). In patients with early stage ovarian cancer and malignant pleural effusions

increased Th17 cells were associated with better survival (Dong, 2017, Kryczek et al., 2009).

Mesothelial cells express IL17 receptors and work on mesothelioma cell lines has shown that
mesothelioma cells create an environment that strongly polarizes macrophages and CD4+ T cells
to produce IL17. Here, IL17 exerts a strongly proliferative effect on the mesothelioma cell,

favouring its survival (lzzi et al., 2013).

1.23.5 Th22

Th22 cells have been identified as a distinct lineage and are present in inflammatory conditions
such as psoriasis, allergic airway disease and autoimmune diseases. Th22 cells have also been

identified in cancer.
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Th22 cells differentiate from naive ThO cells influenced by TNFa and IL6 (Tamasauskiene and

Sitkauskiene, 2017). The master transcription factor for Th22 cells is not known.

Th22 cells are mainly characterised by their production of IL22. Other cells such as Th1, Th2, Th17,
CD8+ T cells and NK cells also produce IL22 (lvanova and Orekhov, 2015). Th22 cells do not
produce IFNy, IL4 or IL17A thus differentiating them from Th1, Th2 and Th17 cells respectively
(Muranski and Restifo, 2013, Eyerich et al., 2009). Th22 cells also express CCR10, CCR4 and CCR6
(Muranski and Restifo, 2013, Duhen et al., 2009).

IL22 is a member of the IL10 family; it mediates host defence against pathogens and influences
multiple cell types like epithelial cells and fibroblasts (lvanova and Orekhov, 2015). IL22 primarily

affects epithelial cells, fibroblasts and stromal cells that possess an IL22 receptor.

In tuberculous pleural effusions, Th22 cells were stimulated possibly due to pro-inflammatory
cytokines and chemokines produced by pleural mesothelial cells (Ye et al., 2012). Pleural
mesothelial cells were able to act as antigen presenting cells to stimulate CD4+ T cell proliferation

and Th22 differentiation (Ye et al., 2012).

Increased Th22 cells and IL22 have been shown to be associated with various tumours such as
lung and colorectal, and to be associated with tumour cell proliferation (Ilvanova and Orekhov,

2015, Kobold et al., 2013, Huang et al., 2015).

The role of Th22 cells in mesothelioma is not yet known but they may play a role due to the ability
of IL22 to promote regeneration of epithelial cells following injury but may also contribute to
carcinogenesis by inducing proliferation and inhibiting apoptosis of epithelial cells (Dudakov et al.,

2015).

1.2.3.6 T follicular helper cells

Tfh cells play an important role in mediating humoral immunity through interacting with B cells.
Within germinal centres, Tfh cells help B cells proliferate and somatically mutate to produce long-
lived, high-affinity plasma cells for antibody production and memory B cells (Crotty, 2014, Ivanova

and Orekhov, 2015, Qj, 2016).

Tth cells differentiate from naive ThO cells in the presence of IL6 and IL21. IL6 is produced by DCs
and induces IL21 production by naive ThO cells in an autocrine manner (Dienz et al., 2009). IL6 and
IL21 are required to upregulate Bcl6, the master transcription factor of Tfh cells. Bcl6 suppresses

the transcription factors required for Thl, Th2 and Th17 differentiation.
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Tfh cells are characterized by the expression of CXCR5, ICOS, PD1, IL21 and IL4 (Ma et al., 2012,
Vijayanand et al., 2012, Wan and Flavell, 2009, Nurieva and Chung, 2010, Jankovic et al., 2010,
Nurieva et al., 2008). Bcl6 is required for expression of CXCL5 (Nurieva and Chung, 2010, Crotty,
2014). CXCRS5 expression is required for the early Tfh cells to home to the border of the B cell
follicle, attracted by the expression of its ligand, CXCL13 from follicular DCs or stromal cells in

lymphoid organs (Ohmatsu et al., 2007, Nurieva and Chung, 2010, Crotty, 2014).

Here, the early Tfh cells interact with activated B cells presenting antigen, and deliver help to the
B cells resulting in their differentiation into short lived extra-follicular plasmablasts or their

migration in the follicles to form GCs (Ma et al., 2012).

Tfh cells are critical for GC formation and function, they regulate GC size, restrict low-affinity B cell
entry into the GC, support high affinity B cell occupancy of the GC and select high affinity B cells
during affinity maturation (Crotty, 2014, Nurieva and Chung, 2010). Within the GC, Tfh continue
to provide help to the B cells, supporting the generation of long-lived plasma cells and memory B
cells (Ma et al., 2012). This requires formation of stable conjugates between CD28, ICOS, PD1 and
CD40L on the Tfh cells with CD86, ICOS-L, PD-L1 and CD40 on the B cells respectively (Ma et al.,
2012). 1L4, 1L21 and CD40L produced by the Tfh help to maintain GC B cells and induce
proliferation (Crotty, 2014). IL4 and IL21 also induce class switching in B cells (Crotty, 2014).

Tfh cells have a high capacity to form long-term transferrable memory (Crotty, 2014, Muranski
and Restifo, 2013). On leaving the GC, Tfh cells can become resting memory Tfh cells by
upregulating IL7Ra and down regulating Bcl6 (Crotty, 2014, Choi et al., 2013, Kitano et al., 2011,
Shulman et al., 2013). 20-25% of central memory (CM) CD4+ T cells are CXCR5+ memory Tfh cells
(Crotty, 2014, Chevalier et al., 2011). Memory Tfh cells recall their previous lineage and
preferentially reacquire their lineage-specific effector function upon reactivation (Crotty, 2014,
Hale et al., 2013). Activated memory B cells induce memory Tfh cells to rapidly re-express Bcl6,

demonstrating the close link between Tfh cells and B cells (Crotty, 2014, Ise et al., 2014).

Tfh positively influence the influx of other anti-tumourigenic cells of the adaptive immune system
into the TME by the production of CXCL13 (Bindea et al., 2013). Infiltration of tumours by Tfh cells
increases with tumour progression and is associated with formation of intratumoural follicular
structures and survival in colorectal and breast cancer (Bindea et al., 2013, Vegran et al., 2015,

Gu-Trantien et al., 2013).

CXCR5 and CXCL13 expression associated with Tfh cells, were found to be up regulated in T cells
from cell lines continually exposed to asbestos which may indicate that Tfh cells play a role in the

TME of mesothelioma (Kumagai-Takei et al., 2018).
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1.2.3.7 T regulatory cells

Tregs are CD4+ T cells specialized in immune suppression that regulate the potentially harmful
effects of Th cells (Sakaguchi et al., 2008, Corthay, 2009). Tregs are important in maintaining
immune homeostasis and self-tolerance, controlling autoimmunity, infection, graft-versus-host
disease, inflammation and tumour immunity (Chaudhary and Elkord, 2016, Takeuchi and

Nishikawa, 2016, Wan and Flavell, 2009).

Different types of Tregs can develop: naturally occurring Treg; nTreg otherwise known as tTregs
develop in the thymus with high affinity TCR specificity for self-antigens. Induced Treg; iTreg
otherwise known as peripheral Treg (pTregs) are differentiated in the periphery from naive T cells
following TCR stimulation by sub-optimal antigen presentation in the presence of TGFB and IL2
(Chaudhary and Elkord, 2016, Takeuchi and Nishikawa, 2016, Wan and Flavell, 2009, Lee et al.,
2011). Unlike the majority of naive T cells produced in the thymus, tTregs are mature and
“antigen primed” on leaving the thymus (Sakaguchi et al., 2008). The role of tTregs is to maintain
tolerance to self and prevent auto-immunity, while pTregs maintain peripheral tolerance at sites
of inflammation (Chaudhary and Elkord, 2016, Whiteside, 2015, Sakaguchi et al., 2008, Yadav et
al., 2013).

Treg subsets are defined by expression of the FOXP3 transcription factor, their master regulator
and the IL2a receptor chain (CD25) (Chaudhary and Elkord, 2016, Wan and Flavell, 2009,
Sakaguchi et al., 2008).

Tregs exert their suppressive activity via suppressive cytokines (TGFB, IL10, IL35), immune
checkpoints and inhibitory receptors (PD-1, CTLA-4, TIM-3, LAG-3, ICOS), direct cytotoxicity, L2
depletion, degradation of ATP and induction of tolerogenic DCs (Chaudhary and Elkord, 2016,
Takeuchi and Nishikawa, 2016, Shevach, 2009).

Inhibitory immune checkpoint molecules have a physiological role to prevent excessive T cell
activation (Chaudhary and Elkord, 2016). CTLA-4 binds with CD80/86 preferentially over CD28,
preventing early T cell activation by blocking maturation of the APCs (Chaudhary and Elkord, 2016,
Buchbinder and Desai, 2016) LAG-3, TIM-3 and PD-1 negatively regulate Teer and CTLs, and
promote the proliferation and activity of Tregs (Chaudhary and Elkord, 2016, Nirschl and Drake,
2013).

The role of Tregs in cancer is not resolved, with a potential dual role (Whiteside, 2015). Tregs

control inflammation and self-tolerance, they may be protective prior to tumour formation acting
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to limit inflammation associated tumour development (Chaudhary and Elkord, 2016, Whiteside,

2015, Erdman et al., 2010).

Tumours activate Tregs and promote an immunosuppressive TME by the presentation of neo-
epitopes (Chaudhary and Elkord, 2016, Savage et al., 2014, Lu and Robbins, 2016). Tregs are
recruited to the TME or draining LN; here, they are chronically exposed and activated by TAAs
resulting in increased Tregs compared to Terr and CTLs (Chaudhary and Elkord, 2016, Gobert et al.,
2009). Tregs can exert their immunosuppressive function by downregulating immune cells with
anti-tumorigenic functions. Thus they can inhibit the effects of NK, DC, Tere and CTLs, they can
induce apoptosis of CD8+ T cells by Fas/FasL pathway, they can suppress the activity of CD4+ and
v6+ T cells by production of inhibitory cytokines IL10 and TGFB and upregulating CTLA-4 and ICOS
(Chaudhary and Elkord, 2016, Whiteside, 2015).

In the TME of many human cancers, highly suppressive effector Tregs (eTregs) expressing
suppression molecules like TIGIT and CTLA-4, infiltrate heavily and account for a significant
proportion of CD4+ T cells (20-50%) compared to healthy blood (5-10%) (Takeuchi and Nishikawa,
2016, Sakaguchi et al., 2010). A possible mechanism for this is the abundance of self-antigens
from proliferating and dying tumour cells that are recognized by and activate Tregs which have
been stimulated by intratumoural DC release of TGFB (Takeuchi and Nishikawa, 2016, Nishikawa
et al., 2005).

Up regulation of inhibitory receptors such as PD-1, CTLA-4, TIM-3 and LAG-3 on tumour infiltrating
Tregs may be a mechanism for regulating the immunosuppressive Tregs and maintain

homeostasis in the TME (Whiteside, 2015, Butt and Mills, 2014).

In many cancers, a high infiltration of intratumoural Tregs is associated with a poor prognosis due
to suppression of antitumour immunity (Takeuchi and Nishikawa, 2016, Whiteside, 2015, Fridman
et al.,, 2012). Tregs have been demonstrated in mesothelioma tumours and a high infiltration in

the TME is associated with a shorter survival (Anraku et al., 2008).

However, in some cancers, there are reports suggesting Treg infiltration might be associated with
a better prognosis (Whiteside, 2015, Badoual et al., 2006b). FOXP3+ Tregs have been associated
with improved survival and locoregional tumour control in a diverse range of cancers, such as in
colorectal and breast cancer (Chaudhary and Elkord, 2016, Whiteside, 2015, Rech et al., 2010,
Salama et al., 2009). Tregs may be protective in these cancers by controlling inflammation

associated with tumour development (Chaudhary and Elkord, 2016).
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1.2.3.8 CD4+ Memory T cells and peripheral immunity

Long-term memory is required to mount an effective response on subsequent/secondary antigen

exposure and is a crucial feature of adaptive immunity (Muranski and Restifo, 2013).

The multiple phenotypes and plasticity of Th cells complicates the formation of CD4+ memory T
cells which may be less robust than their CD8+ counterparts. (Muranski and Restifo, 2013,

Macleod et al., 2009).

It is unclear if CD4+ memory T cells are long-lived and there has been speculation that once CD8+
T cells and long-lived protective antibody have been generated there might no longer be a

requirement for CD4+ memory T cells (MacLeod et al., 2009).

Naive T cells express CD45RA and after antigen experience, memory T cells instead express
CD45R0O (Macleod et al., 2009, Ahmed and Gray, 1996). CCR7 is expressed by all naive T cells and
CD45RACCR7* central memory T cells (Tcm) which home these cells to lymphoid tissue, whereas
CD45RACCR7 effector memory T cells (Tem) migrate to non-lymphoid tissue (Farber et al., 2014,
Golubovskaya and Wu, 2016). Stem cell memory T cells (Tscm) express Fas and CD122 (memory
marker), they are highly proliferative, self-renewing, can differentiate into other effector and
memory subsets and mediate a superior anti-tumour response (Farber et al., 2014, Gattinoni et
al., 2011). This has important therapeutic implications for cancer immunotherapy (Gattinoni et al.,

2011).

In contrast to CD8+ memory T cells that rely on IL15 for homeostasis, IL17 for survival, and do not
require MHC or antigens, CD4+ memory T cells depend on TCR signalling and/or MHC class Il
molecule contact for survival and function (Farber et al., 2014, Kassiotis et al., 2002, Bushar et al.,

2010).

1.2.3.8.1 CD4+ Tissue Resident Memory cells (Trms)

In humans, both CD4+ and CD8+ tissue resident memory cells, CD4+ Trm (CCR7°CD69*) and
CD8*CD103"* Trwm, are predominant in multiple organs (Farber et al., 2014, Sathaliyawala et al.,
2013, Mueller et al., 2013). Human Tgm cells have tissue-specific properties suggesting local

environmental influence. (Farber et al., 2014) Less is known about CD4+ Tgms than CD8+ Trwvs.

Physiologically, Trms reside in epithelial barriers, can respond rapidly and independently to
pathogens and are important for long-term immunity (Jiang et al., 2012, Clark, 2015, Park and

Kupper, 2015, Wilk et al., 2017). Trus are specific for the barrier tissue in which they reside. When
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Trms gather in sterile tissues such as the pleura, they may drive inflammatory disease (Park and

Kupper, 2015).

CD103 has been identified as a marker of tissue-resident memory in CD8+ T cells. However it has
been shown that CD103 alone is not a reliable marker for tissue-resident memory in CD4+ T cells
(Bromley et al., 2013). CD4+CD103+ cells have been found as tissue-resident cells as well as in

draining lymph nodes (Bromley et al., 2013). A better marker for tissue residency in CD4+ T cells

appears to be CD69 (Jiang et al., 2012, Park and Kupper, 2015).

CD4+ Trus have been shown in infection and inflammatory disease. They are defined by being
retained locally in tissue and are able to quickly produce IFNy and IL17 in response to recognised

pathogens (Turner and Farber, 2014).

CD4+ Triws have been demonstrated in the lung, gut and female genital tract in response to viral,

bacterial and mycobacterial infections (Turner and Farber, 2014).

They may be implicated in chronic inflammatory diseases such as inflammatory bowel disease,

psoriasis and asthma. The mechanisms of differentiation of CD4+ Tgrms are not well understood.

Further work is required to stratify CD4+ tissue resident memory cells in general as well as in

cancer.

1.2.3.9 CD4+ effector cells

In addition to helper functions, some of the CD4+ T cell sub-types have effector functions.
Cytotoxic CD4+ T cells have long been recognized as important in anti-infection immune

responses and have also been observed to possess anti-tumour properties.

1.2.3.9.1 CD4+ CTLs

CD4+ CTLs have been demonstrated in viral infections, autoimmune conditions and cancers. They
demonstrate cytotoxic properties similar to those of CD8+ T cells and NK cells. CD4+ CTLs have
two methods of effecting cytotoxicity; i) induction of Fas-induced target cell apoptosis by
expression of the Fas ligand and ii) secretion of granzyme B and perforin to kill in an MHC class Il

restricted manner (Malyshkina et al., 2017).

CD4+ CTLs originate from various cells including Th0, Th1, Th2, Th17 and Tregs (Takeuchi and

Saito, 2017). However the majority of CD4+ CTLs are thought to originate from Th1 cells with
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expression of IFNy, IL2 and TNFa (Takeuchi and Saito, 2017). Transcription factors T-bet and

Eomes have been associated with differentiation of CD4+ CTL (Takeuchi and Saito, 2017).

Markers for CD4+ CTLs have not been clearly identified but some markers that are associated with
cytotoxicity in CD8+ T cells and NK cells can be used such as NKG2A and NKG2D, which indicate
that these cells share similar functions (Takeuchi and Saito, 2017). CRTAM (class | restricted T cell
molecule) has also been identified as a marker of CD4+ CTLs. In a cell line experiment, only cells
expressing CRTAM developed into cytotoxic CD4+ T cells after incubation with IL2 (Takeuchi and
Saito, 2017).

The role of CD8+ cytotoxic T cells in infection and cancer has been well characterized. Tumours
can evade detection by the immune system if they do not express tumour-associated antigens
that are recognized as foreign (Mutti et al., 1998, loannides and Whiteside, 1993). To escape
detection by CD8+ T cells, virally infected cells or tumour cells may downregulate MHC class |
expression on their cell surface. The peptides may instead be expressed on MHC class Il (Takeuchi

and Saito, 2017).

CD4+ CTLs can target APCs expressing MHC class Il and exert a direct cytotoxic effect via release of
perforin and granzymes. Additionally, IFNy release by activated CD4+ T cells may lead to up-
regulation of MHC class Il molecules on cells that do not usually express this surface marker, like
mesothelial and tumour cells, making them targets for CD4+CTLs (Quezada et al., 2010, Zanetti,
2015). It is not clear how often class |l restricted killing of the target cell occurs in vivo (Takeuchi

and Saito, 2017).

There is little data in the literature about the expression of MHC class Il on malignant
mesothelioma cells. Four primary mesothelioma cell cultures from pleural effusions were
established and examined for the presence of accessory molecules required for antigen
presentation, ICAM-1, MHC class | and Il, CD80, CD86 (Mutti et al., 1998). Tumour cells from these
primary mesothelioma cell cultures were found to express MHC class | and Il, ICAM-1 and CD86,
which are necessary for antigen presentation (Mutti et al., 1998). The presence of MHC class Il on
mesothelioma cells in solid tumours has not yet been established. However, given these tumour
cells arise from malignant transformation of mesothelial cells which are known to express MHC
class Il molecules on their cell surface, it is possible that these mesothelioma cells will also express

MHC class Il.
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1.2.4 CD8+ T cells

Naive CD8+ T cells differentiate in the lymph node similarly to CD4+ T cells with TCR engagement
by peptide-MHC complex, ligation of co-stimulatory receptors, and specific cytokine signals
(Condotta and Richer, 2017, Mittrucker et al., 2014). However, they recognise antigen presented

on MHC class | rather than MHC class Il molecules.

Following activation, the antigen-specific CD8+ T cells undergo clonal expansion and develop into
effector T cells (Condotta and Richer, 2017, Mittrucker et al., 2014, Kaech et al., 2002b). These
CD8+ Teer cells migrate into the periphery and are able to fulfil distinct functions on re-encounter

with antigen (Mittrucker et al., 2014).

After the primary response, 90-95% of pathogen-specific effector CD8+ T cells die by apoptosis
(Mittrucker et al., 2014, Kaech et al., 2003). A small proportion persist as long-lived T memory
cells that proliferate and convert rapidly into effector cells on re-exposure to specific antigen

(Condotta and Richer, 2017, Mittrucker et al., 2014, Kaech and Cui, 2012).

1.24.1 CD8+ CTLs

Similar to Th cells, different subtypes of CD8+ T cells have been described - Tc1, Tc2, Tc9 and Tc17
(Mittrucker et al., 2014).

1.2.4.1.1 Tcl

Cytotoxic T lymphocytes (Tc1) are the best described population and play an important role in the

host defence against intracellular pathogens and cancer (Mittrucker et al., 2014).

Naive Tc cells differentiate to a Tcl phenotype by exposure to inflammatory cytokines, IL2 and
IL12. This is associated with up-regulation of surface markers including CD69, CD44, CD25 and
KLRG1 (killer cell lectin like receptor) and downregulation of CD62L, CD27 and CD127 (Mittrucker
et al., 2014, Pipkin et al., 2010, Joshi et al., 2007). Effector Tc1 cells are influenced by transcription

factors T-bet, Blimp-1, and interferon regulatory factor (IRF4) (Mittrucker et al., 2014).

Tcl cells have the ability to kill target cells by secreting cytokines like IFNy and TNFa, releasing
cytotoxic granules containing perforin and granzymes resulting in apoptosis of the target cell and

they can cause target cell destruction by Fas/FasL interactions (Mittrucker et al., 2014).
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CD8+ cytotoxic T cells and NK cells both produce IFNy and directly kill target cells so play a vital
role in the anti-tumour response (Dunn et al., 2004, Ruffell et al., 2010). CD8+ TILs also mediate

tumour rejection through recognition of tumour antigens (Reiser and Banerjee, 2016).

Two types of tumour antigens have been identified that can be recognised by T cells:
highly/aberrantly expressed normal proteins called tumour-associated antigens (TAAs) or
abnormal mutated proteins (neoantigens)/oncogenic viral proteins called tumour specific

antigens (TSAs) (Ruffell et al., 2010, Takeuchi and Nishikawa, 2016).

CD8+ T cell priming with tumour antigen occurs mainly in draining lymph nodes but can also occur
in the tumour itself by tumour cells or cross presenting APCs (Reiser and Banerjee, 2016, Marzo et

al., 1999, Thompson et al., 2010).

CD8+ T cells can be chronically stimulated by tumours leading to changes in their phenotype and
function (Reiser and Banerjee, 2016). Chronically stimulated CD8+ T cells are functionally impaired

and this may enable tumour progression (Reiser and Banerjee, 2016, Klebanoff et al., 2006).

1.24.1.2 Tc2

Tc2 cells play a role in allergy and inflammation. They are polarized by IL4 expression. Their
transcription is regulated by GATA3. They produce IL4, IL5 and IL13 similar to Th2 cells, and some
granzymes and perforin. In airway inflammation, Tc2 cells demonstrate low levels of cytotoxicity

and enhance inflammation (Mittrucker et al., 2014, Tang et al., 2012).

1.24.1.3 Tc9

Tc9 cells play a role in inflammatory bowel disease and allergy. They are polarised by TGF3 and
IL4. Their lineage determining transcription factor is not clear. They produce IL9 and IL10. Tc9 cells
expressing IL9 have been shown to be anti-tumourigenic in a murine model (Mittrucker et al.,

2014, Lu et al., 2014).

1.24.14 Tcl7

Tc17 cells are polarized by TGF, IL6 and IL21. They are regulated by RORyt, similar to Th17 cells.
They express IL17 and IL21. Tc17 cells contribute to autoimmunity, defence against viral infections
and possess anti-tumour properties. Tc17 cells display impaired cytotoxicity as they express less
IFNy, granzyme B and perforin than Tc1 cells (Mittrucker et al., 2014, Huber et al., 2009). Tc17
cells have been shown to be protective in viral infections such as hepatitis C (Mittrucker et al.,

2014, Billerbeck et al., 2010). The evidence for Tc17 activity in cancer is contradictory.
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1.2.4.2 CD8+ Memory cells

CD8+ memory cells are important for the induction of a rapid secondary immune response. There

are various models that have been suggested for the generation of memory T cells.

CD8+ memory T cells can be divided into CD8+ central memory Tem (CD62L*CCR7), CD8+ effector
memory Tem (CD62L7'°“CCR77) and CD8+ tissue resident Tgm (CD69+CD103+) cells.

During the activation of CD8+ T cells, most Teer cells express high levels of KLRG1 and low levels of
CD127, which marks the cell as terminally differentiated and these are short lived effector cells
(Samiji and Khanna, 2017). A small proportion of Te retains CD127 expression, do not express

KLRG1 and survive to become memory cells (Samji and Khanna, 2017).

In infection, the Tee cells clear antigen then undergo rapid, apoptosis-induced contraction, leaving
a small subset of CD8+ memory T cells (Kaech et al., 2002a, Reiser and Banerjee, 2016). Memory
CD8+ T cells are maintained through IL15 and IL17 which promote memory CD8+ T cell survival
and self-renewal and do not require the presence of antigen (Kaech and Cui, 2012). Inflammatory
IL15 promotes antigen-experienced memory CD8* T cell trafficking to inflamed tissues (Nolz and

Harty, 2014, Condotta and Richer, 2017).

1.24.2.1 CD8+ Tem

Tow are mainly CD62L" CCR7" cells and home to secondary lymphoid organs and bone marrow.
Tewm are less differentiated and slower to demonstrate effector function but are more able to
proliferate, self-renew and produce IL2 compared to Tem cells (Reiser and Banerjee, 2016,

Bachmann et al., 2005). Similar to Tew, they are able to circulate through the blood stream.

1.24.2.2 CD8+ Tem

Temare mainly CD62L'°CCR7'° and are most commonly found in non-lymphoid tissue such as the
spleen, blood and liver. They have increased effector function and cytotoxicity compared to Tcw,

but reduced proliferative potential and ability to produce IL2 (Kaech and Cui, 2012).

1.24.23 CD8+ Trm

Trmare important for providing protective immunity in their tissue of residence (Condotta and
Richer, 2017, Djenidi et al., 2015). They have increased effector function and cytotoxicity
compared to Tcm but decreased proliferative potential and ability to produce IL2 (Kaech and Cui,

2012).
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Trm have been defined on the basis of surface expression of CD8, CD103, CD69, PD1 and TIM3
(Condotta and Richer, 2017, Djenidi et al., 2015). CD8+CD103+ cells do not necessarily express
GZB but can up-regulate these cytotoxic mediators quickly on contact with their specific antigen
or when exposed to a type | IFN milieu (Piet et al., 2011). Down regulation of GZB may be to

prevent cytotoxic damage to the single cell epithelial layer when not required (Piet et al., 2011).

On activation, Trm produce IFNy that recruits other immune cells into the tissue. (Condotta and

Richer, 2017, Shin and Ilwasaki, 2013a).

In the TME there is not an absence of antigen so it may be more appropriate to describe these

cells as “persistent” CD8+ T cells rather than memory T cells (Reiser and Banerjee, 2016).

Our own data has shown that Tgm linked with a robust anti-tumour response in non-small cell lung
cancer (Ganesan et al., 2017). CD8*CD103" TILs demonstrated features of enhanced proliferation
and cytotoxicity, suggesting a more robust anti-tumour response and a higher density of these

cells was associated with survival (Ganesan et al., 2017).

It is likely that a combination of these different memory cells is required for an optimal secondary
immune response, the Tem and Trm confer immediate effector function and first line of defence
while the Tcm generate a large number of secondary effector cells (Kaech and Cui, 2012). Subsets
of tumour specific Tem and Tem have been identified in breast and colorectal cancer patients

(Reiser and Banerjee, 2016).

Chronic inflammation has been found to adversely affect the number of CD8+ T cells, CD8+
memory formation, secondary expansion and the protective capacity of CD8+ memory T cells
(Condotta and Richer, 2017, Stelekati et al., 2014). These mechanisms may influence the TME in

many cancers including mesothelioma, which is characterized by chronic inflammation.

1.25 B Lymphocytes

B cells are responsible for humoural immunity and play an essential role in the adaptive immune
response. B cells interact with T cells to participate in antigen presentation, produce antibodies,
produce cytokines that regulate functions of T cells, DCs and APCs, regulate wound healing and

influence tumour immunity (Sarvaria et al., 2017, LeBien and Tedder, 2008, Tsou et al., 2016).

Peripheral B cells are divided into subsets that include transitional B cells, which mature within
the spleen into naive follicular B cells, germinal centre B cells, memory B cells and antibody

secreting plasmablasts and plasma cells (Sarvaria et al., 2017).
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1.2.5.1 B cell maturation

Immature B cells originate in the bone marrow. Here, they undergo positive selection to ensure
the heavy and light chain of the B cell receptor (BCR) fit together followed by negative selection to
prevent auto-reactivity. Immature B cells then migrate to the spleen where they are called
transitional type (T1) B cells. Here they are exposed to red blood cells and any T1 B cells that
respond to self-antigen become anergic (T3). If a T1 B cell survives, it migrates to the follicle and
becomes a T2 B cell. At this point, these naive follicular B cells are responsive to antigen and
considered to be mature. The mature B cells will circulate through lymphoid tissue being exposed
to antigens. If they encounter an antigen that stimulates a response they migrate to the T-B

border to interact with stimulated T cells.

1.2.5.2 B cell activation and differentiation

B cell activation requires two signals. The first signal is recognition of antigen by the BCR. These

cells will then start to divide.

The next step can be T cell dependent or T cell independent. In the T cell dependent setting,
upon binding with the BCR, the antigen is internalised, digested and forms a complex with MHC
class Il molecules on the B cell surface. The MHC class Il molecule loaded with peptide will form a
complex with the TCR from the Th cell. Co-stimulatory molecule binding is also required, CD40 on
APCs and CD40L on Th cell. Once this binding has occurred, CD4 will strengthen the interaction.
Once the interaction is strong enough, the T cell will release IL4, which will interact with ILR
(interleukin receptor) on the surface of the B cell. The Th cell will then secrete IL5, which is a B cell
expansion factor. With both IL4 and IL5, the B cell is activated and will start to proliferate. A
germinal centre will be generated where B cells undergo affinity maturation and class switching.
From the germinal centre, B cells will be generated that can produce antibodies with increased
specificity for the antigen and also memory B cells which will be able to respond more quickly on
subsequent exposure to the same antigen. The terminal differentiation of a B cell is to become an
antibody producing plasma cell. This process takes 7-10 days. Plasma cells in the spleen or lymph

node are short lived but plasma cells that migrate to the bone marrow are long lived.

The T cell-independent setting allows the B cell to become activated by a wider range of
molecules. T cells can only recognise peptide presented on an MHC class Il molecule but

antibodies on the B cell surface are able to recognise a wide range of molecules including
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peptides, carbohydrates, lipids and DNA molecules. The B cell response is rapid but the antibodies
produced are of low affinity. Additional co-stimulatory signals such as TLR or extensive BCR
crosslinking are required for activation. This reaction does not generate a germinal centre or

memory B cells.

1.2.5.3 Effector function

B cells produce antibodies and cytokines that exert effector function (Spaner and Bahlo, 2011,
Lund, 2008). B effector 1 (Bc1) and B effector 2 (Bc2) cells are formed by interactions with
Th1/Tcl type T cells and Th2/Tc2 type T cells respectively and secrete characteristic cytokines Bcl
(IFNy, IL12 and TNFa), and Bc2 (IL2, IL4, IL6, IL13 and TNFa) (Spaner and Bahlo, 2011).

Plasma cells produce antibodies against the specific antigen that was initially recognised by the
naive B cell. Antibody binding to cell surface antigens coats the target cell, referred to as
“opsonisation”. Although binding of antibody to cell surface antigens does not normally kill the
target cell directly, it recruits potential cytotoxic effector mechanisms. These may either be in the
form of complement, the formation of antibody complement complexes leads to the formation of
“membrane attack complexes” which create holes in the target cell membrane and the pathogen
or target cell is killed. Immunoglobulins of IgG1 and IgGlIl classes are able to fix complement.
Alternatively, the antibodies coating (opsonizing) a target cell can interact with innate immune
cells including macrophages, NK cells and granulocytes. The Fc tail-piece of the antibody interacts
with Fc-receptors such as CD16, to activate cytotoxic mechanisms in the associated innate

immune cell — a process referred to as Antibody-Dependent Cellular Cytotoxicity (ADCC).

B cells can act as APCs stimulating memory and effector cells in the local environment. They can

also produce GZB to function directly as cytotoxic B cells (Hagn et al., 2012).

1.25.4 Bregs

Regulatory B cells (Bregs) are immunosuppressive and play a role in the immune regulation of

cancer and inflammation (Sarvaria et al., 2017, Yuen et al., 2016).

Bregs are thought to develop from marginal zone or CD5+ transitional/naive B cells (Spaner and
Bahlo, 2011, Walker and Goldstein, 2007). Differentiation into a Breg phenotype can occur in the
TME by interactions with tumour-produced metabolites of 5-lipoxygenase that activate PPARa in

B cells (Wejksza et al., 2013, Yuen et al., 2016).
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Bregs mainly secrete IL10 but can also secrete TGFB and IL35 (Yuen et al., 2016, Shen and
Fillatreau, 2015). Bregs may exert their inhibitory effects via both immunosuppressive cytokine
secretion of IL10 and TGFf, and direct lysis of T cells (Spaner and Bahlo, 2011, Tsou et al., 2016,
Mauri and Ehrenstein, 2008).

Regulatory B cells can directly and indirectly suppress Th1l and CD8+ cytotoxic cell responses,
through anti-inflammatory mediators like IL10 or promoting the differentiation of naive CD4+ cells
into Tregs or inducing CD4+ T cell death through the expression of FasL (Sarvaria et al., 2017, Yuen

et al., 2016, Balkwill et al., 2012, Tian et al., 2001).

In autoimmunity, B cell suppression of Thl type responses during chronic inflammation may be
beneficial, but in cancer, this effect prevents detection and elimination of tumour cells, promoting

tumourigenesis (Yuen et al., 2016).

1.2.6 Innate immune response

The innate immune response is the first line of defence against pathogens. It is activated by
physico-chemical perturbation of the tissue microenvironment — usually by “sensing” microbial
products such as lipopolysaccharides, DNA, RNA or other polysaccharides and proteins. Families
of receptors such as Toll-like receptors (TLRs), Lectin-binding receptors and many others,
recognize general molecular patterns but are much less specific than receptors of the adaptive
immune system that recognise antigens. While many cell types, particularly in barrier tissues such
as epithelia, are able to be activated via these “danger” and pattern recognition receptors,
particular cell types including macrophages, dendritic cells and NK cells are the major effectors of
innate immune responses. The sensing of danger or noxious perturbation of the cell
microenvironment must be responded to rapidly — within minutes and hours. The responses
involve rapid up-regulation of various defences including cytotoxic proteins, cytokines and anti-

oxidant defences. The innate immune responses usually generate an inflammatory response.

Tumour-associated inflammation is recognized as a key hallmark of cancer (Grivennikov et al.,
2010, Hanahan and Weinberg, 2011). Initially this inflammation may be useful in suppressing

tumour growth but later may be co-opted by the tumours to promote growth and metastasis.
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1.2.6.1 Macrophages

The main roles of tissue-resident macrophages are firstly to maintain homeostatic equilibrium,
removing debris from apoptotic cells and remodelling stroma and secondly, to provide the first
line of defence against pathogens. Tissue-resident macrophages arise from myeloid progenitor

cells and monocytes migrating into tissue (Sica and Mantovani, 2012, Lievense et al., 2013).

A wide spectrum of functional states of Tumour associated macrophages (TAMs) have been
described and M1 and M2 macrophages represent extreme ends of this spectrum (Sica and
Mantovani, 2012). The division into these two phenotypes is an oversimplification and many of
the macrophages may be able to exhibit both M1 and M2 characteristics (Noy and Pollard, 2014,
Qian and Pollard, 2010). In early tumour development, TAMs have been reported to skew
towards a M1 phenotype and in the later stages a M2 phenotype (Colegio et al., 2014, Franklin et
al., 2014, Shalapour and Karin, 2015).

M1 macrophages are activated upon encounter with IFNy or in association with cytokines such as
TNFoa and GM-CSF. They are characterized by IL12 and IL23 production and activation of the
polarized Th1 cell response (Lievense et al., 2013, Mantovani, 2014). They possess good
capabilities as antigen presenting cells and produce effector molecules and pro-inflammatory
cytokines such as TNFa and IL6, which contribute to tumour progression (Lievense et al., 2013,
Mantovani, 2014, Shalapour and Karin, 2015). They can also act as potent anti-tumour effectors,
demonstrating cytotoxic activity against neoplastic cells and are controlled by CD4+ Treg cells that

favour tumour progression (Mantovani, 2014).

In the transition from a non-cancerous to a cancerous growth, the cytokines and growth factors
create a Th2 type microenvironment (Noy and Pollard, 2014). This is characterized by TGF-pB1,
arginase-1 and an increase in IL4 producing CD4+ Th2 cells (Noy and Pollard, 2014, DeNardo et al.,
2009). Tumour-associated factors can polarize macrophages into the M2 phenotype when they
are exposed to signals such as growth factors produced by tumour cells like CSF1 and GM-CSF, or

IL4 from activated CD4+ Th2 cells (Gocheva et al., 2010, Mantovani, 2014, Noy and Pollard, 2014).

M2 macrophages promote wound healing, angiogenesis and tissue remodelling (Lievense et al.,
2013). They produce anti-inflammatory cytokines like I1L10, chemokines like CCL17 (Katakura et
al., 2004), CCL22 and CCL24 (Owen and Mohamadzadeh, 2013), produce MMPs, express the
mannose (CD206), and scavenger (CD163) receptors and are poor at antigen presentation
(Lievense et al., 2013). Hypoxia in the TME induces M2 macrophages to produce pro-angiogenic
factors like VEGF-A (Lievense et al., 2013, White et al., 2004). M2 TAMs contribute to the

dampening of inflammation by downregulating M1 mediated functions and promote wound
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healing by their association with anti-inflammatory molecules such as IL10, TGF-B and arginase-1
(Shalapour and Karin, 2015, Mantovani, 2014, Lievense et al., 2013). M2 TAMs also promote
cancer cell migration and intravasation, which occur in the later stage of tumour development

(Shalapour and Karin, 2015).

1.2.6.1.1 TAMs

Tumour-associated macrophages (TAMs) have a major and complex role in the tumour
microenvironment accounting for up to 60% of the tumour stroma (Lievense et al., 2013). In

multiple cancers TAM infiltration predicts for poor prognosis (Mantovani, 2014).

Macrophages can act in a pro or anti-inflammatory manner and are able to switch phenotype in
response to different stimuli (Allavena et al., 2008). Macrophages are polarized to a pro-tumour
phenotype in established tumours but may have anti-tumour effects in pre-malignant or the early

stages of tumour development (Noy and Pollard, 2014).

Macrophages can gain anti-tumour properties by the release of lysis mediators, phagocytosis and

T cell activation (Jackaman and Nelson, 2014).

Hypoxia and cell death are characteristic of cancer and steer macrophages towards an attempt to
restore homeostasis (Ruffell et al., 2012). This mechanism has been co-opted by tumours to
promote growth by angiogenesis, lymphangiogenesis, tissue remodelling, invasion, metastases
and development of immunosuppressive microenvironments that inhibit anti-tumoural immune

surveillance (Ruffell et al., 2012).

Solid tumours are immunosuppressive environments where macrophages recruit and induce
regulatory T cells and suppress the action of CD4+, CD8+ and NK cells to protect the tumour (Noy
and Pollard, 2014, Ruffell et al., 2012). TAMs have immunosuppressive potential through factors
like TGFB, inducible nitric oxide synthase (iNOS), arginase-1 (Argl) and IL10 (Mantovani, 2014,
Sica et al., 2000, Noy and Pollard, 2014).

TAM suppression of CD8+ T cells might alternatively rely on B7 molecules - B7-H1 (PD-L1) (Kuang
et al., 2009), B7-H4 (Kryczek et al., 2006) and B7-H3 (Chen et al., 2013) in hepatocellular, ovarian
and lung cancer respectively (Mantovani, 2014, Ruffell et al., 2012, Noy and Pollard, 2014). TAMs
can induce these molecules on the cancer cell surface via IL10 production, thus allowing immune

escape (Mantovani, 2014, Chen et al., 2013).
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Macrophages express PD-1 and CTLA-4 ligands, which are usually present on activated effector

cells to control the immune response (Noy and Pollard, 2014).

1.2.6.1.2 TAMs in mesothelioma

Macrophages are recruited to the lungs in response to inhaled asbestos fibres, which they are
unsuccessful in removing (Lievense et al., 2013). In response, macrophages produce molecules
like IL6, TNFa and IFNy, which are responsible for the activation and maintenance of a chronic

state of inflammation (Noy and Pollard, 2014, Mantovani, 2014).

In mesothelioma, a worse outcome was associated with increased numbers of circulating
monocytes as well as higher densities of TAMs, which demonstrated an immunosuppressive M2

phenotype in non-epithelioid disease (Burt et al., 2011).

Macrophages co-cultivated in vitro with mesothelioma cells skew to an immunosuppressive M2
phenotype and release anti-inflammatory prostaglandin E2 (PGE;) (Lievense et al., 2013, lzzi et al.,
2009). PGE; induces FoxP3 and the development of immunosuppressive Tregs (lzzi et al., 2009,

Lievense et al., 2013, Sharma et al., 2005).

Mesothelioma tends to occur in older people with a long lag time between exposure and
diagnosis. It is unclear whether there is a M1 or M2 predominance in aging. Aging has been
associated with an inability to respond to M1 stimuli (Mahbub et al., 2012) and elderly mice
showed a decrease in M1 macrophages and increase in IL10 secretion suggesting M2
macrophages (Jackaman and Nelson, 2014). This suggests that tissue macrophages will more
readily support tumour growth in aging hosts (Jackaman and Nelson, 2014) and raises the
possibility that a shift to an M1 phenotype may improve T cell immunity in aging hosts (Allavena
et al., 2008). However, mesothelioma does occur in younger patients and this may be due to

increased genetic predisposition or early exposure to asbestos.

1.2.6.2 Natural Killer cells

Natural killer (NK) cells are innate cytotoxic lymphocytes that play an important role in controlling
viral infections and tumour progression. In animal models and humans, deficiency or impairment
of NK cells has been associated with an increased incidence of various cancer types (Orange,

2013, Morvan and Lanier, 2016).
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NK cells are activated by stress molecules like interferons, or cytokines like IL15, IL18 and IL2 from
DCs and macrophages (Vivier et al., 2011). Cytokine receptors such as IL15R, IL21R and IL2R are
involved in maturation and effector function of NK cells (Vivier et al., 2011). IL15 is essential for

NK cell maturation and survival (Vivier et al., 2011, Caligiuri, 2008).

Activated NK cells secrete IFNy and TNFa. IFNy activates macrophages and TNFa promotes
direct NK killing. They also secrete other cytokines like IL10, growth factors like GM-CSF and
chemokines like CCL3, CCL4, CCL5 (Vivier et al., 2011, Morvan and Lanier, 2016).

NK cells express receptors that can either stimulate or dampen NK cell reactivity (Vivier et al.,
2011, Vivier et al., 2004, Bryceson et al., 2006). Activating receptors like NKG2D and NKp46
recognize stress-induced ligands on the surface of the target cell and play a role in cytotoxicity
induction (Guillerey et al., 2016, Nishimura et al., 2015). Suppressive receptors include KIRs and

heterodimers CD94-NKG2A or NKG2B (Nishimura et al., 2015, Guillerey et al., 2016).

The main method of NK cell-mediated killing is by the binding of ligands between the NK and
target cells. This induces release of cytotoxic granules containing perforin and granzymes, leading
to perforation and apoptosis of the target cell(s) (Lieberman, 2003, Voskoboinik et al., 2006,
Nishimura et al., 2015, Morvan and Lanier, 2016, Waldhauer and Steinle, 2008). This process of
secretory lysosome exocytosis is very tightly controlled (Topham and Hewitt, 2009). NK cells are
inhibited by MHC class | molecules that are recognised by NKG2A or KIR family NK receptors on
their cell surface (Bessoles et al., 2014). NK cell activating receptor (NKG2D) can recognise other
signals of aberrant cells such as MHC class | chain related molecules (MICA and MICB) and the
resultant ligand binding can signal target cell killing (Topham and Hewitt, 2009). Other activating
receptors include natural cytotoxicity receptors like NKp46 (Topham and Hewitt, 2009). Healthy
cells that express self-MHC class | molecules and low amounts of stress-induced self molecules are

spared (Morvan and Lanier, 2016, Vivier et al., 2011, Raulet and Guerra, 2009).

A second pathway that can be used by NK cells involves molecules of the TNF family as a death
receptor pathway to kill tumour cells in a perforin-independent manner (Wallin et al., 2003,
Morvan and Lanier, 2016, Guillerey et al., 2016). Soluble and membrane-bound TNF can be
expressed by NK cells which, when activated, induce ligands such as the TNF related apoptosis
ligand (TRAIL) and FAS ligand at their cell surface which interact with the corresponding receptors
on tumour cells contributing to NK cytotoxicity (Morvan and Lanier, 2016, Wallin et al., 2003,
Waldhauer and Steinle, 2008). Caspase-dependent apoptosis occurs when these ligands bind to

their death receptors on target cells (Smyth et al., 2005, Morvan and Lanier, 2016).
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NK cells can also kill by antibody-dependent cell-mediated cytotoxicity (ADCC). Here, infected or
mutated cells are opsonized with antibody, the Fc (tailpiece fragment) of which can be recognised
by CD16 on NK cells. This activates NK cells leading to release of cytotoxic granules inducing target

cell apoptosis (Topham and Hewitt, 2009).

NK mediated cytotoxicity of target cells can accelerate cytotoxic T cell responses and induce
antigen-specific CD4+ T cells that prime CD8+ T cells and B cells thus activating an adaptive

immune response (Vivier et al., 2011, Robbins et al., 2007, Krebs et al., 2009).

1.2.6.2.1 NK cells in cancer

Abnormal cells like tumour cells can initiate NK effector function including cytokine production
and proliferation, and cytotoxicity by up-regulating the activating receptor ligands to overcome
inhibitory signals or by loss of self-identifying molecules like MHC class | that bind to NK cell

inhibitory receptors (Morvan and Lanier, 2016).

NK cells may have an early protective role but once a cancer is established are likely to be anergic
due to tumour-derived suppressive factors like TGF-B (Fridman et al., 2012). Tumours can
downregulate expression of the IL15 receptor, which blocks maturation of NK cells (Morvan and
Lanier, 2016). NK cells may still contribute to the anti-tumour response by secreting cytokines or

chemokines that attract or activate other immune cells in the TME (Morvan and Lanier, 2016).

There is evidence for NK cell immune editing of tumours in addition to the more major role played
by the adaptive immune system (Schreiber et al., 2011). An immunoregulatory role occurs via
their impact on other cells of the TME such as neutrophils, DCs, macrophages and downstream T
and B cell activity (Vivier et al., 2011, Guillerey et al., 2016). NK cells also contribute to
immunosurveillance by elimination of senescent cells, which secrete cytokines and chemokines

that attract NK cells (Guillerey et al., 2016, lannello et al., 2013).

In the TME, NK cells usually reside in the tumour stroma away from the tumour cells (Albertsson
et al.,, 2003, Fridman et al., 2012). There are typically few NK cells in established tumours possibly
due to inefficient homing and are not likely to significantly affect tumour cell elimination
(Albertsson et al., 2003, Waldhauer and Steinle, 2008). Decreased NK activity has been detected

in many studies of cancer patients (Morvan and Lanier, 2016, Pross and Lotzova, 1993).

There is a relative abundance of circulating NK cells compared to the TME and NK cells have been
shown to resist the formation of metastasis in a murine model, suggesting this may be their

predominant role (Gorelik et al., 1982, Morvan and Lanier, 2016).
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In cell lines, exposure to asbestos has the potential to suppress the function of NK cells (Nishimura

et al., 2015), which may influence their effect in mesothelioma.

13 Immune responses and Cancer

As any cell/tissue in the body undergoes malignant transformation and starts to form a cancer,
some of the mutations that occur result in the generation of mutated proteins which may be
recognizable by the immune system as neo-antigens. It is probable that for very many cancers,
the immune surveillance and recognition of the “foreignness” of the tumour cells generates an
effective immune response that eliminates the cancer before it ever reaches the point of being
detectable clinically. The anti-cancer immune response generates antigen-specific effector
mechanisms including CD8+ cytotoxic effectors of different types, CD4+ memory and effectors of
different types, B-cell derived antibodies and also inhibitory mechanisms in the form of
Regulatory T cells (Tregs). The cancer generates defensive strategies to avoid detection by the
immune system or to inhibit the efficacy of the effector mechanisms. The ultimate outcome of
the cancer including the response to therapy is the resultant of the balance between the immune

system and the cancer’s self-protective mechanisms.

The role of tumour infiltrating lymphocytes (TILs) in solid tumours is well established. In many
solid tumours, including colorectal, lung, breast and oropharyngeal cancer, TlLs confer a survival
benefit (Galon et al., 2006, Al-Shibli et al., 2008, Garcia-Martinez et al., 2014, Ward et al., 2014,
Gooden et al., 2011). A meta-analysis of 23 studies of solid tumours demonstrated the presence
of CD8+ TILs conferred a prognostic advantage and a similar analysis of 6 studies of CD4+ TILs
showed a significant effect on overall survival (Gooden et al., 2011). A more recent meta-analysis
of nearly 18,000 tumours in 39 cancer types found higher levels of T-cell fractions to be generally

associated with better survival (Gentles et al., 2015).

It has become clear that the effect of tumour-infiltrating lymphocytes varies between tumour
types and that survival benefit is dependent on a complex interplay of cell types in the tumour

microenvironment.

1.3.1 CD8+ CTLs

CD8+ TILs have been the most extensively studied cell in cancer immunology. The evidence from

many tumour types is that CD8+ TILs are associated with a good outcome. To date, the majority of
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data have come from single stained CD8+ IHC samples. The positive effect of CD8+ TILs is likely to
be an oversimplification as there is evidence of different phenotypes of CD8+ T cells including
CD8+ Tregs and CD8+ Trus. Similarly; the presence of a CD8+ T cell in the TME does not indicate its

activation status or cytotoxic ability.

CD8+ CTLs have the potential to eliminate tumours by direct and indirect effects of IFNy or by
antigen-specific recognition of tumour antigens expressed in MHC class | molecules and
cytotoxicity mediated by perforin/granzyme or receptor (Fas/TNF) mechanisms (Harimoto et al.,

2013).

IFNy is produced by many cells; including NK cells, CD8+ CTLS and Th1 cells. It has been shown to
contribute directly to the anti-tumour response by preventing tumour cell growth and

proliferation, and promoting apoptosis (Wall et al., 2003, Ivashkiv, 2018). Indirect effects include
up-regulation of MHC class | and Il expression, that promotes the function of Thl, CD8+ CTLs and

macrophages and also suppression of Treg function (lvashkiv, 2018).

Tumour-specific CD8+ CTLs are induced by professional APCs that present the TAA together with
other factors that are required for successful antigen presentation such co-stimulatory molecules,
their ligands and adhesion molecules (Harimoto et al., 2013, Mutti et al., 1998). There may be
tumour-based factors that decrease the expression of co-stimulatory molecules on the DCs,
making these cells tolerogenic and unable to stimulate CD8+ CTLs (Harimoto et al., 2013). It has
been demonstrated in a mouse model that DCs were able to expand tumour specific CD8+ CTLs in
the early stage of tumour development but their function was impaired in later stage tumours

(Harimoto et al., 2013).

The functional properties of CD8+ TILs are likely to influence the outcome of the tumour, for
example if they are activated or able to express cytotoxic effector molecules such as GZB
(Harimoto et al., 2013). It has been shown in a murine model injected with 2 related tumour cell
lines, that CD8+ cells from mice injected with the faster growing cell line were less activated
(expressed less CD69), expressed less IFNy and expressed no GZB, even on stimulation with L2

(Harimoto et al., 2013).

Most in vitro CD8+ CTL work has demonstrated their ability to kill rapidly and efficiently (Halle et
al., 2016). This may not translate directly to the in vivo environment where there are many other
factors at play. In vivo murine work has demonstrated that in virally infected cells, the CD8+ CTLs
killed very few cells per day and that MHC class | down-regulation strongly reduced the CTL-

mediated, antigen-specific contact-dependent killing (Halle et al., 2016).
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Tumour cells evade immunosurveillance by CD8+ CTLs in a variety of ways. They have poor
antigen presenting properties as they are able to down regulate their surface expression of MHC
class | molecules and often lack surface expression of adhesion and co-stimulatory molecules
(Guinan et al., 1994, Maher and Davies, 2004) and are poorly immunogenic as they are closely
related to self (Maher and Davies, 2004). Tumour cells may also kill CD8+ CTLs by expression of

death receptor ligands like Fas (Maher and Davies, 2004).

1.3.2 TRMS

Trms have been found to confer a survival benefit in solid tumours. Tgrws are a long-lived
population of cells that are localised in tissue and able to quickly exert effector function on

activation (Turner and Farber, 2014).

CD8+ Trus have been recognized for nearly 20 years but more recently the role of CD4+ Tgrus has

been explored.

CD69 is expressed on most CD4+ and CD8+ Trwms While CD103 is only expressed on a subset (Kumar
et al., 2017). CD69 is associated with early activation or in response to pro-inflammatory
cytokines. Trm cells express elevated levels of CD69 compared to memory cells in the lymph node
and spleen, which may be the result of continued stimulation with persistent antigen at tissue

sites (Turner and Farber, 2014).

Trms have the ability to reside in peripheral tissue independently of other populations of memory
cells (Turner and Farber, 2014). In a murine model, they have been shown to develop and survive
independent of local antigen recognition in the absence of MHC class | expression (Davies et al.,
2017). This may be important in cancer especially in view of eventual down-regulation of MHC
class | by tumour cells. Trm also express high levels of IFN-induced transmembrane protein 3
(IFITM3), an IFN-stimulated gene that promotes survival (Shin and Iwasaki, 2013b, Shin and
Iwasaki, 2013a).

Compared to circulating Tem, human Trms express more adhesion and inhibitory molecules, pro-
inflammatory and regulatory cytokines (Kumar et al., 2017). Trus express high levels of GZB (Shin
and lwasaki, 2013b, Shin and lwasaki, 2013a) In an infection model of Herpes Simplex Virus (HSV),
the Trm expressed lower levels of perforin and GZB in the skin where the infection was cleared but
retained high expression of GZB and perforin in the ganglia, perhaps due to engagement of the
TCR by latently infected or reactivating neurons (Shin and Ilwasaki, 2013b, Shin and Iwasaki,

2013a). In cancer, persistence of the antigen may lead to increased expression of cytotoxic
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granules by the TRMs to try and contain the tumour cells. CD8+ Trus in the ganglia can undergo
repeated proliferative responses on HSV reactivation despite being subjected to chronic
stimulation (Carbone, 2015). This may be an important contributory factor to the benefit of Trws

in cancer where there is chronic inflammation and persistent antigen in the TME.

TRMs are able to recruit other immune cells to the site by release of IFNy. In addition the TRMs
promote NK and DC activation (Carbone, 2015). Trus also secrete TNFa that leads to APC maturity,
however it is unclear if antigen presentation is required to maintain this population (Schenkel et

al., 2013, Schenkel and Masopust, 2014).

133 B cells

While the focus in cancer immunology has been on CD8+ T cells, T cells do not work in isolation
(Spaner and Bahlo, 2011, Yuen et al., 2016). B cells account for up to 25-40% of all cells in some

tumours (Yuen et al., 2016).

There is conflicting evidence for whether B cells exert anti or pro-tumour responses and this is
likely to be influenced by many factors including the heterogeneity of B cell types and interactions

with other cells in the TME.

B cells are most commonly found in the draining lymph nodes but can be found at the invasive
margin of tumours (Balkwill et al., 2012). Inflammation produces chemo-attractants that cause B

cells to enter the TME (Spaner and Bahlo, 2011, Colotta et al., 2009).

In the TME, B cells can demonstrate anti-tumour activity by antigen-driven clonal expansion, class
switching and affinity maturation leading to the production of tumour-specific antibodies

(Sarvaria et al., 2017, Yuen et al., 2016).

Tumour cells undergo cell death by apoptosis and necrosis which produce antigens that are
recognised by tumour-reactive antibodies and B cells (Spaner and Bahlo, 2011, Zeh and Lotze,
2005, Schafer and Werner, 2008). However, tumours are weakly immunogenic and express self-
antigens that may not produce high affinity antibodies that would be associated with an effective
anti-tumour response (Spaner and Bahlo, 2011). A weak response may conversely contribute to
the pro-tumourigenic inflammatory process (Spaner and Bahlo, 2011, Houghton and Guevara-

Patino, 2004).
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Antibodies play a role in the opsonisation of tumour cells, activation of the complement cascade
and in antibody-dependent cell-mediated cytotoxicity (ADCC). ADCC is effected via the Fc portion
of the antibody binding to and activating NK cells which are then able both to lyse target cells
without priming and also to secrete cytokines like IFNy to recruit adaptive immune cells (Yuen et

al., 2016).

B cells exert effector function beyond antibody production and produce a range of anti-
inflammatory cytokines like IL35, IL10 and TGFf or pro inflammatory cytokines like IL12, IL6, IL15
and GMCSF that have complex and paradoxical effects in the TME (Li, 2016). It is not clear

whether intra-tumoural B cells are Bc1 cells, Bc2 cells or Bregs (Spaner and Bahlo, 2011).

Tumour infiltrating B cells can function as APCs to sustain activity of memory and effector T cell

(Tsou et al., 2016).

B cells may also exert anti-tumour effects directly by cytotoxicity associated with GZB secretion or
indirectly by activation of Th1, CD8+ CTLs and macrophages with IFNy secretion. (Sarvaria et al.,

2017)

Tumour progression occurs despite the anti-tumour effect of B cells. This may be due to B cells
promoting a pro-inflammatory angiogenic environment and recruiting immunosuppressive cells

and supressing T cell activity (Sarvaria et al., 2017, Tsou et al., 2016).

134 Tregs

Tregs have traditionally been associated with suppression of effector T cells and are thought to
contribute to an immunosuppressive TME and poor clinical outcome in many cancers. However,
there have been some studies that have demonstrated a good outcome associated with Treg
infiltration. Most studies have used one or two markers like FoxP3 and CD25 to define the Treg
population. However, it should be noted that these markers are not restricted to Tregs so the

reliability of those studies is uncertain.

Similar to other T cell populations, the Tregs have been shown to be heterogeneous. Thymus-
derived nTregs exert their suppressive function on effector cells via GZB/perforin and Fas/FasL
mechanisms (Frydrychowicz et al., 2017). The peripherally induced iTregs exert their function via

secretion of TGFpB, IL10 and IL35 (Frydrychowicz et al., 2017).
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A variety of mechanisms have been suggested for Treg suppression of effector T cells in the
tumour. These include direct suppression of effector T cells by immunoregulatory cytokines,
competition with effector T cells for access to antigen-presenting dendritic cells, interaction with
DCs to affect their function, competition with effector T cells for IL2, inhibition by cytolysis of
effector cells, hampering T cell activation thus inducing apoptosis of these cells (Frydrychowicz et

al., 2017, Jang et al., 2017, Ward-Hartstonge and Kemp, 2017, Arce-Sillas et al., 2016).

Tregs are able to suppress a range of other cells in the TME including B cells, macrophages and
DCs. Tregs promote B cell anergy and hinder the production of antibodies (Frydrychowicz et al,,
2017). Inhibition of co-stimulatory and antigen-presenting molecules and inflammatory cytokines

in APCs inhibits their ability to stimulate T cell responses (Frydrychowicz et al., 2017).

More recently, it has been shown in pancreatic cancer, that Tregs suppress the expression of co-
stimulatory ligands on tumour-associated DCs that are necessary for activation of CD8+ T cells

(Jang et al., 2017).

Tregs up-regulate inhibitory molecules on their cell surface like CTLA4, ICOS and LAG3 that
prevent the APCs from activating effector T cells (Frydrychowicz et al., 2017, Maher and Davies,
2004). Tregs in the TME often express higher levels of inhibitory markers and are more

suppressive than circulating Tregs (Ward-Hartstonge and Kemp, 2017).

Tregs may also exert protective effects for the host, such as suppression of pro-inflammatory
Th17 cells and bacteria-driven inflammation which have both been associated with carcinogenesis

(Frydrychowicz et al., 2017).

1.4 Checkpoint molecules — T cell exhaustion

14.1 Exhausted CD8+ T cells

When T cells are exposed to long-term persistent contact with their cognate antigens, there is the
risk that uncontrolled activation and tissue damage may occur as collateral effects. Therefore, in

many situations involving chronic exposure to antigen — such as various infections or in cancers, a
supposedly protective self-inhibitory change takes place in the T cells which renders them inactive

— a so-called state of “exhaustion”.

T cell exhaustion results in diminished effector function and cytokine production, resistance to

reactivation and sustained expression of inhibitory receptors (Reiser and Banerjee, 2016, Crespo
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et al., 2013, Legat et al., 2013, Wherry, 2011). CD8+ T cell exhaustion is reversible, which has

therapeutic implications (Reiser and Banerjee, 2016).

When T cells become “exhausted”, they up-regulate a number of receptors with inhibitory

functions including PD1, CTLA4, TIM3 and LAG3 (Reiser and Banerjee, 2016, Wherry, 2011).

CD8+ TILs in tumours display a higher proportion of an exhausted phenotype compared to normal
tissue or blood (Ahmadzadeh et al., 2009, Hadrup et al., 2013, Wang et al., 2010). In melanoma,
CD8+ TILs co-expressed more PD1 and CTLA4 with impaired cytokine production, corresponding
to an exhausted phenotype and impaired anti-tumour responses (Ahmadzadeh et al., 2009,

Hadrup et al., 2013).

PD-1 activation by PD-L1 and PD-L2 and CTLA-4 activation by B7-1 (CD80) and B7-2 (CD86) directly
inhibits TCR and BCR signalling (Noy and Pollard, 2014). CTLA-4 competes with co-stimulatory

CD28 binding, so inhibiting the activation and function of cytotoxic T cells (Noy and Pollard, 2014).

Dual blockade of CTLA4 and PD1 reversed T cell exhaustion, increased cytokine release and

proliferation of effector cells and inhibited Tregs (Duraiswamy et al., 2013).

While expression of inhibitory receptors is often associated with exhaustion, (Legat et al., 2013) it
has been shown that PD1 expression in healthy donors does not represent exhaustion but rather

an effector memory phenotype (Legat et al., 2013, Duraiswamy et al., 2013, Baitsch et al., 2011).

The expression of eight inhibitory receptors by CD8+ T cells in healthy humans was examined
(Legat et al., 2013). Their data indicate that expression of inhibitory receptors does not necessarily
identify dysfunctional cells (Legat et al., 2013). It may be that these are markers more of

differentiation and maturity than exhaustion.

1.4.2 Immune checkpoint molecules

Immune checkpoint molecules help to tightly control immune responses by activating or
suppressing T cell activation. There are a range of stimulatory checkpoint molecules such as ICOS,
CD137 and OX40. There are also many inhibitory molecules including CTLA4, PD1, TIM3 and LAG3.
These have been extensively studied and form the basis of immunotherapy with checkpoint

inhibitors.

Each of the immune checkpoint inhibitors has a different target and mechanism of action. For

example an anti-CTLA-4 agent would help with T cell activation whereas an anti-PD1 agent will
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prevent PD1 from binding with its ligand so allowing the activated T cells to continue with its

effector function.

CTLA4 is mainly expressed on naive CD4+ and CD8+ T cells and Tregs. It binds to CD80 and CD86
preferentially over CD28, thus inhibiting T cell activation. It can also remove CD80 and CD86 from
the surface of the APC. It limits the signalling potential of the TCR through phosphorylation upon

ligand binding.

PD-1 is a transmembrane inhibitory immunoreceptor expressed by activated T cells that
negatively regulates immune responses by interaction with its ligands PD-L1 and PD-L2 (Ceresoli
et al., 2016). PD1 is mainly expressed on activated T cells, B cells, APCs and NK cells. It acts as an
“off switch” and engages with ligands to inhibit T cell proliferation, reduce cytokine production
and decrease expression of survival proteins. Blockade of PD-1 or PD-L1 allows the activated T-

cells to exert effector function on tumour cells.

TIM3 is a type | cell surface glycoprotein. It is mainly expressed on activated T cells (CD4+ and
CD8+ T cells, Tregs), innate immune cells and on certain tissue. It binds to its ligand galectin-9
leading to decreased production of IFNy and reduced T cell proliferation. There is evidence for
positive and negative effects of TIM3 on the TCR signalling and it may depend on the cellular
context (positive for naive, effector, memory T cells, negative for exhausted T cells) or the ligand it
engages with (Du et al., 2017). TIM3 has been noted to be upregulated on Th1 cells leading to
apoptosis, is a marker for exhausted CD8+ T cells in chronic infection and is upregulated on
antigen-specific CD8+ T cells and CD8+ TILs (Du et al., 2017). The mechanism of action of TIM3 is

currently not clear.

LAG3 is mainly expressed on activated T cells and NK cells. It binds to MHC class Il molecules. The
mechanism of action is not clear. LAG3 exerts a negative regulatory effect on proliferation and

activation of T cells (Marcq et al., 2017a)

In mesothelioma, PD1, CTLA4 and TIM3 have been demonstrated on immune cells in the TME but
there was no expression of LAG3 (Marcq et al., 2017a). TIM3 expression in mesothelioma

samples was found to be an independent prognostic factor (Marcq et al., 2017a).

TIM3, LAG3 and PD1+ T cells have been demonstrated to varying amounts the pleural effusions of

patients with mesothelioma (Marcq et al., 2017b).

There has been great interest in understanding the role of checkpoint molecules as a means of

modulating the immune system with immunotherapy.
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1.5 Cancer Immunotherapy

Cancer treatments have traditionally involved surgery, chemotherapy and radiotherapy with no
new treatments entering the arena for the last few decades and little improvement in survival for

most cancers.

Immunotherapy covers a broad range of treatments that aim to therapeutically modulate the
immune system to treat disease. This has been used in a range of diseases including cancer. Types
of cancer immunotherapy include the use of checkpoint inhibitors, monoclonal antibodies,

vaccines, cytokines and adoptive cell transfer.

Using the immune system to target cancer was attempted in the 19t century but was stopped in
favour of chemotherapy and radiotherapy. Further advances were made in the 1970s with the use
of a Bacille Camette-Guerin (BCG) vaccine for preventing bladder cancer recurrence. In the 1990s,
the first monoclonal antibody was approved for therapeutic use in non-Hodgkin’s lymphoma. In

2010, the first dendritic cell cancer vaccine for prostate cancer was approved.

In 2011, the first checkpoint inhibitor, Ipilimumab, a fully human monoclonal antibody that blocks
cytotoxic T lymphocyte 4 (CTLA-4) was approved for use in metastatic melanoma (Hodi et al.,
2010). The median survival for these patients with stage Il and IV metastatic melanoma without
immunotherapy was 11 months. In this study, 20% of patients treated were alive at 3 years and in
some cases treatment has led to long-term disease control and survival at 10 years (Hodi et al.,
2010, Robert et al., 2015, Schadendorf et al., 2015). However, there is no way of predicting in

advance which patients will benefit from Ipilimumab.

Immune checkpoint inhibitors (ICIs) block immune checkpoint molecules or their ligands that are
overexpressed in TILs and tumour cells to re-establish anti-tumour immunity (Buchbinder and

Desai, 2016, Chaudhary and Elkord, 2016).

ICls were initially designed to enhance Tere and CTL activity but may also play a role in Treg

depletion or impairment (Chaudhary and Elkord, 2016).

The effectiveness of cancer immunotherapy is blocked by Tregs (lvanova and Orekhov, 2015).
Tregs however could be therapeutically harnessed in a variety of ways including local depletion

and checkpoint inhibitors (Sakaguchi et al., 2008).

Treg depletion can provoke and enhance tumour immunity in animal models but in itself may not
establish sufficiently robust anti-tumour activity (Takeuchi and Nishikawa, 2016, Sakaguchi et al.,
2008). It has been shown that self-reactive CD8+ T cells become irreversibly anergic after Treg

suppression which is a mechanism for self—tolerance (Takeuchi and Nishikawa, 2016, Maeda et
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al., 2014). Therefore, for immunotherapy to be successful, a combination of Treg depletion and

re-priming of Teer from naive T cells would be required (Takeuchi and Nishikawa, 2016).

A number of immune checkpoint inhibitors have been licensed and an increasing number have

been the subject of clinical trials in many different cancers types.

1.5.1 CTLA-4 (cytotoxic T lymphocyte 4)

Blockade of CTLA-4, allows T cell activation and leads to immune-mediated tumour cell death
when used by itself or in combination with other agents (Grosso et al, 2013). This has led to the
development of fully humanized monoclonal antibodies, Ipilimumab (Bristol-Myers Squibb,
Princeton, NJ) and Tremelimumab (Pfizer, New York, NY). Ipilimumab has also been studied in

conjunction with chemotherapy and other immunotherapies in a variety of solid tumours.

In mesothelioma, there were 2 promising small phase Il studies of Tremelimumab, which led to a
double blind, randomised placebo control study, DETERMINE (Calabro et al., 2013, Calabro et al.,
2015). However, this failed to meet its primary endpoint of overall survival in Tremelimumab
versus placebo in unresectable pleural or peritoneal mesothelioma in the second and third line
setting. (Astrazeneca 2015) Tremelimumab in combination with durvalumumab (an anti PD-L1

antibody) is being studied in a phase Il trial (Calabro et al., 2018).

1.5.2 PD-1/PD-L1

PD1 is expressed on the surface of activated T cells. Blockade of PD1 significantly increases
cytolytic activity of T cells and tumour cell lysis. Antigen recognition by T cells produces
inflammatory cytokines that up-regulate PD-L1 expression in the tissue/tumours. PD1/PD-L1

ligation leads to immune tolerance (Alsaab et al., 2017).

The expression of PD-L1 has been reported in up to 45% of mesothelioma samples in different
series, with a higher rate in sarcomatoid mesothelioma, and has been associated to poor

prognosis (Marcq et al, 2015).

Anti-PD1 therapies such as Nivolumab and Pembrolizumab have been licensed for use as single
agents and in combination in several solid tumours including melanoma and non-small cell lung

cancer. A trial of Nivolumab (Fennell et al., 2018) is currently underway in mesothelioma.
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An anti-PDL1 therapy, Avelumab (human anti-PD-L1 IgG1 monoclonal antibody) is licenced in the

United States for use in metastatic merkle cell carcinoma.

PD-L1 blockade has also demonstrated promising efficacy in patients with mesothelioma. In a
phase IB study, 20 patients with unresectable pleural or peritoneal mesothelioma, progressing
after prior platinum/pemetrexed containing chemotherapy, were treated with avelumab, an anti-

PD-L1 antibody (Hassan et al., 2016).

The association between PD-L1 expression and efficacy remains controversial, mainly because of
the use of different companion tests and different cutoffs of positivity in the development of the
various drugs (Ceresoli et al, 2016) In the avelumab study, mesothelioma patients were not

selected based on PD-L1 positivity (Hassan et al., 2016).

153 TIM-3

T cell immunoglobulin mucin (TIM) 3 is up regulated in tumour antigen-specific CD8+ TILs
(Sakaguchi et al., 2010). Anti-TIM3 antibodies have been shown to increase proliferation and
cytokine production of these cells (Sakaguchi et al., 2010). The use of anti-TIM3 antibodies alone
has not shown efficacy in pre-clinical models but have shown dramatic reductions in tumour

growth when used in combination therapy (Sakaguchi et al., 2010).

A phase I-Ib/Il open label trial is ongoing to assess safety and efficacy of anti-TIM3 mAbs as a
single agent and in combination with PD1 mAbs in adults with advanced malignancies
(NCT02608268). Another phase | trial is also on-going with a different anti-TIM3 antibody (NCT
02817633).

There is increasing interest in harnessing the potential of combination immunotherapy. This is
already licenced for use in melanoma. However, the benefits of combination therapy must be

balanced with the additional risk of toxicity.

Currently around 20% of patients derive significant benefit from immunotherapy. It is difficult to

predict which patients will benefit and which treatment will offer the most benefit.

There has been increasing recognition that factors like the TME and tumour heterogeneity
contribute significantly to clinical outcomes of patients with cancer. It is clear that one size does
not fit all. It is likely that going forward a successful treatment strategy for cancer will involve
understanding the immune and genetic profile of the individual patient’s tumour in order to tailor

a personalised treatment plan. With the increasing understanding of tumour signatures and
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development of new therapies this is already in place for a select group of patients in the research
setting. The ultimate goal is for stratified and personalised cancer treatment to become standard

practice.

The work in this thesis aims to contribute to understanding the immune events in mesothelioma

that influence the clinical outcome.

1.6 Investigative approaches for analysis of the anti-tumour immune

response

A number of investigative approaches will be undertaken to further the understanding of the role
immune cells in mesothelioma. The approaches are aimed at first characterizing and quantifying
the phenotypes of infiltrating immune cells within the tumour and comparing them with cells in
surrogate tissues (Blood and/or pleural fluid). Then attempts will be made to define the
functional activities and intercellular interactions by more detailed study of cells extracted from

the tumour environment. The methodological approaches include:
Immunohistochemistry (IHC)

Extraction of cells and analysis by Flow Cytometry (FACS)

Bulk RNA-seq/Single cell-RNAseq

Surrogate tissues: pleural fluid

1.7 Aims and Objectives of this thesis

1) The over-arching hypothesis to be tested in this thesis is that the immune response
against mesothelioma is the critical determinant of the clinical outcome.
2) The secondary hypotheses are:
a. The main effector cells contributing to the defence against mesothelioma are
CD8+ CTL and Trm
b. The main effector cells contributing to the defence against mesothelioma are
CD4+ CTL and Trm
c. The main effector cells contributing to the defence against mesothelioma are B

cells and antibodies
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3) Less differentiated mesotheliomas create a microenvironment that is anti-immune/pro-

tumour

The hypotheses will be addressed as follows:
1) Define the gross nature of the immune response in mesothelioma — quantification of
numbers of infiltrating lymphocytes and their phenotypes
2) Look for evidence that immune response correlates with clinical outcome
3) Define the phenotypes of infiltrating immune cells by IHC on biopsies and tumours
4) More detailed analysis of cells and their interactions — Bulk RNA-seq

a. Seek confirmatory evidence in pleural fluid
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Chapter 2  Materials and Methods

2.1 Study design

About 50 new cases of mesothelioma are diagnosed at University Hospital Southampton (UHS)

each year.

A review identified that in the last 10 years, in the order of 500 cases have been evaluated and
pathological tissue stored. Initially, formalin fixed, paraffin embedded tissue from patients with a
known diagnosis of mesothelioma was retrieved from the pathology archive at UHS and where
sufficient material was available, it was sampled for construction of a tissue microarray (TMA).
This allowed up to 60 individual tumours to be analysed simultaneously, making multiple staining

and comparison feasible.

The series of TMA was probed for markers for immune effector, including CD3, CD4, CD8, CD45R0O
(memory), FoxP3 (Treg), CD20 (B cells), CD56 (Natural Killer cells), neutrophils (NP57)

macrophages (CD68) and also for WT1, which is used as a diagnostic marker for mesothelioma.

During the period of the study, patients with a clinically or radiologically suspected mesothelioma
for which a pleural fluid aspiration or Video Assisted Thoracic Surgery (VATS)/Surgical

Thoracoscopy was planned were approached.

A further group of patients with pleural effusions but not a suspected diagnosis of mesothelioma
who were undergoing a planned diagnostic/therapeutic pleural aspiration were approached to
participate in this study as a control group to enable comparisons to be made between pleural

fluid samples taken from the two groups.

In those who were willing to participate, pleural fluid and where possible pleural biopsies were
taken in the context of their planned procedure and stored fresh frozen. Samples of pleural fluid
and pleural biopsies were taken in the context of clinical treatment so conferred minimal

additional risk or burden.

Pleural fluid would usually be drained from the patient for diagnostic and therapeutic purposes
during thoracic surgery and surplus pleural fluid that would otherwise be discarded was collected
for study purposes. If the patient was having a diagnostic/therapeutic pleural fluid aspiration, an
additional 200mI-2000m| of fluid, depending on the planned procedure being undertaken, was

taken for research purposes.
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At the time of the pre-operative/planned blood sampling wherever possible, or at a later date, 50

ml of additional blood was drawn for analysis of immune markers.

A review of patient notes including electronic case notes has enable correlation of

immunohistochemical evaluation with clinical outcome in patients with mesothelioma.

2.1.1 Patient identification and recruitment

For the study of retrospective formalin fixed paraffin embedded tissue, records were identified
from the histological database and review of patient records. Both male and female patients over
the age of 18 with a diagnosis of mesothelioma were included. It was envisioned that up to 500
stored tissue samples would be available for analysis by TMA. Not all samples had sufficient

material for analysis.

For the retrospective study of formalin fixed paraffin embedded tissue from the pathology
archives, NHS consent for use of samples in research is part of the standard University Hospital

Southampton (UHS) consent form.

No formal statistical calculations were performed as this was an exploratory study to understand
the biology of the disease. From past experience with tissue microarray analysis the size of the
effect (for example the effect of T cell density on outcome) cannot be predicted accurately and
therefore as large a cohort of historical samples as possible was collected to build the tissue

microarray.

For the prospective collection of blood, pleural fluid and where possible pleural biopsies; it was
estimated there are 50 new cases of mesothelioma diagnosed at University Hospital Southampton
per year. The aim was to recruit 50-75 patients with a suspected diagnosis of mesothelioma, and
50-75 patients with a pleural effusion but without a suspected diagnosis of mesothelioma, to the
study. It was estimated that 50% of the total number of patients with a suspected diagnosis of
mesothelioma would agree to participate in the study and aimed to recruit a similar number to

the group with a pleural effusion without a suspected diagnosis of mesothelioma.

For prospective collection of samples, eligible patients with a potential clinical or radiological
diagnosis of mesothelioma, or with a pleural effusion if part of the control group, were
approached in the medical/surgical ward or outpatients department. Patient information sheets
were provided to eligible patients inviting them to consider participation. Patients were
undergoing planned pleural procedures/thoracic surgical intervention and consent for
participation in the study was taken at the same time as consent for the planned procedure. In

the inpatient or outpatient setting, consent is usually taken just before a pleural procedure and in
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order to collect additional pleural fluid samples in the context of the planned procedure, these
patients had less than 24 hours to consider taking part in the study. Specific REC approval was
sought to allow this. Where possible however, patients were given 24 hours or longer to consider
entry to the study. Having received prior written and verbal explanation of the study, patients

who wished to participate were asked to provide written informed consent.

Consent included permission for prospective sampling of pleural fluid and blood and where
possible an additional pleural biopsy to be taken and storage of samples for analysis relating to
this study and for the use of FFPE histopathology material, where adequate surplus material

existed following completion of full diagnostic work.

2.1.2 Study plan

21.2.1 Blood samples

A blood sample was taken at the pre-admission/speciality clinic or on the ward together with
routine blood tests where possible. If this was not possible, the blood sample was taken on

admission for surgery.

Each blood sample consisted of 40ml of anticogulated blood and 10ml of clotted blood from 1
venesection, 50ml of blood in total. These blood samples were necessary to identify circulating

immune cells for correlation with immune cells found in the pleural fluid and pleural biopsies.

2.1.2.2 Pleural fluid and pleural biopsies

In the context of a planned diagnostic/therapeutic pleural fluid aspiration or chest drain insertion,
additional pleural fluid that was surplus to diagnostic requirement was collected for the purposes
of the study, the exact amount depended on the procedure being undertaken. In the context of a
diagnostic pleural aspiration up to an additional 200-500m| might be collected. In the context of a

therapeutic pleural aspiration or chest drain insertion, up to 2000ml might be collected.

During a VATS/Surgical Thoracoscopy all pleural fluid in the pleural cavity is removed for
therapeutic purposes. A small sample of this pleural fluid is usually sent for diagnostic purposes
but the rest is discarded. From this pleural fluid surplus to diagnostic requirements and would

normally be discarded, up to 2000ml was taken for study purposes.

In addition to pleural biopsies taken for diagnostic purposes, one addition biopsy was taken for
study purposes. In the event that the biopsies taken for diagnostic purposes were non-diagnostic,
the pleural biopsy taken for study purposes was surrendered to the hospital pathologist for

standard clinical procession rather than research.
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Simple histopathological details were recorded and access to formalin-fixed paraffin-embedded

tissue (FFPE) surplus to diagnostic requirement was requested for immunohistochemistry.

All samples were anonymised upon receipt in the laboratory and identified only by a unique
patient identification number according to the standard operating procedure in place for this
procedure (CSD/SOP/003). The sample number and date of receipt was also recorded. On
conclusion of the study any remaining samples or tissue will be donated to the University of
Southampton Research Human Tissue Authority (HTA) Tissue Bank (Human Tissue Act License

12009, Southampton and South West Hampshire Research Ethics Committee: 280/99).

2.1.3 Inclusion and Exclusion criteria

2.1.3.1 Inclusion criteria

For the study of retrospective paraffin embedded tissue:

Known diagnosis of mesothelioma

Patient aged 18 or over

For the prospective collection of pleural fluid/pleural biopsies and blood:

Suspected diagnosis of mesothelioma

Presence of pleural effusion in control group

Patient aged 18 or over

Patients with the ability to understand the study requirements and provide written informed

consent.

2.1.3.2 Exclusion criteria

None identified (apart from the absence of consent)

214 End of Study Participation

Active participation in the study ceased following collection of blood, pleural fluid and where

possible a pleural biopsy. Recording of histopathological details occurred once the final diagnostic

histopathological report was available and correlation made with clinical outcome as part of the

formation of a database.
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End of study will be defined by acceptance of publication reporting on the data

2.15 Clinical and histopathological data collection

Where available, clinical and histopathological information was extracted and recorded onto
study specific case report forms. Data points recorded included:
e Age at diagnosis
e Histological tumour type
e Immunohistochemical markers
e Clinical biomarkers such as haemoglobin, platelet count, albumin levels and performance
status
e Treatment such as chemotherapy or radiotherapy
e Surgical interventions/Procedures such as VATS/Thoracoscopy/Thoracotomy/Chest drain
insertion/Talc pleurodesis

e Length of time of survival from diagnosis (if applicable)

Data was extracted from patients clinical records (generally from computer based records of
histopathology reports, blood results and patient records) held by Southampton University
Hospitals NHS Trust by clinically trained research personnel with authorisation to access such
details and stored within a secure facility within the Southampton CR-UK Clinical Centre. Data
was anonymised at the point of entry onto the case report forms to allow it to be linked to the
relevant sample, but with all identifying information removed. The Chief Investigators have
retained overall responsibility for the recording and quality of the data. The link code and all
personal data has been stored in a secure, access controlled location in the clinical trials office
according to standard operating procedures of UHS/Cancer Sciences division and the University of

Southampton Research Human Tissue Authority (HTA) licensed tissue bank.

2.1.6 Statistical analysis

This study aimed to conduct an exploratory analysis of immune events in mesothelioma. No

formal statistical calculations were undertaken to arrive at a sample size.

Retrospective samples of tissue from patients with an established diagnosis of mesothelioma over
the last 10 years were accessed for analysis. We expected there to be approximately 500 samples,
but we expected that not all of these would have sufficient material for analysis. The analysis has
studied markers of immune function, correlated with mesothelioma sub-type and clinical

outcome.
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Prospective samples of blood, pleural fluid and where possible pleural biopsies were collected
from patients with a suspected diagnosis of mesothelioma and patients with a pleural effusion
without suspected mesothelioma. Markers of immune cell type and function from the samples
from patients in the 2 groups will be compared as a full set using statistical tests like the
independent samples t-test if the results are normally distributed or the Mann-Whitney test if the

results are not normally distributed. .

The statistical packages PRISM and SPSS have been utilised for statistical analysis.

2.1.7 Sample processing and storage

Historical samples: Analysis of paraffin embedded tissue samples of known mesothelioma from

the pathology archives were undertaken in a linked anonymised fashion.

Prospective sampling: Informed consent was sought. Samples were anonymised and stored in the
Southampton CRUK centre. All analyses were undertaken on samples that are identified only by a

unique laboratory sample number.

Blood samples were taken by the clinical team in the context of planned/pre-assessment blood
tests where possible and processed on the same day. Peripheral blood mononuclear cells (PBMCs)
were isolated from anti-coagulated blood by centrifugation over Lymphoprep™ (Axis-Shield PoC
AS, Oslo, Norway) and either used immediately or cryopreserved in 50% decomplemented human
antibody serum, 40% complete RPMI 1640 medium and 10% DMSO. Cells were transferred to
liquid nitrogen after 24 hours. Serum was isolated from clotted blood samples by centrifugation

and stored at -80°C.

Pleural fluid samples were taken directly to the laboratory on the day of collection, 30mls of
pleural fluid was snap frozen in liquid nitrogen. The remaining pleural fluid was centrifuged and
30ml of supernatant was fresh frozen at -80 C. Red cell lysis was undertaken on the cell pellet. A
cell count was undertaken with Tryptan Blue and Improved Neubauer Haemocytometer according
the standard operating procedure CSD/SOP/306. The cell pellet was cryopreserved in 50%
decomplemented human antibody serum, 40% complete RPMI 1640 medium and 10% DMSO.

Cells were transferred to liquid nitrogen after 24 hours.

Pleural biopsies were placed in ice and flash frozen in liquid nitrogen to provide for specimen
integrity and a wide array of options for tissue analysis. The specimens were placed into a sterile 2
ml cryovial, which was then tightly capped and submerged in liquid nitrogen for "flash freezing".
The vials were transferred from the temporary LN2 transport container to a liquid nitrogen

storage tank for long-term storage.
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Patient material collected during this study has been stored within a secure facility in the
University of Southampton Research facility. Material will be held as linked anonymised samples
and labelled with a study specific number. Patients were asked to provide signed consent for the
indefinite storage of samples for use by the investigators for analyses relating to the objectives of
this study, or in the event of samples or tissue remaining on conclusion of the study, for the
samples to remain in the University of Southampton Human Tissue Authority tissue bank for use

in future ethically approved research.

2.1.8 Data Storage

All essential documents, including source documents, will be retained for a minimum period of 5
years following the end of the study until data evaluation is complete. Analytical data from this
study will be stored electronically on password protected data files on workstations within the
Southampton CR-UK Clinical Centre by the investigators in a secure, access controlled
environment following the standard operating procedure of the UHS/UoS and the UoS HTA
licensed tissue bank until the final report of the project has been submitted and accepted for

publication.

Patient confidentiality was and continues to be maintained by removing patient identifiable labels

other than an assigned study specific number to create linked anonymised samples.

Data will be collected and retained in accordance with the Data Protection Act 1998.

2.1.9 Compliance with regulations

This study was performed subject to REC and R&D approval.

The study was conducted in accordance with the Data Protection Act 1998, Human Tissue Act
2004, International Conference for Harmonisation of Good Clinical Practice (ICH GCP) guidelines;

and the Research Governance Framework for Health and Social Care.

2.1.10 Funding

This study was funded through the Mesothelioma Applied Research Foundation: The Lance S.

Ruble, Janelle Bedel and Ferraro Law Firm Grant and the Wessex CRN.
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2.2 Tissue Microarray

2.2.1 Case selection

Ethical approval for this study (NRES Southampton & South West Hampshire LREC 10/H0504/32)

was in place at our institution.

Patients included in the cohort had a pathological diagnosis of mesothelioma dated at least 2
years prior to analysis. 302 consecutive formalin fixed paraffin embedded (FFPE) tissue blocks
archived between 2004 and 2012 were assessed by haematoxylin-eosin (H&E) staining to ensure
they contained sufficient tissue for further immunohistochemical evaluation. A tissue microarray
(TMA) was generated from this cohort. Some cases could not be evaluated as there was tissue
loss in the formation of the TMA. A subcohort of ~170 cases was evaluated for CD3+ T-cells and
CD56+ natural killer cells. All samples were taken at the time of diagnostic biopsy or surgical

intervention when no systemic treatment had been given.

Clinical data was collected from patient records. Where survival data was not available locally, the
date and cause of death was retrieved from the national cancer registry (Public Health England)

following a formal data-access application.

2.2.2 Histopathological analysis-Tissue microarray

Tumour histology was re-reviewed by pathologists GJT, KAM and SG. H&E stained slides from all
available cases were assessed by a consultant pathologist and three representative areas of

tumour were marked for TMA construction.

Triplicate 1mm cores were taken from the corresponding formalin fixed paraffin embedded tissue
block using a semi-automated system (Aphelys Minicore 2, Mitogen, Harpenden, UK) to generate
a TMA as previously (Ward et al., 2014). 4um TMA sections were used for haematoxylin-eosin and
immunohistochemical staining. The formation of the TMA and subsequent IHC staining, was

undertaken by the Research Pathology team at UHS.

Immunohistochemistry was performed using an automated platform (Dako Autostainer) in a CPA-
accredited clinical cellular pathology department using antibodies optimized to national
diagnostic standards (NEQAS). The antibodies used were anti-human CD3 1:200 (clone F7.2.38;
Dako, Carpinteria, California, USA), anti-human CD4 1:50 (clone 4B, Dako), CD8 RTU (Clone C8/14
4B, Dako), CD20 1:250 (Clone L26, Dako), CD45R0 1:2500 (Clone UCHL-1, Dako), FoxP3 1:100
(Clone 236A/E7, AbCam, Cambridge, UK), CD68 RTU (Clone PG-M1, Dako, NP57 1:100 (Dako),
CD56 RTU (Clone 123C3, Dako), Wilms Tumour 1 RTU (Clone 6F-H2, Dako).
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Triplicate random high-power fields (x400) were counted manually per core across three cores on
the Olympus dotSlide (SC). The average of 3-9 counts per patient was calculated to allow for intra-
tumoural heterogeneity. The variability in the number of counts per patient relates to the number

of viable cores present on the TMA.

The mean of each antibody count was taken as the cutoff point between high and low counts.

2.23 Statistical analysis

Statistical analyses were performed using SPSS Version 22 (IBM Corp. Released 2013. IBM SPSS
Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.). Survival time was measured from
the time of diagnosis to the time of death. Patients for whom the date of death was unknown
were censored from the survival analyses. Kaplan-Meier plots with log-rank tests, univariate and
multivariate Cox proportional hazard models were used to analyse the survival data. A p-value of

<0.05 was considered significant.

The cohort was divided into epithelioid and non-epithelioid (biphasic and sarcomatoid)
mesothelioma sub-types for the purposes of analysis as there were only 41 cases of sarcomatoid

mesothelioma.

2.3 Multiplex immunohistochemistry of epithelioid mesothelioma

2.3.1 Case selection

Patients included in this cohort had a known diagnosis of epithelioid mesothelioma. The time
from diagnosis to death for these patients was known. In total, 44 patients were selected for this
study, 24 patients with good survival and 20 with poor survival. Good survival was taken as
survival of greater than 800 days (26 months) from the date of diagnosis and poor survival was
taken as survival of greater than 30 days but less than 150 days (5 months). These figures were

chosen, as the average survival for patients with a diagnosis of mesothelioma is 4-18 months.

2.3.2 Histopathological analysis

A multiplexed immunohistochemistry (IHC) method was utilised for repeated staining of a single
paraffin-embedded tissue slide. The slide was first stained with a standard primary antibody
followed by a biotin-linked secondary antibody and horseradish peroxidase (HRP)-conjugated

streptavidin to amplify the signal. Peroxidase-labelled compounds were revealed using 3-amino-9-
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ethylcarbazole (AEC), an aqueous substrate that results in red staining, and counter stained using
hematoxylin (blue). The slide was scanned at high resolution. The coloured reaction product was
then removed using an organic solvent-based de-staining buffer. The process was repeated for

each of the antibodies on the same slide.

The antibodies used were CD4 RTU (Clone 4B12 Dako), CD8 RTU (Clone IR2361-2 Dako), CD103
1:500 (Clone EPR4155(2) AbCam), Granzyme B 1:50 (Clone GrB-7 Dako), CD69 1:200 (Clone
Ag1094 Proteintech), FOXP3 1:100 (Clone 236A/E7 AbCam), BCL6 1:30 (Clone PG-B6p Dako),
CXCL13 1:100 ( Polyclonal, product code PA5-47035 Invitrogen), TIM3 1:50 (Clone D5D5R Cell
Signalling), WT1 RTU (Clone 6F-H2 Dako), anti HLA Class 1 1:500 ( Clone EMR8-5 AbCam), anti
HLA-DPB1 1:2500 (Clone ERP11226 AbCam).

Bright field images were inverted in imaging processing software (Image J) and red green blue

channels were separated to create pseudo-colour images.

Multiplex IHC is an umbrella term for a variety of techniques that enable the same piece of tissue
to be stained with multiple antibodies and evaluated. This can be achieved by the simultaneous
use of multiple fluorescent dyes, using different colours. This approach uses proprietary platforms
such as the Vectra system and is not currently available in our centre. An alternative approach is
to use a single or small number of traditional chromogens, and to remove and/or quench the
antibody-dye complex after capturing the image of staining by each antibody. The ‘stripping’
allows a 2" staining, followed by repeated image acquisition. By repeating this process multiple
times, many features (at the moment in our laboratory up to 7 stains) can be evaluated on one
slide. Digital manipulation is then used to create ‘pseudo colour’ to represent each stain and thus

allows visual and digital evaluation of the location and quantity of particular features in tissue.

There are several benefits of multiplex IHC over single stained IHC. With multiplex IHC, compound
images can be constructed showing multiple cell types simultaneously. Hence, the spatial
relationship between cell types within the tumour microenvironment can be appreciated and co-
expressed markers can be evaluated. This allows detailed phenotypic differentiation of the cells of
interest. Multiplex IHC conserves tissue, which is important as the tissue sample may be required
for an increasing number of diagnostic and research tests to allow the patient access to treatment
options. The same tissue slice can be stained for multiple markers sequentially and can even be
stained with different coloured antibodies at the same time, thus further increasing the number

of potentially identifiable features such as cell types or intracellular features.
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The downside to multiplex staining is that it needs to be performed on full-face sections of tissue,
which is costly. Full-face tissue is required as smaller tissue sections as used in TMAs, are likely to
degrade in the process of multiple staining and elution of antibodies. The process is also time
consuming as each stain/image acquisition/strip cycle takes roughly a working day; thus 5
‘colours’ take a week to complete. A greater number of antibody stains on the tissue can present
challenges for interpretation of the multiplex IHC and the complex image evaluation is time

consuming in its own right.

233 Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0c for Mac OS X GraphPad Software,
La Jolla California USA. Survival time was measured from the time of diagnosis to the time of
death. Mann-Whitney U and Spearman R tests were used to analyse the data. A p-value of <0.05

was considered significant.

24 FACS and RNAseq Mesothelioma associated pleural fluid

2.4.1 Case selection

Ethical approval for this study, NRES Committee South West Cornwall and Plymouth 13/SW/0128

was in place at our institution.

Patients included in the cohort had a suspected diagnosis of mesothelioma and were undergoing
either a therapeutic pleural aspiration or VATS surgical drainage of their pleural effusion between
2013 and 2015. Pleural fluid samples were processed as described in section 2.1.7. The cell pellet
from the pleural fluid was cryopreserved and stored in liquid nitrogen. Cryopreserved cell pellets
from 23 patients with a confirmed diagnosis of mesothelioma were utilised for bulk sorting by

flow cytometry and RNAseq analysis.

Clinical data was collected from patient records.

24.2 Histopathological analysis

Tumour histology was reviewed as part of routine clinical care.

Immunohistochemistry was performed on whole face sections using an automated platform
(Dako Autostainer) in a CPA-accredited clinical cellular pathology department using antibodies
optimized to national diagnostic standards (NEQAS). The antibodies used were anti-human CD4

1:50 (clone 4B, Dako), CD8 RTU (Clone C8/14 4B, Dako).
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Nine randomly selected high-powered fields (x400) were counted manually across each section.
The average of 9 counts per patient was calculated to allow for intra-tumoural heterogeneity. The
cutoff point between high and low counts was taken as per the mean values of CD4+ and CD8+ T
cells from the mesothelioma TMA counts described in Chapter 3. This value was 15.1 for CD4+ T

cells and 20.8 for CD8+ T cells.

243 FACS sorting

Cryopreserved cells from pleural fluid were defrosted and re-suspended in MACS buffer
(phosphate-buffered saline containing 2mM EDTA and 0.5% bovine serum albumin) for flow
sorting. The cells were incubated with FcR block (Miltenyi Biotec) then stained with anti-CD45-
FITC (HI30; Biolegend), anti-CD4-PE (RPA-T4; BD Biosciences), anti-CD3-PE-Cy7 (SK7; Biolegend),
anti-CD8a-PerCP-Cy5.5 (cSK1; BD Biosciences), anti-HLA-DR-APC (L243; BD Biosciences), anti-
CD14-APC-H7 (MdP9; BD Biosciences), anti-CD19-PerCP-Cy5.5 (clone HIB19; Biolegend) and anti-
CD20- PerCP-Cy5.5 (clone 2H7; Biolegend) antibodies. Dead cells were excluded using DAPI
(D9542; Sigma Aldrich). Stained samples were analyzed using BD FACSAriaTM (BD Biosciences)
and FlowJo software (Treestar), and CD4+ and CD8+ T cells were sorted into ice-cold TRIzol LS

reagent (Ambion).

244 RNA sequencing

Total RNA was purified using a miRNAeasy micro kit (Qiagen, USA). Purified total RNA (5 ng) was
amplified following the smart-seq2 protocol. cDNA was purified using AMPure XP beads (1:1.1
ratio, Beckman Coulter). From this step, 1 ng of cDNA was used to prepare a standard Nextera XT
sequencing library (Nextera XT DNA sample preparation kit and index kit, lllumina). Samples were
sequenced using HiSeq2500 (Illumina) to obtain 50-bp single-end reads. Quality control steps
were included to determine total RNA quality and quantity, optimal number of PCR pre-
amplification cycles, and cDNA fragment size. Samples that failed quality control were eliminated

from further downstream steps.

245 RNAseq analysis

RNA-Seq data was mapped against the hgl9 reference using TopHat (v1.4.1., --library- type fr-
secondstrand -C) and the RefSeq gene annotation downloaded from the UCSC Genome
Bioinformatics site. Sequencing read coverage per gene was counted using HTSeqg-count (-m
union -s yes -t exon -i gene_id, http://www-huber.embl.de/users/anders/HTSeq/). To identify

genes differentially expressed between patient groups, we performed negative binomial tests for

62



Chapter 2

paired and unpaired comparisons by employing the Bioconductor package DESeq?2 disabling the
default options for independent filtering and Cooks cutoff. Genes were considered differentially
expressed between any pairwise comparison when the DESeq2 analysis resulted in a Benjamini-
Hochberg—adjusted P value < 0.05. The Qlucore Omics Explorer 3.2 software package was used for

visualization and representation (heat maps, principal component analysis) of RNA-Seq data.

2.4.6 Knowledge-based network generation and pathway analysis

The biological relevance of differentially expressed genes identified by DESeq2 analysis
(significantly impacted pathways, biological processes, molecular interactions) was further

investigated using the Adviabio iPathwayGuide (https://www.advaitabio.com/ipathwayguide) and

the ToppGene Suite (http://toppgene.cchmc.org).

24.7 Statistical analysis

For the DESeq2 analysis, a Benjamini-Hochberg—adjusted P value of <0.05 was considered

significant.
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Chapter 3  Tissue Microarray

3.1 Introduction

The role of the immune system in cancer is well established and is critically involved in
immunoediting and surveillance; tumour progression results from immune escape (Dunn et al.,
2004, Schreiber et al., 2011). In many solid tumours, tumour infiltrating lymphocytes (TILs) confer
a survival benefit (Galon et al., 2006, Al-Shibli et al., 2008, Garcia-Martinez et al., 2014, Ward et
al., 2014, Gooden et al., 2011).

In mesothelioma, the impact of TIL density is less clear. Previous small surgical studies have
suggested that tumour CD8+ T-cell infiltration is associated with better survival (Yamada et al.,
2010, Anraku et al., 2008). More recently, a larger series demonstrated tumour CD4+ T-cell
infiltration confers a survival advantage in epithelioid mesothelioma (Ujiie et al., 2015). These

three cohorts consisted mainly of patients who were fit enough to undergo surgical resection.

The link between T-cell density in the tumour and outcome for advanced disease is not resolved.
The work presented sought to characterise the link between morphological density of immune
cells in mesothelioma and outcome in a predominately treatment naive cohort. An assessment of
adaptive and innate immune cells in a cohort of 302 patients from a large UK centre was

undertaken, using immunohistochemical evaluation of immune cells.

The mesothelioma tissue microarray (TMA) was evaluated for T cells (CD3+ cells), followed by an
assessment of helper T cells (CD4+ cells), cytotoxic T cells (CD8+ cells), memory T cells (CD45RO+
cells) and regulatory T cells (FoxP3+ cells). The other adaptive immune cells evaluated were B cells
(CD20+ cells), along with cells of the innate immune system; Macrophages (CD68+ cells),
Neutrophils (NP57+ cells) and NK cells (CD56+ cells). The tumours were also evaluated for Wilms

tumour 1 (WT1) expression.

The WT1 gene is believed to contribute to growth and differentiation of the mesothelium. It is a
positive marker for mesothelioma with a sensitivity of 72-91% and specificity of 88-100%
(Woolhouse et al., 2018). It is used as part of a panel to differentiate between mesothelioma and
adenocarcinoma. WT1 has been evaluated as a prognostic marker for mesothelioma in a smaller

series (Cedres et al., 2014).
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3.2 Results

Clinical and demographic characteristics of our patient cohort are shown in Table 1. The median
age was 72 (41-90) years, 81% of the patients were men. Of the 302 tumours, 172 were classified
as epithelioid (57%), 82 as biphasic (27%) and 41 as sarcomatoid (14%) subtypes. Seven cases (2%)
had an undefined morphology. The median follow-up was 278 days (9.3 months) and the
minimum follow-up time was 30 days. There were 293 deaths from mesothelioma over the study
period. Survival analysis by histological subtype was consistent with published data. The median
overall survival for epithelioid mesothelioma in our cohort was 342 days (11.4 months) (95% Cl
277-406 days) and for non-epithelioid mesothelioma was 205 days (6.8 months) (95% Cl 146-260
days), with 216 days (7.2 months) (95% CI 152-279 days) for biphasic mesothelioma and 187 days
6.2 months) (95% Cl 112-261 days) for sarcomatoid mesothelioma (Table 1).

Of the 302 patients, 259 (86%) underwent palliative symptom management with thoracoscopy
and pleural biopsy followed by talc pleurodesis; and 7 (2%) underwent image guided pleural
biopsy. 36 (12%) underwent a radical surgical approach including decortication/pleurectomy/

pleuro-pneumonectomy (Table 1).

Post diagnosis treatment data was available from 166 patients. Of these 61 (37%) underwent
chemotherapy and 105 (63%) did not. Treatment data was not available for 136 patients who had
been referred to our centre for diagnostic procedures but were then managed at other sites

(Table 1).

66



Table 1 Demographics of patient cohort
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Median OS
Variabl N (% days 95% Cl |
ariable (%) (months) 6 p-value
Overall group 302(100%) 278 (9.2) 247 to 308
<65 63 (21%) 349 (11.6) | 257 to 440
Age 0.157
>65 239 (79%) 263 (8.7) 229 to 296
Male 243(81%) 275(9.2) | 243 to 306
Sex 0.682
Female 59 (19%) 291 (9.7) 194 to 387
Epithelioid 172 (57%) 342 (11.4) | 277 to 406
<0.0001
Non- o
epithelioid 130 (43%) 205 (6.8) | 146 to 260
Subtype Biphasic 82 (27%) 216 (7.2) | 15210279
Sarcomatoid 41 (14%) 187 (6.2) 112 to261
Undefined 7 (2%)
Intervention
Overall 166 280 (9.3) 239t0 320
Chemotherapy Yes 61 (37%) 460 (15.3) | 360t0559 |  <0.0001
status known
No 105 (63%) 205 (6.8) 159 to 250
Chemotherapy 136
status unknown
Overall 295 279 (9.3) 247 to 310
Surgery Radical 36 (12%) 330(11.0) | 185to 474 0.735
Palliative 259 (86%) 274 (9.1) 242 to 305
No Surgery 7(2%)

OS Overall survival, Cl Confidence interval, significant log rank p value<0.05
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We examined expression of WT1 in this unselected cohort of patients with mesothelioma. A
representative image of low and high expression of WT1 is shown in Figure 1. There is
heterogeneity in expression of WT1 ranging from weak to strong, but this was not associated with

differential survival in either morphology in our dataset.

Figure 1 Representative low and high WT1 tumour cell densities (x400) magnification.
Chromogenic IHC of WT1 showing nuclear staining (Brown) with weak background staining of

FFPE human mesothelioma cells. Nuclear counterstaining with haematoxylin (Blue).

The adaptive immune response, particularly involving cytotoxic T-cells, has been shown to
influence the prognosis of many tumour types. We examined expression of markers for T-cells
(CD3+), helper T-cells (CD4+), cytotoxic T-cells (CD8+), memory T-cells (CD45R0+), regulatory T-
cells (FOXP3+), and B-cells (CD20+) in the epithelioid and non-epithelioid subtypes.

Representative images of CD4+ and CD8+ T cells are shown in Figure 2.
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CD4Low

Figure 2 Representative low and high T cell densities (x400) magnification. Chromogenic IHC of
CD4 showing membranous staining (Brown) and CD8 showing brown membranous and

cytoplasmic staining (Brown). Nuclear counterstaining with haematoxylin (Blue).

The tumour microenvironment also contains innate immune cells and evaluation of the
expression of markers of macrophages (CD68+), neutrophils (NP57+) and natural killer cells

(CD56+) was undertaken.

The mean count/high power field was used to define the cut point between high and low values
per marker evaluated. Median overall survival with 95% confidence interval and p-values for the

epithelioid and non-epithelioid groups are shown in Table 2.
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Table 2 Univariate analysis of overall survival and immune parameters

Marker Mean counts N (%) Median OS 95% CI p-value
/high days
powered field (months)
Adaptive
Epithelioid 84 410 (13.7) 348 to 471 0.387
Low <34 61 (73%) |373(12.4) 287 to 458
cD3 High >34 23 (27%) |490 (16.3) 305 to 674
Non- 86 170 (5.7) 124 to 215 0.123
epithelioid
Low <34 48 (56%) [170 (5.7) 102 to 237
High >34 38 (44%) |169 (5.6) 126 to 211
Epithelioid 158 319 (10.6) 250 to 387 0.005
Low <15.1 107 (68%) |275 (9.2) 240 to 309
cD4 High >15.1 51 (32%) |490 (16.3) 350 to 629
Non 126 205 (6.8) 150 to 259 0.383
epithelioid
Low <15.1 87 (69%) |212(7.1) 145 to 278
High >15.1 39 (31%) |185(6.2) 117 to 252
Epithelioid 172 342 (11.4) 277 to 406 0.983
Low <20.1 123 (72%) 342 (11.4) 264 to 419
cD8 High >20.1 49 (28%) (373 (12.4) 186 to 559
Non 130 205 (6.8) 149 to 260 0.019
epithelioid
Low <20.1 80 (62%) |278 (9.3) 228 to 327
High >20.1 50 (38%) |152 (5.1) 130to 173
Epithelioid 159 342 (11.4) 276 to 407 0.339
Low <22 121 (76%) |342 (11.4) 275 to 408
CD45RO High >22 38 (24%) 296 (9.9) 81to 510
Non- 128 203 (6.8) 147 to 258 0.105
epithelioid
Low <22 77 (60%) |252 (8.4) 176 to 327
High >22 51 (40%) |164 (5.5) 129 to 198
Epithelioid 158 369 (12.3) 285 to 452 0.024
Low <4 112 (71%) (374 (12.5) 314 t0 433
FOX P3 High >4 46 (29%) (272 (9.1) 214 t0 329
Non- 127 205 (6.8) 146 to 263 0.012
epithelioid
Low <4 74 (58%) |261 (8.8) 173 to 348
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High >4 53 (42%) |141(4.7) 116 to 165
Marker Mean counts N (%) Median OS 95% CI p-value
/hpf days
(months)
Epithelioid 155 313 (10.4) 245 to 380 0.008
Low <15 104 (67%) |279 (9.3) 220 to 337
D20 High >15 51(33%) [488(16.2) | 358to 617
Non- 125 197 (6.6) 147 to 246 0.227
epithelioid
Low <15 104 (83%) |205 (6.8) 141 to 268
High >15 21(17%) |185 (6.2) 117 to 252
Innate
Epithelioid 164 341(11.4) | 275t0406 | 0.026
Low <27 111 (68%) 373 (12.4) 277 to 468
CD68 High >27 53(32%) |284 (9.5) 200 to 367
Non- 126 205 (6.8) 149 to 260 0.927
epithelioid
Low <27 62 (49%) |247(8.2) 175 to 318
High >27 64 (51%) |164 (5.5) 98 to 229
Epithelioid 158 313 (10.4) 242 to 383 0.006
Low <1.6 129 (82%) [356 (11.9) 264 to 447
NP57 High >1.6 29 (18%) [272(9.1) 202 to 341
Non- 120 197 (6.6) 150t0 243 | 0.291
epithelioid
Low <1.6 104 (87%) |203 (6.8) 145 to 260
High >1.6 16 (13%) |164 (5.5) 105 to 222
Epithelioid 89 426 (14.2) | 364t0487 | 0.786
Low <3 69 (78%) |410(13.7) | 342t0477
D56 High >3 20 (22%) |438 (14.6) 96 to 779
Non- 83 177 (5.9) 132to0 221 0.239
epithelioid
Low <3 61 (73%) |169 (5.6) 138 to 199
High >3 22 (27%) |247(8.2) 130 to 363
Other
Epithelioid 160 319 (10.6) 246 to 391 0.802
Low <42 68 (42%) |319(10.6) 232 to 405
WTL High >42 92 (58%) |312(10.4) | 203to 420
Non- 126 197 (6.6) 143t0250 | 0.875
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epithelioid Low <42 102 (81%) |185 (6.2) 135to0 234

High >42 24 (19%) |212(7.1) 151 to 272

OS Overall survival, Cl Confidence interval, significant log rank p value <0.05

The mean value of CD4+ and CD8+ T cell counts in this mesothelioma cohort was compared to
CD4+ and CD8+ T cell counts from a non-small cell lung cancer cohort (Table 3). The mean values

for Mesothelioma and Lung cancer were similar

Table 3 Mean values of CD4+ and CD8+ counts in Mesothelioma and Non-small cell lung cancer

Number Range Mean Standard
deviation

Epithelioid 155 0.00to 142.33 16.57 22.04
Mesothelioma
CD4+ cells
Non small cell|54 1.67 to 38.11 16.32 9.68
lung cancer
CD4 + cells
Epithelioid 167 0.11 to 57.00 16.11 12.74
Mesothelioma
CD8+ cells
Non small cell|116 0.30t0 93.30 15.56 14.07
lung cancer
CD8+ cells

In the epithelioid group, CD8+ T-cell counts were not associated with survival (p=0.983) (Figure
3A). However, high CD4+ (p=0.005); low FOXP3+ (p=0.024) and high CD20+ counts (p=0.008) were
associated with a better outcome in epithelioid mesothelioma. The relevant Kaplan-Meier curves
are shown in Figures 3B, 3C and 3D. These markers were associated with a longer overall survival

of 7, 3 and 7 months respectively compared to the CD4+ low, FOXP3+ high and CD20+ low groups.
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Figure 3

Kaplan-Meier survival curves of adaptive immune markers associated with survival in

epithelioid mesothelioma

(A) Kaplan-Meier curves for epithelioid mesothelioma survival
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according to CD8+ T cell counts (log-rank test, P=0.983) (B) Kaplan-Meier curves for epithelioid
mesothelioma survival according to CD4+ T-cell counts (log-rank test, P= 0.005) (C) Kaplan-
Meier curves for epithelioid mesothelioma survival according to FOXP3+ T-regulatory cell
counts (log-rank test, P=0.024) (D) Kaplan-Meier curves for epithelioid mesothelioma survival
according to CD20+ B-cell counts (log-rank test, P=0.008). The numbers under the Kaplan Meier
curves show the number of patients alive at Time point 0, 500, 1000 and 1500 days respectively

for low and high counts for each marker analysed.
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In the non-epithelioid group, positive prognostic markers were low CD8+ (p=0.019) and low
FOXP3+ (p=0.012) T-cell counts. Kaplan-Meier curves are shown in Figure 4A and 4B. Both
markers were associated with a 4 month longer overall survival in the non-epithelioid group

compared to the CD8+ high and FOXP3+ high groups.
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Figure 4

Kaplan-Meier survival curves of adaptive immune markers associated with survival in non-
epithelioid mesothelioma (A) Kaplan-Meier curves for non-epithelioid mesothelioma survival
according to CD8+ T-cell counts (log-rank test, P=0.019) (B) Kaplan-Meier curves for non-
epithelioid mesothelioma survival according to FOXP3+ T-regulatory cell counts (log-rank test,
P=0.012). The numbers under the Kaplan Meier curves show the number of patients alive at
Time point 0, 500, 1000 and 1500 days respectively for low and high counts for each marker

analysed.
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In the epithelioid group, it was found the positive predictors of outcome from innate immune
cells were low CD68+ (p=0.026) and low NP57+ (p=0.006) counts. Kaplan-Meier curves are shown
in Figures 5A and 5B. These markers were both associated with a 3 month longer overall survival
in the epithelioid group compared to the CD68+ high and NP57+ high groups. In the non-
epithelioid group, none of the markers of innate immunity tested were significantly associated

with survival.
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Figure 5

Kaplan-Meier survival curves of innate immune markers associated with survival in epithelioid
mesothelioma (A) Kaplan-Meier curves for epithelioid mesothelioma survival according to
CD68+ macrophage counts (log-rank test, P=0.026) (B) Kaplan-Meier curves for epithelioid
mesothelioma survival according to NP57+ neutrophil counts (log-rank test, P=0.006). The
numbers under the Kaplan Meier curves show the number of patients alive at Time point 0, 500,

1000 and 1500 days respectively for low and high counts for each marker analysed.
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Multivariate analysis was performed next based on the parameters that were significant on
univariate analysis. In the epithelioid group, a high CD4+ (p=0.003); high CD20+ (p=0.010); low
FOXP3+ (p=0.000414) and low NP57+ (p=0.038) counts remained significantly associated with
survival. In the non-epithelioid group, a low number of FOXP3+ cells associated with survival,

p=0.043. The data for the multivariate analysis of both groups is shown in Table 4.

Table 4 Multivariate analysis of overall survival in whole cohort

Marker HR 95% CI p-value
Epithelioid
n=131
T helper cells CD4 0.499 0.313t00.795 |0.003
Cytotoxic T cells CD8 0.939 0.579to0 1.522 |0.797
T regulatory cells |FOX P3 2.399 1.476t03.900 |<0.001
B cells CD20 0.560 0.361t0 0.869 |0.010
Macrophages CD68 1.325 0.909t01.930 [0.143
Neutrophils NP 57 1.595 1.026t0 2.481 |0.038
Non-epithelioid
n=111
T helper cells CDh4 0.800 0.465to0 1.375 |0.420
Cytotoxic T cells CDh8 1.470 0.939t02.302 |0.092
T regulatory cells |FOX P3 1.554 1.015t02.381 |0.043
B cells CD20 1.122 0.619t02.034 |0.704
Macrophages CD68 0.961 0.646t01.429 [0.843
Neutrophils NP 57 1.338 0.769t0 2.325 |0.303

HR Hazard Ratio, Cl Confidence interval, Cox proportional hazards regression model,

significant p value <0.05.
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The ratio of CD4+/CD8+ with a cut point of 1 between low and high counts was analysed. A ratio
of >1 was associated with longer survival only in the epithelioid group, 99 low, 59 high (158 total)

p=0.047. Kaplan-Meier curves are shown in Figures 6A and 6B.
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Figure 6

Kaplan-Meier survival curves of CD4:CD8 ratio with a cut point of 1 in overall, epithelioid and
non-epithelioid groups (A) Kaplan-Meier curves for epithelioid mesothelioma survival according
to CD4:CD8 ratio (log-rank test, P=0.047) (B) Kaplan-Meier curves for non-epithelioid
mesothelioma survival according to CD4:CD8 ratio (log-rank test, P=0.575). The numbers under
the Kaplan Meier curves show the number of patients alive at Time point 0, 500, 1000 and 1500

days respectively for low and high counts for each marker analysed.
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Of 166 patients managed in our own centre, 61 had received chemotherapy. These 61
chemotherapy treated patients had a significantly better survival than those who were not given
chemotherapy (p <0.0001), likely reflecting both patient selection and effect of treatment. In the
61 patients treated with chemotherapy, a high CD4+ T cell count identified patients who lived

longer (p=0.034); no effect was seen for CD8+ T-cells.

Of 94 patients with epithelioid histology, 42 were treated with chemotherapy. Chemotherapy
administration but also high CD4+, high CD20+, low FOXP3+ counts were independent prognostic
factors (p=0.001, p=0.005, p=0.015, p=0.046) in multivariate analysis. In the group of 72 non-
epithelioid cases, 19 patients had been treated with chemotherapy; only chemotherapy

administration was independently associated with survival (p=0.029) (Table 5).

Table 5 Multivariate analysis of overall survival in cohort receiving chemotherapy

Marker HR 95% CI p-value
Epithelioid
n=42
T helper cells CD4 0.429 0.237-0.778 0.005
Cytotoxic T cells |CD8 0.920 0.456-1.857 0.816
T regulatory FOX P3 2.023 1.014-4.036 0.046
cells
B cells CD20 0.504 0.290-0.876 0.015
Macrophages CD68 0.986 0.564-1.726 0.961
Neutrophils NP 57 1.157 0.602-2.224 0.661
Chemotherapy 2.546 1.500-4.323 0.001
Non-epithelioid
n=19
T helper cells CDh4 0.777 0.310-1.945 0.590
Cytotoxic T cells |CD8 1.492 0.735-3.030 0.268
T regulatory FOX P3 0.858 0.379-1.939 0.712
cells
B cells CD20 2.347 0.967-5.697 0.059
Macrophages CD68 0.947 0.518-1.731 0.859
Neutrophils NP 57 1.123 0.551-2.290 0.749
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Chemotherapy 2.253 1.084-4.681 0.029

HR Hazard Ratio, Cl Confidence interval, Cox proportional hazards regression model,

significant p value <0.05.

Next, CD4+ T cells in the epithelioid mesothelioma tissue microarray were correlated with FOXP3+

cells, CD8+ T cells and B cells.

The correlation between the number of CD4+ T cells and FOXP3+ cells in Good and Poor survival
are shown (Figure 7A). The Pearson correlation is 0.535 and p=0.000006, the Spearman’s rho
correlation is 0.401 and p=0.001. However, when represented graphically, the CD4+ T cells and
FOXP3+ cells from the good and poor survival groups appear to be evenly distributed with a R2
linear value of 0.118. A logl10 scale has been chosen to better represent the data as it is more

normalised.
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Figure 7A

Correlation of CD4+ T cells and FoxP3+ cells in epithelioid mesothelioma
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The top and bottom quartiles for CD4+ T cell counts were correlated with FOXP3+ cell counts

(Figure 7b). The patients with good survival tended to have a high CD4+ T cell infiltrate and the

patients with a poor survival tended to have a high FOXP3+ cell infiltrate.
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Figure 7B

Correlation of top and bottom quartiles of CD4+ T cells with FOXP3+ cells in epithelioid

mesothelioma
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The correlation between the number of CD4+ and CD8+ T cells in Good and Poor survival groups
are shown (Figure 8A). The Pearson correlation is 0.623 and p=<0.001 the Spearman’s rho
correlation is 0.623 and p=<0.001. When represented graphically, the CD4+ and CD8+ T cells in

the good and poor survival groups appear to be evenly distributed with a R2 linear value of 0.364.

The top and bottom quartiles of CD4+ T cell counts were correlated with the CD8+ T cell counts
(Figure 8b). This shows a R2 linear value of 0.496 in the poor survival group and 0.350 in the good

survival group.
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Correlation of CD4+ T cells with CD8+ T cells in epithelioid mesothelioma
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The correlation between the number of CD4+ T cells and CD20+ B cells in Good and Poor survival
are shown (Figure 9A). The Pearson correlation is 0.540 and p=<0.001 the Spearman’s rho
correlation is 0.471 and p=<0.001. When represented graphically, the cells appear to be evenly

distributed in the good and poor survival groups.

The upper and lower quartiles for CD4+ T cell counts were correlated with CD20+ B cell counts
(Figure 9B). This shows a strong correlation between CD4+ and CD20+ cell counts in the poor

survival group with a R2 linear value of 0.605 but a R2 linear value of 0.129 in the good survival

group.
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Correlation of CD4+ T cells with CD20+ B cells in epithelioid mesothelioma
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Correlation of top and bottom quartile of CD4+ T cells with CD20+ B cells in epithelioid

mesothelioma

33 Discussion

A large unselected cohort of patients was evaluated for evidence of whether immune attack
occurs in mesothelioma and how this might affect survival. To our knowledge, this is the largest
cohort of mesothelioma containing all subtypes analysed to date. The data represent a patient
population in whom treatment was given with palliative intent from the outset (88%). Only 37%
of the cohort received palliative chemotherapy and the cohort is clinically distinct from published
datasets that have evaluated TIL density in mesothelioma to date and where the focus has been

on operable disease (Yamada et al., 2010, Ujiie et al., 2015, Anraku et al., 2008).

Markers of adaptive (CD3+, CD4+, CD8+, T regulatory, T memory and B-cells) and innate immunity

(macrophages, natural killer cells and neutrophils) were studied. Epithelioid and non-epithelioid
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mesothelioma are clinically distinct diseases, and the data demonstrate they are immunologically

different also; adaptive immune cell infiltrates differentially link to outcome between subtypes.

Unexpectedly, high CD8+ density appears not to be beneficial for survival in mesothelioma
patients. In the epithelioid group the CD8+ T-cell density was indifferent for outcome; in the non-
epithelioid group, a low number of CD8+ T-cells linked with a survival advantage, although this
observation was not maintained in the multivariate analysis. This is in contrast to observations in
many other solid cancers where a high density of CD8+ TlLs has been shown to confer a survival
advantage (Al-Shibli et al., 2008, Galon et al., 2006, Garcia-Martinez et al., 2014, Ward et al.,
2014, Gooden et al., 2011). Exceptions to this general trend are patients with uveal melanoma

(Bronkhorst and Jager, 2012) and renal cell carcinoma (Nakano et al., 2001).

A high density of CD4+ TILs conferred a survival advantage in the epithelioid group, both on
univariate and multivariate analysis. CD4+ T cells are important for activating a range of tumour-
reactive immune cells including CD8+ T-cells and B-cells (Ding et al., 2010). Recent work has
demonstrated that the immunogenic mutations (between 70-95%) are recognised by CD4+ T-cells
in 3 independent mouse models (Kreiter et al., 2015). If the mutanome is recognised by CD4+ T-
cells in mesothelioma also, this might explain the dominance of CD4+ T-cells and favourable
outcome in our series. Recent data however do not suggest that there is a significant difference in
mutational load between epithelioid and sarcomatoid mesothelioma (Bueno et al., 2016),
suggesting that number of mutations alone is not the explanation for the difference in the
presence of CD4+ T-cells. However distinct mutational patterns emerged between the histological
subgroups and it will be intriguing to test if the might be a differential effect on immune
recognition, for example by activation of pathways that drive EMT (Bueno et al., 2016). Further
work to establish the targets of CD4+ T-cell recognition is needed to better understand the
balance of effector and regulatory CD4+T cells in mesothelioma. This would then also allow a
linkage to mutational status and immune attack and targeting of such mutations, for example by

vaccination.

A key CD4+ T-cell population that limits the function of effector and helper T-cells are FOXP3*CD4*
regulatory T-cells. Consistent with the current understanding of their role, we observe that a high
number of FOXP3+ T-cells was significantly associated with poorer survival in both morphological
sub groups of mesothelioma. The effect of FOXP3+ T-reg likely has disease specific features.
While in many solid tumour types a lower T-reg density is good for the patient (Shang et al.,
2015), there are some exceptions, such as head and neck squamous cell carcinoma, where higher
FOXP3+ T-cell density is linked to better locoregional control (Badoual et al., 2006b). It may simply

be though that this apparent contradiction reflects a parallel influx of protective and suppressive
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immune cells, as in head and neck cancer where globally the number of immune cells is tightly

linked to survival (Ward et al., 2014, Wood et al., 2016).

There is correlation between the different immune cell types infiltrating the tumour. This
demonstrates that the subsets of tumour infiltrating lymphocytes are interlinked. Some tumours
with a high CD4+ T cell infiltrate have similarly high CD8+ T cell counts. This may reflect the gross
number of cells in a TIL high tumour. FOXP3+ cells are a subset of CD4+ T cells and while there is a
correlation between these cells, a high CD4+ T cell count does not necessarily equate to a high
FOXP3+ infiltrate. There is a correlation between the number of CD4+ T cells and CD20+ B cells
particularly in the poor survival group. This may be due to an interaction between the two cell

types with one influencing the other to infiltrate the tumour microenvironment.

Evaluation of whether the sensitivity of quantification of the immune cell infiltrate could be
improved by assessing the relative density of CD4+ and CD8+ T-cells was carried out. An easy way
of expressing this is by calculating the ratio of CD4+/CD8+ T-cells, a measure that then becomes
independent of the absolute abundance of the T-cells in the tissue. A high CD4+/CD8+ ratio has
been previously evaluated in different types of cancer and was found to be associated with a good
outcome in cervical squamous cell carcinoma and a poor outcome in colorectal cancer (Shah et
al., 2011, Diederichsen et al., 2003). In this cohort, a CD4+/CD8+ ratio of greater than 1 was
associated with better survival in the overall and epithelioid groups and this parameter warrants
further analysis in other cancers to determine if it might be a useful prognostic marker for

survival.

There is increasing recognition of the important role B-cells play in adaptive immune attack in the
tumour microenvironment. Tumour associated B-cells induce and regulate T-cell immune
responses through antigen presentation and CD4+ T-cell activation, contributing to the
differentiation of CD4+ T-cells and polarization of Th1 and Th2 subsets (Baumgarth, 2011, Lund
and Randall, 2010, Bao et al., 2014). In this cohort, a high density of CD20+ cells in the epithelioid
group was associated with better survival. This remained significant on multivariate analysis and
the data are consistent with Ujiie et al. (Ujiie et al., 2015) Similar to T-cells, there is variation in the
prognostic effect of B-cell infiltration between tumour types. In colorectal cancer, an increased B-
cell gene expression was significantly associated with survival (Bindea et al., 2013). Data from our
group has demonstrated a high B-cell infiltrate to be associated with better outcome in head and
neck squamous cell carcinoma (Wood et al., 2016). It is unclear however what the B-cells might
contribute immunologically, and whether are simply drawn to the tumour in response to cytokine
stimulation. In contrast to the morphological observations in humans, in a HPV 16 regulated

murine squamous cell carcinoma model, administration of a B cell depleting monoclonal antibody
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significantly improved response to chemotherapy (Affara et al., 2014), and raises the possibility

that B-cells might also exert tumour-promoting effects.

Tumour associated inflammation is recognised as a key hallmark of cancer (Grivennikov et al.,
2010, Hanahan and Weinberg, 2011) and innate immune cells such as macrophages and
neutrophils form an important and complex part of the tumour microenvironment. Tumour
associated macrophages can adopt a pro-tumourigenic role by promotion of angiogenesis and
metastases and preventing T-cell attack on tumour cells and once the tumour is established, the
macrophages are polarized to a pro-tumour phenotype (Noy and Pollard, 2014). In this cohort, a
low CD68+ count was significant in the epithelioid group, similar to findings by Ujiie et al (Ujiie et
al., 2015), but not in the non-epithelioid group. The association of a low infiltration of tumour
associated macrophages and survival is consistent with the theory of chronic asbestos induced

inflammation driving the development of mesothelioma in a process of “frustrated phagocytosis’

(Bograd et al., 2011).

Tumour associated neutrophils similarly can adopt a pro-tumourigenic role by involvement in
angiogenesis and creating a pro-invasive and pro-metastatic environment and may also play an
anti-tumourigenic role (Hanahan and Coussens, 2012). Consistent with this, in this cohort, a low
number of NP57+ cells was associated with better survival in the epithelioid group. It is known
that a high circulating Neutrophil to Lymphocyte ratio in mesothelioma is adversely associated
with survival in patients undergoing systemic therapy (Kao et al., 2010). The biological role of
tumour associated neutrophils is not clear (Fridlender and Albelda, 2012). To our knowledge, our
group is the first to detect the prognostic value of a low neutrophil count on survival in epithelioid

mesothelioma.

Beyond histological typing into epithelioid, sarcomatoid and mixed types, markers that predict
response to treatment in mesothelioma are lacking. In other solid tumours such as breast, rectal
and oesophageal cancer immunological features that predict for pathological complete response
and survival following chemotherapy have been examined. In a breast cancer cohort, a pre-
treatment high CD4+/CD8+ ratio was an independent predictor of pathological complete response
after neo-adjuvant chemotherapy and was associated with better prognosis (Garcia-Martinez et
al., 2014) as was the presence of CD20+ B-cells (Brown et al., 2014). The question arose of
whether TIL density would link to treatment response in mesothelioma. This was indeed the case:
in 61 patients who had received chemotherapy CD4+ T-cell high cases identified patients who had
a better outcome. This remained true also if only the 42 patients with epithelioid histology and
who received chemotherapy were considered and suggest that CD4+ T cells may also have a

predictive value in mesothelioma.
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In summary, these data demonstrate for the first time an association of survival with high CD4+,
low FOXP3+, high CD20+, low NP57+and low CD68+ counts in epithelioid mesothelioma, treated
with palliative intent. Low CD8+ and low FOXP3+ T-cell densities emerge as prognostic in non-
epithelioid mesothelioma. Given that epithelioid and non-epithelioid mesothelioma behave very
differently clinically, the underpinning differences in potential immunological drivers of the
different subtypes are intriguing and warrant further study and will benefit from mapping onto
the emerging stratifiers using genomic analyses (Bueno et al., 2016). Emerging data suggesting
that sarcomatoid mesothelioma may be more responsive to immunotherapy than the epithelioid
subtype (Cedres et al., 2015, Mansfield et al., 2014), but more work is needed to understand the
reason behind this difference. These data illustrate that the morphological differences, linked to
outcome also find their reflection in the adaptive and innate immune events that are present in
the cancer. Their functional understanding will open the door towards rational targeting of

immune pathways to improve the outcomes of patients with this devastating disease.
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Chapter4 Multiplex immunohistochemistry

4.1 Introduction

In most solid tumours, the presence of CD8+ cytotoxic T cells has been associated with better
survival. However, recent work has demonstrated the importance of tissue resident memory cells
(Trms) with particular emphasis on CD8+ Trwms. Tissue resident memory cells are a specialized
subset of cells that reside in tissue and reactivate quickly on encounter with their target antigen.
In lung cancer, our group has recently shown that density of CD8+ Trmsin tumour tissue is

associated with better survival outcomes, independent of CD8* TIL density (Ganesan et al., 2017).

However, data from the mesothelioma TMA presented in the previous chapter (chapter 3)
demonstrated that while the number of infiltrating CD8+ T cell was variable across tumours, there
was no positive relationship between survival and CD8+ TILs, thus appearing to negate the role of
these cells for anti-tumour immunity in mesothelioma. Therefore, in this chapter we wished to
explore two possible explanations: first that some important aspect of CD8+ CTL -related biology
had been missed and second that, if not CD8+ T cells, then possibly CD4+ T cells might have an

important role.

In order to ensure we had not missed some important phenotypic or functional characteristics of
the CD8+ infiltrating cells, we therefore also sought to define both the phenotypes of the CD8+ T
cells in greater detail and to seek evidence of mechanisms employed by the tumour to avoid
detection and killing by CD8+ T cells. Tumour cells may downregulate cell surface expression of
MHC class | — required by CD8+ T cells for recognition of antigen and performance of their effector
functions. Also, they can present self-antigens, which may result in chronically stimulated CD8+

CTLs becoming exhausted or senescent.

In contrast to the lack of relationship between outcome and CD8+ T cells in epithelioid
mesothelioma, CD4+ TILs were positively associated with survival. This led us to hypothesize that,
rather than CD8+ T cells in mesothelioma, CD4+ TILs are somehow functioning as effector cells to
drive a protective anti-tumour immune response. It is unclear how these CD4+ TILs are
functioning as effector cells independent of CD8+ T cells. Traditionally, cytotoxicity — the key anti-
tumour effector function, has been associated with cells like NK cells and CD8+ T cells. However,
recently, there has been renewed interest in a subset of cytotoxic CD4+ T cells that express
markers associated with cytotoxicity such as Granzyme A, Granzyme B and Perforin (Takeuchi and

Saito, 2017). The aim of the work in this chapter was to test the hypothesis that CD4+
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effector/cytotoxic T cells are present in the mesothelioma tumour tissue and their presence might

correlate with clinical outcome.

In order to pursue this line of investigation, it was necessary to stain tumour tissue with multiple
antibodies in order to characterize and define the phenotypes of infiltrating T cells. A major
impediment to the analysis of multiple cell types within a tumour was, up to now, the difficulty of
staining multiple markers simultaneously. However, in recent years, it has become possible to
evaluate these relationships with multiplex immunohistochemistry (IHC) and this method has
been established in our laboratory in the last year. | have applied this approach to the evaluation

of T cells in my tissue samples to evaluate the protective role of CD4+ T cells in mesothelioma.

In order for a CD4+ effector T-cell to have cytotoxic function, presentation of antigen in MHC Il
molecules on the target cells is required. It has been demonstrated previously that mesothelioma
tumour cell lines express MHC class Il on their surface (Mutti et al., 1998). MHC class Il expression
has also been demonstrated on mesothelioma cells by cyTOF (Lee et al., 2018). We hypothesised
that the expression of MHC class Il on the surface of tumour cells in mesothelioma may allow
interaction of these cells with CD4+ T cells. MHC class Il expression is induced on the surface of
epithelial cells by exposure to interferon gamma (IFN-y). Many cells including NK cells, NKT cells,

macrophages, activated CD4+ Th1 cells and CD8+ T cells produce IFN-y.

4.2 Multiplex immunohistochemistry staining in epithelioid

mesothelioma

The aim of using multiplex staining in epithelioid mesotheliomas was to evaluate the presence of
various cell types within the intra-tumoural immune cell infiltrate. In particular, even though my
previous work indicated there was no correlation between CD8+ T cells and survival, | wished to
determine the presence or absence of CD8+ Trm in tumour tissue. This will allow a comparison
with the number and features of CD4+ T cells expressing markers characteristic of either tissue
residency (CD69 or CD103) and/or cytotoxicity (GZB). The CD4+ T cells will additionally be
characterized for the presence of other CD4+ T cell subsets including tissue resident, regulatory

and follicular helper cells.

The tumour tissue sections from patients in this cohort were stained with three antibody panels,
selected to focus on particular phenotypic markers. The first panel was aimed at defining CD4+ T
cell subsets and consisted of anti-CD4, Granzyme B, CD69, CD103, FOXP3, BCL6 and CXCL13

antibodies. The second panel focused on MHC class | and Il expression on tumour cells and
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consisted of anti-WT1, anti-HLA-class | and HLA-DPB1 antibodies. The third panel aimed at further
refinement of CD8+ T cell phenotypes and consisted of anti-CD8, CD103, TIM3 and Granzyme B

antibodies.

Granzyme B was chosen as a marker of cytotoxicity as in our hands this produces good IHC
staining. CD69 is an early activation marker and has also shown to remain expressed in tissue-
resident CD4+ T cells; CD103 has been used as a marker of tissue residency in T cells. FOXP3 is the
key transcription factor in T regulatory cells. BCL6 is expressed by T follicular helper cells. CXCL13

has been shown to be expressed by CD4+ T follicular helper cells.

Wilm’s tumour antigen (WT1) is expressed by 72-91% of mesothelioma tumour cells. All tumours

analyzed in this cohort had been reported as WT1 positive by diagnostic immunohistochemistry.

TIM3 is expressed by activated T cells. TIM3 has been associated with an exhausted state but
more recently our group has shown that TIM3 expressing T cells are highly activated and

functional (Clarke et al, J Exp Med 2019 in press)

The number of cells per 520 X 300 um (0.16mm?) was evaluated in each tumour tissue section. In
the CD4+ multiplex immunohistochemistry panel, the number of single stained CD4+, CD103+,
FOXP3, BCL6+ and Granzyme B (GZB+) cells was determined. The tissue was then evaluated for
the presence of dual positive and triple positive cells. The CD4+ cell phenotypes represented by

the co-expression of these markers is shown in table 1.
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Variable Cell Type

CD4+CD103+ cells CD4+ Tissue Resident Memory cells (Trm)

CD4+CD69+ cells

CD4+GZB+ cells Cytotoxic CD4+ T cells

CD4+CD103+GZB+ cells Cytotoxic CD4+ Trmcells

CD4+CD69+GZB+ cells

CD4+ FOXP3+ cells T regulatory cells

CD4+BCL6+FOXP3- cells T follicular helper cells
CD4+CXCL13+ cells

CD4+BCL6+CXCL13+ cells

CD4+BCL6+FOXP3+ cells T follicular regulatory cells

Table 1 CD4+ T cell phenotypes in Multiplex immunohistochemical analysis of epithelioid

mesothelioma

The second multiplex was evaluated for the number of single stained WT1+ tumour cells, followed
by evaluation of the number of WT1+ HLA Class 1+ and WT1+ HLA-Class Il (HLADPB1)+ cells. In
addition, the staining intensity of HLA Class 1 and HLADPB1 was assessed on the WT1+ HLA Class

1+ and WT1+HLADPB1+ tumour cells respectively.

Finally, the number of single stained CD8+ cells was enumerated, followed by evaluation of CD8+

cells dual and triple stained with a combination of CD103, GZB and TIM3 antibodies (Table 2).

Variable Cell type

CD8+CD103+ cells CD8+ Tissue resident memory cells (Trm)
CD8+GZB+ cells Cytotoxic CD8+ T cell

CD8+CD103+GZB+ cells Cytotoxic CD8+ Tgrm

CD8+CD103+TIM3+ cells Highly functional CD8+ Tgm
CD8+CD103+TIM3+GZB+ cells Cytotoxic Highly functional CD8+ Trm

Table 2 CD8+ T cell phenotypes in Multiplex immunohistochemical analysis of epithelioid

mesothelioma
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4.3 Results

All tumours analysed were epithelioid mesotheliomas.

First, tissue from 24 patients with good survival and 20 patients with poor survival was examined

for expression of CD4+, markers of tissue residency (CD69+ and CD103+), markers of cytotoxicity

(GZB+), markers of T regulatory cells (CD4+ FOXP3+), markers of T follicular helper (BCL6, CXCL13)
and T follicular regulatory cells (CD4+BCL6+FOXP3+). Disintegration of the tissue during the

multiplex process meant not all cases underwent complete evaluation.

Representative pseudo-colour images from a patient with good survival are shown for CD4+ cells

in Blue (Figure 1), CD69+ cells in Red (Figure 2) and combined in Figure 3.
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CD4+

Figure 1 CD4+ cells (Blue pseudo-colour) in Epithelioid tumour from patient with good survival

CD69+

Figure 2 CD69+ cells (Red pseudo-colour) in Epithelioid tumour from patient with good survival
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CD4+CD69+

CD4+CD69+ magnified image

Figure 3 CD4+CD69+ cells (Blue and Red pseudo-colour respectively) in Epithelioid tumour from
patient with good survival including magnified image. Double positive cells represented in

Magenta
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The median value for CD4+ cells is higher in the good survival group compared to the poor
survival group (p=0.0009, Mann-Whitney test). The Mann-Whitney test was chosen as the CD4
data from the larger mesothelioma TMA cohort does not follow a normal (Gaussian) distribution.
Within the CD4+ T cell subsets, the median value for CD4+CD69+ (activated CD4+/Tgrw) cells, as
well as CD4+BCL6+CXCL13+ and CD4+CXCL13+ (Ten) cells was higher in the good survival group
compared to the poor survival group (p=0.0199, p= 0.0008 and p=0.0117 respectively).

Distribution of these cell types is shown in Figure 4.
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The median value for CD4+GZB+ (CD4+ CTLs) trended toward but did not reach statistical
significance (p=0.0617) between the good and poor survival groups. Other cell types such as
CD4+CD103+ (Tgws), CD4+CD103+GZB+ (cytotoxic Tams), CD4+FOXP3+ (Tregs), CD4+FOXP3+BCL6+
(Trrs) and CD4+BCL6+FOXP3-(Ten) were indifferent for survival between the good and poor survival

groups. A summary of these data for CD4+ T cells and CD4+ T cell subsets are shown in Table 3.
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Variable Cell type Median of Median of P value
cells/HPF cells/HPF Mann Whitney
Good survival |Poor survival |test
group n=22 group n=18
CD4+ T helper cell 280 74 0.0009
CD4+GZB+ Cytotoxic CD4+ |12.5 4 0.0617
T cell
CD4+CD69+ Tissue resident |80 36.5 0.0199
CD4+ T cell
CD4+CD69+GZB+ Cytotoxic Tissue |5 5 0.7002
resident CD4+ T
cell
CD4+CD103+ Tissue resident |4 3 0.1452
CD4+ T cell
CD4+CD103+GZB+ Cytotoxic Tissue |0 1 0.6522
resident CD4+ T
cell
CD4+ FOXP3+ T regulatory cell |42 17 0.1688
CD4+FOXP3+BCL6+ T follicular 13 9 0.4849
regulatory cell
CD4+BCL6+FOXP3- T follicular 10 2 0.1228
helper cell
CD4+CXCL13+ T follicular 43 18 0.0117
helper cell
CD4+BCL6+CXCL13+ T follicular 5 1 0.0008
helper cell

Table 3 Comparison of median values of CD4+ T cells and CD4+ T cells subtypes between good

and poor survival groups, significant Mann Whitney test p value <0.05
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The TMA data presented in Chapter 3 demonstrate that WT1 expression is not associated with
effects on survival. WT1 is expressed on 72-91% of mesothelioma tumour cells and indeed our
own data has demonstrated the presence of WT1 antigen specific T cells in mesothelioma
associated pleural fluid (unpublished data). Given the association of CD4+ T cell infiltration with
survival in epithelioid mesothelioma, we sought to understand the possible interaction between

CD4+ T cells and mesothelioma tumour cells.

The next multiplex immunohistochemistry examined the expression of MHC class Il expression on
WT1+ tumour cells in epithelioid mesothelioma. The same cohort was stained for WT1 and HLA-
DPB1. WT1 expression alone did not differentiate between patients in the good and poor survival
groups (p=0.0978). However, some of the WT1+ tumour cells expressed MHC class Il on their cell
surface and the difference between the number of WT1+HLADPB1+ tumour cells in the good and
poor survival groups was highly significant (p=<0.0001). The difference between the ratio of WT1+
HLADPB1+ cells /Total number of WT1+ cells in the good and poor survival groups was also highly
significant (p=<0.0001). (Table 4)
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Variable Cell type Median of cells/High Median of cells/High |P value
powered field (HPF) powered field (HPF)
Good survival group Poor survival group
n=24 n=19
WT1+ Tumour cells |197 165 0.0978
WT1+HLADPB1+ |MHCclassIl |88.5 8 <0.0001
expressing
Tumour cells
Median of ratio of Median of ratio of P value
WT1+HLADPB1+/ WT1+HLADPB1+/Tot
Total WT1+ cells al WT1+cells
Ratio of 0.405 0.05 <0.0001
WT1+HLADPB1+
/Total WT1+ cells

Table 4 Comparison of median values of WT1+ tumour cells and WT1+HLADPB1+ tumour

cells/high power field and ratio of WT1+HLA-DPB1+/Total WT1+ cells between good and poor

survival groups, significant Mann Whitney test p value <0.05

Figure 5 and 6 show WT1+HLADPB1+ expression in the good and poor outcome groups

respectively. The double-positive tumour cells show as pink rings around a blue nucleus. The

bright red single stain is HLA-DPB1 expression by non-tumour cells. The pink rings that are not

around a blue nucleus represent non-specific WT1 staining.
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Mesothelioma Multiplex IHC
WT1 Blue HLA-DPB1 Red
Good survival

Figure 5 WT1+HLA DPB1+(Blue and Red pseudo-colours respectively) in Epithelioid

mesothelioma tumour from patient with good survival

Mesothelioma Multiplex IHC
WT1 Blue HLA-DPB1 Red
Poor survival
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Figure 6 WT1+HLA DPB1+(Blue and Red pseudo-colours respectively) in Epithelioid

mesothelioma tumour from patient with poor survival

Next, a correlation between CD4+ T cell numbers and WT1+HLADPB1+ tumour cells was
examined. The Spearman R value was 0.506, p=0.0012. The other significant CD4+ subsets
(CD4+CD69+, CD4+CXCL13+) also demonstrated correlation to WT1+HLADPB1+ expression on
tumour cells. The Spearman R value were 0.408, p= 0.0089 for the correlation between
CD4+CD69+ T cells and WT1+HLADPB1+ tumour cells, and 0.4041, p=0.0097 for the CD4+CXCL13+

T cells and WT1+HLADPB1+ tumour cells respectively.

The intensity of HLADPB1+ staining on WT1+ tumour cells varied between samples. A semi-
guantitative scoring of the intensity of HLADPB1+ staining in WT1+ tumour cells (1+ =weak, 2+
=moderate, 3+ =strong) and the proportion WT1+ tumour cells that were also HLADPB1+ (1 <10%,
2 >10% and <50%, 3 >50%) was undertaken. The median of the combined score was 5 in the good

survival group and 3 in the poor survival group (p=<0.0001).

Next, MHC class | expression on WT1+ tumour cells in epithelioid mesothelioma was evaluated.
The difference between the number of WT1+HLA Class 1+ cells was significant between the good

and poor survival groups (p=0.0222) (Table 5).

Variable Cell type Median of cells/High | Median of cells/High |P value
powered field (HPF) |powered field (HPF)

Good survival group |Poor survival group

n=24 n=19

WT1+HLA Class |MHC class | 182 102 0.0222

1+ expressing

Tumour cells

Table 5 Comparison of median values of WT1+HLA Class 1+ tumour cells/high power field

between good and poor survival groups, significant Mann Whitney test p value <0.05
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The intensity of HLA Class 1 staining on WT1+ tumour cells also varied between samples. A semi-
guantitative scoring of the intensity of HLADPB1+ staining in WT1+ tumour cells (1+ =weak, 2+
=moderate, 3+ =strong). Here, only the intensity of staining was evaluated. The median of the
intensity score was greater in the in the good survival group at 2.5 and was 2 in the poor survival

group (p=0.001).

Lastly, tumour infiltration of CD8+ T cells and subsets of CD8+CD103+, CD8+GZB+,
CD8+CD103+GZB+, CD8+CD103+TIM3+ and CD8+CD103+TIM3+ GZB+ was evaluated. Neither
CD8+ T cells nor any of the CD8+ subtypes was significantly different between the good and poor

survival groups (Table 6).

Variable Cell type Median of Median of P value
cells/HPF cells/HPF
Good survival Poor survival
group n=20 group n=15
CD8+ CD8+ T cell 106.5 84 0.9934
CD8+CD103+ CD8+ Tissue 4.5 6 0.5242
Resident
Memory Cell
(Trm)
CD8+GZB+ Cytotoxic CD8+ T |8 12 0.3094
cell
CD8+CD103+TIM3+ Highly functional |0 1 0.1027
CDS8+ Trm
CD8+CD103+GZB+ Cytotoxic CD8+ |2 15 0.2319
Trm
CD8+CD103+TIM3+GZB+ | Cytotoxic Highly [0 1 0.0556
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functional CD8+

Trm

Table 6 Comparison of median values of CD8+ T cells and CD8+ T cells subtypes between good

and poor survival groups, significant Mann Whitney test p value <0.05

4.4 Discussion

The results presented in chapter 3 indicated clearly but surprisingly, that in epithelioid
mesothelioma, CD8+ TlLs were not increased in numbers in subjects with good survival outcome.
By contrast, there was a significant difference in the numbers of CD4+ TIL between the two
groups. The aim of the work in the present chapter was therefore, to characterize the subsets of
CD4+ and CD8+T cells to see whether clear evidence could be obtained to understand this

observation.

A number of observations emerged. Similar to the results presented in the previous chapter,
there were greater numbers of CD4+ T cells in tumours with good prognosis than those with poor
prognosis. The median number of CD4+ T cells (per hpf) was ca. 4-fold higher, 280 in the good
prognosis versus 74 in the poor prognosis group (p=0.0009). On further phenotyping, the tissue
resident CD4+CD69+ cells and some subsets of T follicular helper cells were also significantly
greater in number in the good prognosis group. Cytotoxic CD4+ T cells were present in both the
tumours with good and poor outcome and with increased numbers in the good survival group
that trended towards but did not reach statistical significance. So if these cells are playing a role,

it is not simply their numbers but more likely, their functional capabilities that are the key factor.

CD4+CD69+ cells are tissue resident and between the good and poor prognosis groups, their
numbers differed significantly. However, while CD4+CD69+GZB+ cells were present in both

groups, expression of this marker of cytotoxicity did not differentiate between the groups.

In the larger cohort of patients presented in the previous chapter, a low number of FOXP3+ cells
was associated with a better outcome. Both T regulatory cells and T follicular helper cells express
FOXP3. In this smaller patient sample, neither were significantly associated with survival.

However, CD4+CXCL13+ cells, a subtype of T follicular helper cells were present in significantly
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greater numbers in the good survival group compared with the poor survival group. T follicular
helper cells are usually characterised by CXCR5+ expression. There are some populations of Tfh
cells that do not express CXCR5 but these have been shown to have a similar gene profile to
CXCR5+ Tfh cells (Rao et al., 2017). T follicular helper cells play an essential role in the formation
of the germinal centre and tertiary lymphoid structures to support B cell proliferation and
differentiation. High intra-tumoural levels of Tfh cells have been associated with better survival in
breast cancer and melanoma (Gu-Trantien et al., 2013, Nurieva et al., 2019). 1L21 and CXCL13
produced by Tfh cells may confer a protective effect by attracting activated and memory T cells to
the tumour microenvironment (Qin et al., 2018). The possible mechanisms by which these cells
may contribute to the anti-tumour immune response needs to be investigated using a more

extensive range of approaches and techniques.

This study has demonstrated for the first time that MHC class Il expression on epithelioid
mesothelioma cells (WT1+HLADPB1+) is associated with a better outcome. It is not clear which
cells are producing the interferon gamma that is inducing MHC class Il expression on the surface
of tumour cells but this is potentially important as this may represent a target to be manipulated
therapeutically. It may be this is induced by the presence of Th1l CD4+ cells which requires further
investigation. It is also known that pulmonary epithelial cells are a source of interferon gamma in
infection and it may also be possible that the pleural epithelial cells are the source of interferon
gamma. The other cells that produce interferon gamma such as CD8 + T cells, NK cells, and
macrophages were not shown to be significantly associated with survival in epithelioid
mesothelioma in the previous chapter. Interferon gamma has been previously trialled in the
treatment of mesothelioma with limited anti-tumour activity (Monnet et al., 2002). It is likely that
the protective effect is less to do with the presence of interferon gamma per se, but more the
complex interplay of factors within the tumour microenvironment that is associated with elevated

levels of interferon gamma.

The main accepted function of CD8+ T cells in anti-tumour immunity is of cytotoxicity. CD8+GZB+
cells represent actively cytotoxic CD8+ T cells and CD8+CD103+GZB+ cells are cytotoxic CD8+ Trm
cells. CD8+ T cell numbers in epithelioid mesothelioma are not associated with outcome in this
cohort and further phenotyping of CD8+ T cells subpopulations such as CD8+ tissue resident and
cytotoxic cells failed to reveal in other phenotypic differences that might have been relevant to

survival.

The lack of differences between tumours with good and poor prognoses raises questions about
the phenotypes and functional characteristics of the intra-tumoural CD8+ T cells. Exactly what

CD8+CD103+GZB- cells are would require either further stains for functionally relevant markers,
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or alternative methodological approaches such as transcriptomic analysis, as they are likely to

represent tissue resident memory CD8+ T cells that may be exhausted.

Hence, it would be important to know whether the cells without a cytotoxic phenotype (GZMB

negative) may be functionally impaired, for example through being in a state of “exhaustion”.

Because of the lack of correlation of CD8+ T cells of any type with outcome, the question had
arisen of whether expression of MHC-Class | might be a factor. Perhaps surprisingly, this study
has demonstrated a significantly increased expression of HLA Class 1 in better prognosis tumours.
Thus, both the numbers of WT1+ tumour cells expressing HLA Class 1+ and the intensity of
staining of HLA Class 1 were significantly reduced in poor compared to good survival groups in
epithelioid mesothelioma. Together, these data suggest possible downregulation of MHC class | in
tumour cells in epithelioid mesothelioma to evade surveillance by immune cells, particularly in
the poor survival group. This does leave open the possibility that CD8+ CTLs are making a
contribution to tumour cell killing in the good prognosis group despite the numbers of CD8+ T

cells being similar across the groups.

To understand the potential protective role of CD4+ T cells will require the use of a broader range
of techniques. Although staining with a wider array of antibodies may increase our awareness of
the functional capacities of these cells, more sophisticated techniques such as RNAseq will allow
an in-depth analysis of their transcriptomic programmes to definitively assess the nature and

phenotype for cytotoxic CD4+ and CD4+Tgm cells.
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Chapter5 Mesothelioma associated Pleural fluid FACS
and RNAseq

5.1 Introduction

Pleural fluid is easily accessible making it attractive as a possible surrogate for analysis of
biological activity in the pleural space in both infectious and malignant diseases. Pleural fluid is
used for diagnostic purposes in routine clinical care and cancer cells are found in around 60% of
mesothelioma associated pleural effusions (Roberts et al., 2010). In both lung cancer and
mesothelioma, the cancer cells in pleural fluid have been shown to contain the same mutations as

those in the solid tumour (Sneddon et al., 2018, Carter et al., 2017).

The immune infiltrate has been shown to have a significant impact on clinical outcome in most
solid tumours. The data presented in the previous chapter shows this to also be the case in

mesothelioma.
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Previous studies have analysed the immune infiltrate in pleural fluid from cancer-associated
effusions as well as from effusions associated with infection and inflammation. Pleural effusions
associated with cancer have been shown by flow cytometry analysis to contain more naive and

central memory T cells than their benign counterparts (Scherpereel et al., 2013).

The work presented in this chapter sought to understand if immune cells in the pleural fluid
reflected those in the solid tumour, making this compartment potentially useful as a surrogate
target for investigation. The immune infiltrate of T cells and macrophages in pleural effusions and
their solid tumour components was shown not to correlate in 4 of 5 patients in a small study

(Lievense et al., 2017).

Significant numbers of immune cells are present in the pleural fluid and we sought to gain a
better understanding of the role of these cells, specifically focusing on the role of CD4+ and CD8+
T cells. Immune cells cryopreserved from pleural fluid were stained with antibodies to evaluate
and sort CD4+ and CD8+ T cells, B cells and macrophages by flow cytometry. The CD4+ and CD8+ T

cells were further evaluated by RNA-seq for differential gene expression.

5.2 Results

The clinical demographics of the 23 patients evaluated in this cohort are shown in Table 1. The
median age was 74 (range 61-83) years, 90% were men. 16 (70%) were classified as epithelioid
and 7 (30%) were non-epithelioid mesothelioma. This is comparable to the larger cohort of

patients presented in Chapter 3.

Variable N (%)
Age <65 1 (4%)
>65 22 (96%)
Sex Male 20 (90%)
Female 3 (10%)
Histology Epithelioid 16 (70%)
Non-epithelioid |7 (30%)
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Table 1: Patient demographics for sorted pleural fluid samples

The number of CD4+ and CD8+ T cells in the mesothelioma tumour samples was evaluated by
immunohistochemistry. The mean count/high power field was used similar to the TMA evaluation

presented in Chapter 3.

Flow cytometric analysis and bulk sorting of CD4+ and CD8+ T cells was undertaken for 23 samples

of mesothelioma-associated pleural fluid. The gating strategy is shown in Figure 1.
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Figure 1: Gating strategy for sorting CD4+ and CD8+ T cells
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The distribution of T cell subtypes in the sorted populations is shown as the mean with standard
deviation in Figure 2. The CD4+ T cell proportion outnumbers the CD8+ T cell proportion in all

cases.

T cell subtype as a proportion of Singlet gate
( mean with SD)

1501 o CD45+
m CD3+
£ 100- 4 CD4+
o v CD8+
£
(7))
X 504
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Figure 2: T cell subtype as a proportion of Singlet gate in pleural fluid samples sorted by flow

cytometry (Mean with SD)
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To identify the core transcriptional signature of the CD4+ and CD8+ T cells present in pleural fluid
associated with mesothelioma, RNA-seq was performed on samples from 23 patients with pleural
effusions associated with mesothelioma, categorised as epithelioid and non-epithelioid types. This
was compared to transcriptional profiles from non-matched normal lung tissue and NSCLC (non-

small cell lung cancer) generated from 36 patients previously evaluated in our group.

2572 genes were differentially expressed by CD4+ T cells in mesothelioma-associated pleural fluid
vs normal lung and 2652 genes were differentially expressed by CD4+ T cells in mesothelioma-
associated pleural fluid vs NSCLC, Benjamini-Hochberg—adjusted P value of <0.05 and fold change
of 1.5 (Figure 3).

Lung vs Fluid NSCLC vs Fluid

Figure 3: Venn diagram of differentially expressed genes — CD4+ T cells in normal lung vs
mesothelioma-associated pleural fluid and CD4+ T cells in NSCLC vs mesothelioma-associated

pleural fluid, padj<0.05, fold change 1.5

4379 genes were differentially expressed by CD8+ T cells in mesothelioma-associated pleural fluid
vs normal lung and 5159 genes were differentially expressed by CD8+ T cells in mesothelioma-
associated pleural fluid vs NSCLC (Benjamini-Hochberg—adjusted P value of <0.05, fold change 1.5)
(Figure 4).
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Lung vs Fluid NSCLC vs Fluid

Figure 4: Venn diagram of differentially expressed genes — CD8+ T cells in normal lung vs
mesothelioma-associated pleural fluid and CD8+ T cells in NSCLC vs mesothelioma-associated

pleural fluid, padj<0.05, fold change 1.5

The expression of transcripts did not differ in the mesothelioma-associated pleural fluid between

high and low intra-tumoural CD4+ T cells or between epithelioid and non-epithelioid subtypes.

Principle component analysis (figure 5 and 6) and hierarchical clustering (not shown) showed that
CD4+ and CD8+ T cells from mesothelioma-associated pleural fluid clustered together compared

to both normal lung and NSCLC.
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Figure 5: CD4+ T cells in mesothelioma-associated pleural fluid vs normal lung and NSCLC

(padj<0.05, fold change 1.5)
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Figure 6: CD8+ T cells in mesothelioma-associated pleural fluid vs normal lung and NSCLC

(padj<0.05, fold change 1.5)
CD4+ T cells
CD4+ T cells are sub-divided into the following categories based on their functionality. CD4+

helper cells: Thl, Th2, Th9, Th17 and Th22; CD4+ T regulatory cells, CD4+ T follicular helper cells,
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cytotoxic CD4+ T cells and memory CD4+ T cells. CD4+ T cells are found abundantly in pleural fluid
associated with mesothelioma and this analysis sought to understand their phenotype and

function.

Differentially expressed genes for CD4+ T cell differentiation and activation, CD4+ T cell memory
and CD4+ T cell cytotoxicity were analysed in mesothelioma-associated pleural fluid compared

with normal lung and mesothelioma-associated pleural fluid compared with NSCLC.

CD4+ T cell differentiation and activation

A comparison of differentially expressed genes associated with CD4+ T cell differentiation was
evaluated in mesothelioma-associated pleural fluid vs normal lung and mesothelioma-associated
pleural fluid vs NSCLC. The fold change and Benjamini-Hochberg—adjusted P values (g values) are

shown in supplementary table 1a, Appendix A.
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Figure 7: Heat map of differentially expressed CD4+ T cell differentiation and activation genes

between normal lung and mesothelioma-associated pleural fluid, padj<0.05, fold change 1.5

The genes that are upregulated in mesothelioma-associated pleural fluid are also expressed in

normal lung tissue CD4+ T cells (figure 7)

Of interest are the downregulated genes in mesothelioma-associated pleural fluid CD4+ T cells

compared to those from normal lung, shown in the heat map (figure 7). Genes responsible for key
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drivers of the CD4+ T cell differentiation pathway are notably downregulated in the mesothelioma

associated pleural fluid.

TBX21 encodes for T-bet, the key lineage defining Thl-specific transcription factor that controls
the expression of INFG, the signature Th1l cytokine. TBX21 also inhibits development of Th2 and
Th17 cells. T-bet is not expressed in naive T cells (Lazarevic et al., 2013). There is some expression
of TBX21 in the mesothelioma associated pleural fluid but overall it is downregulated in

comparison to the expression in normal lung tissue.

IFNG encodes for interferon gamma, an important cytokine expressed by many cells including
activated CD4+ Th1l, CD8+ CTLs and NK cells. Interferon gamma plays a role in enhancing antigen
presentation, macrophage activation, as well as forming a positive feedback loop to enhance Th1l
differentiation and suppress Th2 differentiation. Importantly, this is downregulated in most of the

mesothelioma-associated pleural fluid samples.

IL2 is produced by activated Th1 CD4+ cells and can also be produced by CD8+ T cells, NK cells and
dendritic cells. IL2 promotes CD4+ T cell proliferation and differentiation into Th1 and Th2 cells
and inhibits Th17 differentiation (Paul and Zhu, 2010, Szabo et al., 2003, Littman and Rudensky,
2010, Jiang et al., 2016). IL2 acts on CD4+ T cells in an autocrine manner in a positive feedback
loop, driving proliferation through its cognate receptor IL-25. IL2 is downregulated across all
samples of mesothelioma-associated pleural fluid. This indicates that the CD4+ T cells in
mesothelioma-associated pleural fluid are less activated and proliferating less than their

counterparts in normal lung.

IL4 is a key cytokine produced by Th2 cells. IL4 acts in an autocrine manner on CD4+ T cells to
induce Th2 differentiation and proliferation. IL4 is downregulated in most of the samples of
mesothelioma-associated pleural fluid along with IL13. IL13 is another key Th2 cytokine that has a
similar biological function to IL4 apart from not playing a role in T cell activation due to the lack of

IL13R on the surface of ThO cells (Mak and Saunders 2006).

MYB together with GATA3 are key transcription factors essential for Th2 differentiation and
maturation (Naito and Taniuchi, 2010) (Nakata et al., 2010). MYB is downregulated in most

samples of mesothelioma associated pleural fluid.

RORA (Related Orphan Receptor A) is involved in the lineage specification of CD4+ T cells into
Th17 (Yang et al., 2008). This is downregulated in the most of the mesothelioma associated

pleural fluid samples.
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IL18R1 is present widely on Th17 cells, mostly on Th1 cells and on a proportion of induced Tregs
but not on naive CD4+ T cells or Th2 cells (Yu et al., 2008, Harrison et al., 2015). IL18R1 is
associated with the ability of CD4+ and CD8+ memory T cells to respond to cytokines such as IL18
in combination with IL12 or IL21 to produce interferon gamma in the absence of antigen exposure
(Ingram et al., 2011). In infectious disease, this allows memory T cells to respond to
inflammation- inducing infections independent of antigen presentation and the T cell receptor
(Ingram et al., 2011). IL18R1 is preferentially expressed on TEMRA and effector memory cells as
compared to expression on naive and central memory cells (Bofill et al., 2004). In CD8+ T cells,
IL18Ralpha downregulation is associated with exhaustion (Ingram et al., 2011). IL18R is mostly

downregulated on CD4+ T cells in mesothelioma associated pleural fluid.

BATF (basic leucine zipper transcription factor ATF-like) together with IRF4 is important for Th9
and Th17 differentiation and also controls Tfh differentiation by regulating the BCL6 and c-MAF
genes (Ise et al., 2011, Jabeen et al., 2013, Schraml et al., 2009, Sahoo et al., 2016). This gene is

downregulated globally in the mesothelioma associated pleural fluid samples.

PTGER4 is a prostaglandin receptor for prostaglandin E2. PTGER4 as part of COX2-PGE2-EP2/EP4
signalling promotes induction of IL23R, leading to proliferation of Th17 cells (Lee et al., 2019).

PTGER4 is mostly downregulated in the mesothelioma associated pleural fluid.

IL23R is expressed on ThO, Thl, Th17 CD4+ T cells as well as on memory T cells. Naive T cells
express small amounts of IL23R. IL23 is the main inducer of ThO to Th17 differentiation (Li et al.,

2016). IL23R is uniformly downregulated in the mesothelioma-associated pleural fluid.

RARA (Retinoic acid receptor alpha) is required for the induction of regulatory T cells and required
for CD4+ effector cell activation (Hill et al., 2008, Hall et al., 2011). Naive CD4+ T cells have also
been shown to have high expression of RARA (Hall et al., 2011). In a murine knockout experiment,
T cells lacking RARA proliferated less efficiently in response to T cell stimulation and displayed
early TCR activation defects (Hall et al., 2011). Expression of RARA is mostly downregulated in

mesothelioma associated pleural fluid.

Taken together, there is global downregulation of IL2 that is associated with differentiation and
proliferation of Th1l and Th2, IL23R associated with Th17 differentiation and BATF that is

associated with Th9 and Th17 differentiation.
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Key genes responsible for Th cell lineage such as TBX21 which is responsible for Th1 cell
differentiation and RORA which is involved in Th17 differentiation and MYC which is involved in

Th2 differentiation are downregulated in most samples of mesothelioma-associated pleural fluid.

The majority of mesothelioma-associated pleural fluid samples demonstrated downregulation of
IFNG an important marker of Th1 activation. Other markers of activation of effector cellsand T

regulatory cell induction such as RARA were also similarly mainly downregulated.

This would indicate that there is a downregulation of genes associated with Th1l, Th2, Th9, Thl17, T
regs and T effector cells, as well as genes associated with activation and proliferation of the CD4+

T cells in mesothelioma-associated pleural fluid compared to normal lung tissue.
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Figure 8: Heat map of differentially expressed CD4+ T cell differentiation and activation genes

between NSCLC and mesothelioma-associated pleural fluid, padj<0.05, fold change 1.5

A similar picture is seen when the comparison is made between differentially expressed genes in
NSCLC and mesothelioma-associated pleural fluid CD4+ T cells where the genes upregulated in the
pleural fluid are also expressed in the NSCLC samples (figure 8). The fold change and Benjamini-

Hochberg—adjusted P values (q values) are shown in supplementary table 1b, Appendix A.

Here, the expression of IL2 which is related to T cell proliferation and Th1l differentiation, BATF

which is responsible for IL4 expression in Tfh, Th17 and Th9 cells, and IL23R which is mainly
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expressed on activated/memory T cells are globally downregulated in mesothelioma associated

pleural fluid similar to the previous comparison with normal lung.

In addition, the gene expression of FOXP3 and ZBTB7B is also downregulated across all samples of
pleural fluid. FOXP3 is the master regulator for T regulatory cells and ZBTB7B is a key regulator of

lineage commitment of CD4+ cells.

IL18R1 and IFNG expression is also downregulated in most samples of mesothelioma-associated

pleural fluid when compared to NSCLC similar to the previous comparison with normal lung.

SLAMF6 promotes differentiation into Th17 cells and is downregulated in most of the sample of

mesothelioma associated pleural fluid.

This comparison indicates a downregulation of key genes associated with Thl, Th17, T reg
differentiation and Th1 cell proliferation in mesothelioma-associated pleural fluid when compared

with NSCLC.

CD8+ T cells

CD8+ T cell differentiation produces cytotoxic and memory phenotypes. Cytotoxic Tcl cells, as
well as Tc2, Tc9 and Tcl7 cells have been described. CD8+ memory cells are divided into central

memory, effector memory, resident memory populations.

CD8+T cell infiltration has been shown in the TMA data presented in chapter 3 to be not
associated with survival in mesothelioma, unlike in many other solid tumours. In this analysis, we
sought to understand the phenotype and function of the CD8+ T cells in the mesothelioma-

associated pleural fluid for insights into this behaviour.

Differentially expressed genes for CD8+ T cell differentiation and activation, CD8+ T cell memory
and CD8+ T cell cytotoxicity were analysed for mesothelioma-associated pleural fluid compared

with normal lung and mesothelioma-associated pleural fluid compared with NSCLC.

CD8+ T cell differentiation and activation

A comparison of differentially expressed genes associated with CD8+ T cell differentiation was
evaluated in mesothelioma-associated pleural fluid vs normal lung and mesothelioma-associated

pleural fluid vs NSCLC. The heat map for the comparison of mesothelioma-associated pleural fluid
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and normal lung is shown in figure 9. The fold change and Benjamini-Hochberg—adjusted P values

(g values) are shown in supplementary table 2a, Appendix A.
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Figure 9: Heat map of differentially expressed CD8+ T cell differentiation and activation genes

between normal lung and mesothelioma-associated pleural fluid, padj<0.05, fold change 1.5

PDCD1 (programmed cell death 1) is the central inhibitory receptor regulating CD8+ T cell
exhaustion during chronic infections and cancer. It is mostly downregulated in mesothelioma-

associated pleural fluid compared to normal lung.

TBX21 encodes Thet, a critical driver of CD4+ Th1 differentiation but also of effector CD8+ T cell
differentiation. T bet operates in a graded manner in CTLs, with a moderate amount allowing for
memory cell fates but larger amounts promoting terminal differentiation (Joshi et al., 2007,

Dominguez et al., 2015). TBX21 is mostly downregulated in mesothelioma-associated pleural fluid.

BATF is important in the differentiation of many lymphocytes. In CD8+ T cells, BATF is a central
regulator of early effector differentiation after antigen exposure and BATF deficient cells show
defects in differentiation and proliferation (Kurachi et al., 2014). BATF is mostly downregulated in
mesothelioma-associated pleural fluid, which may explain the lack of effector function in these

cells.

ZNF683 (Hobit) is expressed in effector T cells, particularly in quiescent and long-lived effector

CD8+ T cells but not in naive or memory CD8+ T cells or CD4+ T cells (Post et al., 2017, Vieira Braga
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et al., 2015). Expression of Hobit strongly correlated with T-bet and IFNG expression in CD8+ T
cells (Vieira Braga et al., 2015). ZNF683 is mostly downregulated in mesothelioma-associated

pleural fluid compared to normal lung.

RASGRP1 (Ras-guanyl nucleotide exchange factor) has been shown to play a selective role in T cell
signaling in CD8+ T cell maturation (Priatel et al., 2010). RASGRP1 deficient CD8+ T cells display an
anergic phenotype that is partially reversible on addition of IL2 (Priatel et al., 2010). RASGR1 is

mostly downregulated in mesothelioma-associated pleural fluid.

PTPN22 (protein tyrosine phosphatase nonreceptor 22) is a negative regulator of T cell signaling
(Sood et al., 2016). In a murine model, PTPN22-/- mice show increased TCR signaling particularly
in effector cells (Sood et al., 2016). PTPN22 may play a dual role as lack of PTPN22 expression
promotes CD8+ T cell activation and cytokine production in a viral murine model but inhibits
proliferation ((Jofra et al., 2016). PTPN22 is mostly downregulated in mesothelioma-associated

pleural fluid indicating inhibition of CD8+ T cell activation.

RORA and RORC are required for effector function and differentiation of CD8+ CTLs (Miao et al.,
2017, Kaech and Cui, 2012, Dominguez et al., 2015, Omilusik et al., 2015). Both are

downregulated in mesothelioma-associated pleural fluid.

PTGER4 is a PGE2 receptor and is overexpressed in chronic viral infections by more terminally
exhausted CD8+ CTLs compared to naive CD8+ T cells (Kabashima et al., 2002, Chen et al., 2015).

These were mostly downregulated in the mesothelioma-associated pleural fluid.

XCL1 is produced by activated CD8+ T cells and NK cells to control the movement of CD4+ and
CD8+ T cells and also controls IFNG production by CD4+ T cells (Ordway et al., 2007). XCL1

expression is mostly downregulated in mesothelioma-associated pleural fluid.

IFNG is produced by a wide variety of cells including NK and NKT cells in the innate immune
system and CD4+ Th1 cells and CD8+ CTLs in the adaptive immune response. IFNG is mostly

downregulated in the mesothelioma-associated pleural fluid compared with normal lung.

SPN encodes a glycoprotein involved in antigen specific activation of T cells. It is found on many
cells including T lymphocytes. It is globally downregulated in CD8+ T cells in mesothelioma-

associated pleural fluid indicating these cells are not activated.

KLRK1 is important in NK cells and acts as a co-stimulatory molecule to the TCR in CD8+ T cells by
amplifying T cell activation (Refseq 2010). KLRK1 is globally downregulated in mesothelioma-

associated pleural fluid.
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TNFSF14 is expressed on many cells including monocytes, NK cells and CD8+ T cells. In CD8+ T cells
it may function as a co-stimulatory factor for activation and stimulate CD8+ T cell proliferation. It

is mostly downregulated in mesothelioma-associated pleural fluid.

TNFRSF18 encodes for GITR (Glucocorticoid-induced TNFR-related protein), which is expressed in
all T cells subsets but particularly in Tregs. GITR is a co-stimulatory molecule which enhances T cell
proliferation, survival and cytokine production (Ronchetti et al., 2012). In CD8+ T cells, GITR is
expressed on T cell activation and its absence prevents proliferation. GITR has been found to be
enhances in tumour specific CD8+ T cells (Ronchetti et al., 2012). TNFRSF18 is mostly

downregulated in mesothelioma-associated pleural fluid.

ELF4 has been shown to directly activate KLF4 to induce cell cycle arrest in naive CD8+ T cells
(Yamada et al., 2009). ELF4 negatively regulates the proliferation of naive CD8+ T cells and
restricts the expansion of CD8+ T cells with a memory phenotype (Yamada et al., 2009). Loss of
ELF4 resulted in deregulated T cell population expansion during homeostasis (Yamada et al.,
2009). By inducing the expression of KLF4, ELF4 maintains the expression of CD62L and CCR7 on
memory cells (Yamada et al., 2009). ELF4 is mainly downregulated in mesothelioma-associated

pleural fluid.

TRAF2 belongs to a family of intracellular signaling molecules. In a murine model, TRAF2 negative
mice show impairment in T cell memory responses with reduction in effector cytotoxic CD8+ T
cells to re-stimulation (Cannons et al., 2002). TRAF2 is downregulated in most samples of

mesothelioma-associated pleural fluid.

CD274 encodes for PDL1, which is an inhibitory receptor ligand widely expressed on immune cells
and tumour cells. Naive CD8+ T cells do not express PDL1 and only express high levels of PDL1 on
activation by IFN-y and TNF-a (Gibbons Johnson and Dong, 2017). PDL1 also plays a role in survival
in the contraction phase of an immune response (Pulko et al., 2011). CD274 is mainly

downregulated in mesothelioma-associated pleural fluid.

CTLA4 is a costimulatory molecule that negatively regulates early CD8+ T cell activation and
proliferation. In normal T cell subsets, CTLA4 is more highly expressed on CD4+ T cells than CD8+ T
cells (Chan et al., 2014). CTLA4 expression is mostly downregulated in mesothelioma-associated

pleural fluid.

CD40LG codes for CD40Lwhich is expressed on CD4+ and CD8+ T cells and mediates a wide range
of immune functions. It has been found to allow CD8+ T cells to promote their own and bystander

differentiation and expansion via dendritic cells (Tay et al., 2017). Lack of CD40L results in lower
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number of memory CD8+ T cells (Wherry et al., 2004). It is mostly downregulated in

mesothelioma-associated pleural fluid.

IL2 can be produced by CD8+ T cells. In newly activated naive CD8+ T cells, cell that do not express
IL2 preferentially attain effector features while autocrine IL2 production was associated with the
formation of a memory phenotype (Kahan et al., 2015). IL2 is globally downregulated in

mesothelioma-associated pleural fluid possibly alluding to a lack of memory formation.

RARA (retinoic acid receptor alpha) has been shown to upregulate tissue homing receptor and
control CD8+ T cell survival after activation (Guo et al., 2014). RARA was mainly downregulated in

mesothelioma-associated pleural fluid.

KLRC4-KLRK1 encodes the KLRK1 (NKG2D) protein that is expressed on the surface of NK cells and
CD8+ T cells. In CD8+ T cells it recognises a stressed target to enhance TCR signalling to activate a
cytotoxic response (Prajapati et al., 2018). This is mostly downregulated in mesothelioma-

associated pleural fluid.

CD244 is expressed by memory phenotype CD8+ T cells and NK cells. CD244 is required for
optimal activation of CD8+ T cells (McNerney et al., 2005). CD244 is mostly downregulated in
mesothelioma-associated pleural fluid and may indicate a lack of activation of the cells in these

samples.

PRDM1 encodes for Blimp1 that promotes CD8+ T cells into short-lived effector cells rather than
central memory cells (Welsh, 2009). Blimp1 is induced in T cells by IL2 but expression represses
IL2 gene transcription (Martins et al., 2008). Blimp1l mRNA is high in the short-lived effector cells
but low in memory cells (Rutishauser et al., 2009). Blimp1 expression was also elevated in effector
memory cells but low in central memory cells (Rutishauser et al., 2009). PRDM1 is mostly
downregulated in mesothelioma-associated pleural fluid, which may be in keeping with a

predominately central memory phenotype in these samples.

TNFSF9 encodes a cytokine of the TNF ligand family that acts as a ligand for 41BB. This is present
in activated CD8+ T cells and involved in antigen presentation, the generation of cytotoxic T cells
survival and proliferation (refseq 2008). It is mainly downregulated in mesothelioma-associated

pleural fluid, potentially indicating the cells are less activated in this compartment.

F2RL1 encodes PAR2 (protease-activated receptor 2). Overexpression of F2RL1 has been linked to
many epithelial cancers including breast, lung and colon cancer (Wu et al., 2019). PAR2 stimulates
VEGF for angiogenesis and is linked to cancer cell migration (Versteeg et al., 2008). Selective PAR2

blockade has been investigated as a potential drug target in inflammatory diseases and cancer.
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Figure 10: Heat map of differentially expressed CD8+ T cell differentiation and activation genes

between mesothelioma-associated pleural fluid and NSCLC, padj<0.05, fold change 1.5

Next, a comparison of differentially expressed genes associated with CD8+ T cell activation and
differentiation were evaluated in mesothelioma-associated pleural fluid compared with NSCLC
(figure 10). The fold change and Benjamini-Hochberg—adjusted P values (q values) are shown in

supplementary table 2b, Appendix A.

Many of the differentially expressed genes are similar to those seen in the comparison between

CD8+ T cells in mesothelioma-associated pleural fluid and normal lung tissue.

There were 6 additional genes of interest that were differentially expressed in the comparison

between CD8+ T cells in mesothelioma-associated pleural fluid and NSCLC.

ZBTB7B (ThPOK) is implicated in commitment of CD4+ T cell linage. It also plays a role in CD8+ T
cells in promoting clonal expansion and strengthening the secondary CD8+ T cell response
(Setoguchi et al., 2009). Memory CD8+ T cells retain expression of ThPOK more than effector
CD8+ T cells (Setoguchi et al., 2009). In peripheral CD8+ T cells, forced expression of ThPOK
causes gain of CD4+ T cell characteristics including increased IL2 production (Jenkinson et al.,

2007).

ZBTB7B is upregulated in mesothelioma-associated pleural fluid which may be in keeping with a

less cytotoxic phenotype with increased memory features.
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NDFIP1 is a HECT-type ubiquitin ligase activator that has been shown to enforce a cell-intrinsic
CD8+ T cell checkpoint that desensitises TCR signalling during exposure to high antigen levels
(Wagle et al., 2018). NDFIP1 is upregulated in mesothelioma-associated pleural fluid compared

with NSCLC and this may indicate tolerance and anergy in these CD8+ T cells.

RUNX2 is a runt related transcription factor that has been shown to be important for long term
memory CD8+ T cell persistence in a murine viral model (Olesin et al., 2018). RUNX2 is

downregulated in mesothelioma—associated pleural fluid.

TIGIT (T-cell immunoglobulin and ITIM domains) is a checkpoint inhibitor that is expressed on
activated CD8+ T cells and negatively regulates T cell function. TIGIT expression on CD8+ T cells in
myeloma showed a dysfunctional phenotype characterized by decreased proliferation and
inability to produce cytokines (Guillerey et al., 2018). TIGIT is highly expressed in tumour
infiltrating lymphocytes and exhausted CD8+ T cells (Johnston et al., 2014). TIGIT is mostly
downregulated in the mesothelioma-associated pleural fluid which may be in keeping with this
compartment not being similar to the tumour microenvironment or that the CD8+ T cells in the

pleural fluid are less activated.

HAVCR2 (TIM3) is widely expressed on T cells, NK cells and monocytes (Anderson et al., 2016). It is
expressed on activated CD8+ T cells and is associated with T cell exhaustion. More recently it has
been associated with highly functional cells. HAVCR2 is downregulated in mesothelioma-

associated pleural fluid, which may reflect a non-activated cell population.

NEDD4 is a E3 ubiquitin ligase which has been shown in infectious diseases to promote autophagy

(Pei et al., 2017). NEDD4 is downregulated in mesothelioma associated pleural fluid.

Taken together, this is likely to reflect quiescent, non-activated and possibly tolerant and anergic
CD8+ T cells in the mesothelioma-associated pleural fluid compared to both normal lung and
NSCLC. TIGIT and CTLA4 are both induced on early activation of the cell and are both
downregulated in mesothelioma-associated pleural fluid. ZBTB7B which is associated with
memory and less cytotoxicity and NDFIP1 which is associated with TCR signaling and may
represent tolerance and anergy in these cells are both upregulated in mesothelioma-associated
pleural fluid. TIM3 is a marker that is usually associated with exhaustion but our group has shown
recently that this may be associated with highly activated cells, this is downregulated in

mesothelioma-associated pleural fluid which may reflect a less activated population of cells.
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Figure 11: Heat map of differentially expressed CD4+ T cell Naive/Memory/Effector genes

between mesothelioma-associated pleural fluid vs normal lung and NSCLC, padj<0.05 ,fold

change 1.5
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Figure 12: Heat map of differentially expressed CD8+ T cell Naive/Memory/Effector genes
between mesothelioma-associated pleural fluid vs normal lung and NSCLC, padj<0.05 ,fold

change 1.5
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Previous studies have shown that naive and central memory cells form the predominant
proportion of CD4+ T cells in malignant pleural effusions including mesothelioma (Scherpereel et
al., 2013, Atanackovic et al., 2004). In both the comparisons between mesothelioma-associated
pleural fluid and normal lung or NSCLC in the sorted CD4+ and CD8+ T cells, gene expression of
SELL which codes for CD62L and CCR7 were upregulated in mesothelioma-associated pleural
effusions, reflecting what has been previously shown with surface marker expression by flow
cytometry. (Figures 11 and 12 above). TCF7 encodes for the transcription factor Tcfl and this is
also upregulated in mesothelioma-associated pleural fluid. Tcf1 is expressed in high levels in naive
cells, is downregulated in effector cells and is required for the formation of central memory cells

(Arsenio et al., 2014, Danilo et al., 2018).

ZEB2 is a transcription factor expressed in effector and effector memory T cells (Arsenio et al.,
2014, Best et al., 2013). The downregulation of ZEB2 in mesothelioma-associated pleural fluid

indicate these cells are not of an effector phenotype.

The upregulation of SELL, CCR7 and TCF7; and downregulation of ZEB2 in mesothelioma-
associated pleural fluid is in keeping with a mainly naive or central memory phenotype as

demonstrated in the previous studies.

The fold change and Benjamini-Hochberg—adjusted P values (q values) are shown in

supplementary table 3a and 3b respectively, Appendix A.

T cell Cytotoxicity

Genes associated with cytotoxicity are downregulated in mesothelioma pleural fluid when
compared to normal lung and NSCLC in both CD4+ (figure 13) and CD8+ (figure 14) cohorts. The
fold change and Benjamini-Hochberg—adjusted P values (q values) are shown in supplementary

table 4a, Appendix A.
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Figure 13: Heat map of differentially expressed cytotoxicity genes in CD4+ T cells between

mesothelioma-associated pleural fluid vs normal lung and NSCLC, padj<0.05, fold change 1.5

In CD4+ T cells, genes associated with cytotoxic activity such as PRF1(perforin), are globally
downregulated in mesothelioma-associated pleural fluid compared with normal lung and NSCLC.
Other major genes associated with cytotoxicity such as GZMB (granzyme B) that is secreted by T
cells to induce target cell apoptosis and CRTAM which is a marker for CD4+ CTLs are
downregulated in most samples of mesothelioma associated pleural fluid. GNLY which is
contained in the cytotoxic granules of T cells and released on antigen stimulation is only
differentially expressed with a fold change of 1.5 in the comparison between mesothelioma-

associated pleural fluid and normal lung but not when compared with NSCLC (data not shown).

Genes associated with early TCR-mediated activation such as TNFRSF9 (4-1BB), which is a co-
stimulatory molecule able to induce activation of CTLs and large amounts of interferon gamma, is
globally downregulated in mesothelioma-associated pleural fluid. CTLA4 and LAG3 encode for the
respective proteins that are expressed on T regulatory cells and activated T cells. These are both

mostly downregulated in mesothelioma associated pleural fluid.

IL21 is expressed by activated CD4+ T cells and is essential for Th proliferation, Th17 cell
differentiation, has been shown to upregulate NK and CD8+ T cell cytotoxicity, and helps with
differentiation of B cells into plasma cells (Spolski and Leonard, 2008). It is globally downregulated

in mesothelioma-associated pleural fluid.
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CD40LG is responsible for expression of CD40L on activated T cells (Lederman et al., 1992). It acts
as a co-stimulatory molecule in macrophage and B cell activation. It is globally downregulated in

mesothelioma-associated pleural fluid.

CCL4 codes for a chemokine that attracts CD8+ CTLs. It is globally downregulated in

mesothelioma-associated pleural fluid.

XCL1 is a chemokine produced by CD4+ and CD8+ T cells, NK cells and NKT cells. It is important for
dendritic cell cytotoxic responses (Lei and Takahama, 2012). It is mostly downregulated in

mesothelioma-associated pleural effusions.

IL2 is globally downregulated and IFGN is mostly downregulated in mesothelioma associated

pleural fluid as presented in the section on T cell differentiation.

Taken together, the CD4+ T cells in mesothelioma-associated pleural fluid are relatively quiescent

and inert compared to those in normal lung and NSCLC.
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Figure 14: Heat map of differentially expressed cytotoxicity genes in CD8+ T cells between

mesothelioma-associated pleural fluid vs normal lung and NSCLC, padj<0.05, fold change 1.5

Comparison of differentially expressed genes in CD8+ T cells between mesothelioma-associated
pleural fluid vs normal lung and NSCLC reveals some expected genes associated with cytotoxicity

that have been discussed earlier. The genes associated with cytotoxicity are once again either
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mostly or wholly downregulated in the mesothelioma-associated pleural fluid. These include
KLRC4-KLRK1, KLRK1, CRTAM, XCL1 and GZMB. The fold change and Benjamini-Hochberg—

adjusted P values (q values) are shown in supplementary table 4b, Appendix A.

An additional 5 genes are differentially expressed in the comparison of CD8+ T cell cytotoxicity

gene expression between NSCLC and mesothelioma-associated pleural fluid.

SLAMF6 is expressed on NK cells, CD8+ T cells and B cells. SLAMF6 reduces activation-induced cell
death, enables cells to secrete more interferon gamma and enhance their cytolytic capabilities

(Eisenberg et al., 2018). SLAMF6 is mostly downregulated in mesothelioma-associated pleural

fluid.

UNC13D helps to transport cytolytic granules from CD8+ T cells and NK cells to the membrane of
the target cell to trigger apoptosis. UNC13D is downregulated in mesothelioma-associated pleural

fluid.

SLAMF7 has been shown to be associated with cytotoxicity in CD8+ T cells (Comte et al., 2017).

SLAMF7 is globally downregulated in mesothelioma associated pleural fluid.

CD226 is a costimulatory and adhesion molecule and mediates activation signals for cytotoxicity
by binding to CD155 and/or CD122 on target cells. It contributes to the immunosurveillance of
tumours (Ayano et al., 2015). CD226 is mostly downregulated in mesothelioma-associated pleural

fluid.

NCR1 (natural cytotoxic receptor 1) is a cytotoxicity activating receptor on NK cells and T cells. It is

mostly downregulated in mesothelioma-associated pleural fluid.

This again demonstrates the lack of cytotoxicity in the CD8+ T cells in mesothelioma-associated

pleural fluid compared with NSCLC.

Gene ontology and pathway analysis

Gene ontology for biological processes and pathway analysis has been conducted via the

ToppGene Suite (http://toppgene.cchmc.org) to gain insight into the function relevance of these

differentially expressed genes. Gene ontology for biological processes and pathway analysis
supports the DEG analysis findings, showing that pathways from CD4+ cells from mesothelioma-
associated pleural fluid are depleted in biological processes and pathways such as regulation of T
cell activation, interferon gamma production, T cell receptor signalling pathway compared to
normal lung and non small cell lung cancer. Similarly, pathways from CD8+ cells from

mesothelioma-associated pleural fluid also support the DEG analysis findings, showing depletion
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of biological processes and pathways in T cell activation and T cell receptor signalling pathways
compared to normal lung and non small cell lung cancer. The top 15 biological processes and

pathways for each parameter are shown in supplementary tables 5-8, Appendix A.

53 Discussion

The data presented in this chapter reveal that the transcriptomic signature of CD4+ T cells in the
pleural fluid in patients with mesothelioma is mainly downregulated for key markers that
determine lineage to Th1, Th2, Th17 and Tregs. Markers associated with proliferation such as IL2
and activation such as IFGN, CTLA4, LAG3 are also downregulated in most samples of

mesothelioma-associated pleural fluid.

Previous studies have found naive (CD45RA+CD62L+CCR7+) and central memory T cells
(CDA5RO+CD62L+CCR7+) represent a higher proportion of CD4+ T cells in the pleural fluid in both
mesothelioma and other cancers compared to benign effusions (Scherpereel et al., 2013). The
present data are in keeping with this observation, where SELL and CCR7 gene expression are
upregulated in mesothelioma associated pleural fluid, and ZEB2 gene expression is
downregulated, possibly indicating a predominance of naive and central memory cells and lack of

effector and effector memory cells.

These data show that the transcriptome of the CD4+ T cells in mesothelioma- associated pleural
fluid is quiescent and in keeping with a naive/central memory phenotype when compared to

normal background lung tissue and NSCLC.

The question remains as to why the immune cells in the pleural fluid, which are physically in
contact with the mesothelioma tumour mass and that also contains malignant cells in 60% of
cases, are not activated. One possibility is the cells in the pleural fluid are in a resting state or the
effector cells are exhausted/senescent and undergo apoptosis at a faster rate. Another is that the
effector cells are not able to enter the inflamed pleural space. Naive and central memory cells
express CD62L and are trafficked to inflammation via lymphatic drainage. Effector cells need to
extravasate into the site of inflammation like the pleural space by expressing P and E selectin
ligands (Kim and Harty, 2014). It has been shown that effector cells express functional P and E

selectin ligands but not most memory cells (Nolz et al., 2011).

Recent studies have reported on the expression of immune checkpoint targets in the effusions of
patient with mesothelioma such as TIM3, LAG3, PD1 and PD-L1 with a view of using these cells as

a surrogate for the immune events in the tumour (Marcq et al., 2017b). Another small study has
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shown the nature of the immune infiltrate in malignant pleural effusions fluctuates over time and

is not reflective of the tumour (Lievense et al., 2017).

Whether mesothelioma associated pleural fluid can be utilised as a surrogate for immune events
in the tumour remains unresolved. Future work includes comparison of mesothelioma associated
pleural fluid to PBMCs which may be more sensitive in identifying differentially expressed gene

expression of immune cells in the pleural fluid compartment.
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Chapter 6 Conclusion and Future work

Mesothelioma is a rare cancer mainly affecting the pleura. It is usually associated with inhalation
of asbestos fibres. It accounts for 1% of cancer in the United Kingdom. Median survival remains

poor despite treatments such as chemotherapy.

Mesothelioma is driven by chronic inflammation following from the inability of the immune cells
to deal with a physical “antigen”, the inhaled asbestos fibres. In many solid tumours, CD8+ TlLs
have been shown to confer a survival advantage. In mesothelioma, there are 3 small surgical
studies that suggested this might be the case. Immunotherapy has been established as an
important treatment option in many solid tumours where survival benefit has been shown to be

associated with CD8+ T cell infiltration.
This raised a number of hypotheses to be addressed by the work presented in this thesis.

The work presented here started by obtaining an overview of the immune cells present in the
tumour microenvironment in a real world cohort of patients with treatment-naive mesothelioma
in Chapter 3. The analysis of the immune infiltrate was then looked at in relation to the clinical
outcomes. Here, adaptive and innate immune cells were evaluated, including T cells (CD4+, CD8+,
CD45R0O+ memory cells, FOXP3+ T regulatory cells), B cells, NK cells, Macrophages, Neutrophils.

Expression of WT1, a mesothelioma tumour-associated antigen, was also evaluated.

Surprisingly, CD8+ T cell counts were not associated with survival in epithelioid mesothelioma.
However, a high CD4+ T cell infiltrate was significantly linked to survival. The other adaptive
immune cells significantly associated with survival in epithelioid mesothelioma were a high B cell
infiltrate and low FOXP3+ (T regulatory cell) infiltrate. A low neutrophil count was also
significantly associated with survival in epithelioid mesothelioma. In the non-epithelioid group, all

immune cell markers apart from a low FOXP3+ count were indifferent for survival.

These findings were published in the British Journal of Cancer (Chee et al., 2017). Based on these
findings, the work in the next chapter (Chapter 4) sought to understand the reasons why CD8+ T
cells did not confer a survival advantage and to define the phenotype of CD8+ T cells and the
presence of MHC class | on tumour cells. This was followed by characterisation of the phenotype
of CD4+ T cells that conferred a survival advantage in epithelioid mesothelioma. The hypothesis
to be tested here was that CD4+ effector cells/cytotoxic CD4+ T cells are present in epithelioid

mesothelioma and their numbers are correlated with clinical outcome.
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Here, 24 cases of epithelioid mesothelioma with good survival (>800 days) and 20 cases with poor
survival (>30 days and <150 days) were evaluated with multiplex immunohistochemistry: 3 panels
of markers were evaluated. A CD8+ T cell panel with CD8, CD103, TIM3 and Granzyme B to look at
CD8+ Tissue resident memory cells, cytotoxic T cells and Trus, highly functional and cytotoxic CD8+
Trus . In the second panel we evaluated WT1, MHC class | and Il expression. In the third, we
characterised CD4+ T-cells with antibodies to identify CD4, Granzyme B, CD69, CD103, FOXP3,
BCL6 and CXCL13. These would identify CD4+ tissue resident memory cells, cytotoxic CD4+ T cells
and TRMs, T regulatory cells, T follicular helper cells and T follicular regulatory cells in the various

marker combinations (Chapter 4, Table 1, page 92).

The CD8+ T cells and the CD8+ T cell subsets showed no significant differences between the good
and poor survival groups. However, in the good survival group, both the number and staining
intensity of MHC class | on tumour cells was greater than that in the poor survival group. This
does leave open the possibility that the lack of correlation of CD8+ T cell numbers with outcome is
not a function of their numbers or functional phenotypes but in some cases, of their incapacity to
recognize and interact with tumour cells through the lack of tumour cell expression of critical

MHC- class 1 molecules.

Next, an exploration of the phenotype of CD4+ T cells that conferred a survival advantage in
epithelioid mesothelioma was undertaken. Here, it was demonstrated that the median number of
CD4+ T cells was 4 times greater in the good survival group compared to the poor survival group
and the tissue resident and some subsets of T follicular helper cells were significantly higher in the
good survival group compared to the poor survival group. Cytotoxic CD4+ T cells were present in
both groups and trended towards, but did not quite reach statistical significance with an increase
in the cases with better outlook (p=0.0617). If CD4+ cytotoxic cells were to be able to attack the

tumour, it would be expected that the tumour cells should express MHC class || molecules.

We were able to confirm this: using WT1 as a tumour marker we observed that WT1+ tumour
cells expressed MHC class Il on their cell surface. This was significantly higher in the good survival
group compared with the poor survival group (p<0.0001). The ratio of WT1+HLADBP1+ cells to
WT1 cells was also significantly higher in the good survival group (0.405) compared with the poor

survival group (0.05) (p <0.0001).

Semi quantitative scoring of the intensity of MHC Il staining using an antibody for HLADPB1+
staining and the proportion of WT1+ cells that were also HLADPB1+, were combined. The median
of the combined score was 5 in the good survival group and 3 in the poor survival group. So it
was interesting to find that there was indeed expression of MHC-Class-Il by the tumour cells and

there was a positive correlation with the numbers of infiltrating CD4+ T cells and the outcome.
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In the next chapter (Chapter 5), | presented results of analysis of the phenotypes and
transcriptomic signatures of various cell fractions isolated from mesothelioma-associated pleural
fluid. Pleural fluid is easily accessible and used as a diagnostic tool. It is established that tumour
cells are present in pleural effusions. It was not clear if this mesothelioma- associated pleural fluid
could be used as a surrogate for immune events in the tumour. | compared the CD4+ and CD8+ T
cells from pleural fluid with CD4+ and CD8+ T cells from normal lung and also NSCLC, which have
been characterized in detail in our group. This comparison was made as disaggregation of
mesothelioma tumour was technically challenging. The analysis revealed that the immune cells in
the pleural fluid had a quiescent, naive and memory phenotype compared to those in normal lung
and NSCLC. A comparison of immune cells in the mesothelioma- associated pleural fluid
compartment with PBMCs from healthy donors might reveal important signals from the

mesothelioma associated pleural fluid. This will be considered in future work.

Below, | have outlined the original plan of the thesis and how these hypotheses have been
addressed.
1) The over-arching hypothesis to be tested in this thesis is that the immune response

against mesothelioma is the critical determinant of the clinical outcome.

The primary hypothesis that the immune response is critical in mesothelioma arose from
observations that tumour prognosis is associated with lymphocyte infiltration, that vaccine
approaches have had some success and that treatment with immunotherapy has shown benefit in
some patients. This primary hypothesis has been partially addressed in Chapter 3. From analysis
of tumour samples from 302 patients with mesothelioma, there is clear evidence that the immune
events in epithelioid mesothelioma play an important role in outcome. The role of immune cells in

non-epithelioid tumours is less clear.

2) The secondary hypotheses were:
a. The main effector cells contributing to the defence against mesothelioma are

CD8+ CTL and Trm

It was surprising to find that CD8+ CTLs and Trms showed no correlation with the outcomes of
patients with mesothelioma. This is in contrast to their effect in other solid tumours. This

secondary hypothesis was developed and then addressed in Chapter 4.

b. The main effector cells contributing to the defence against mesothelioma are

CD4+ CTL and Try
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Work so far shown in Chapter 3 and extended in chapter 4 has demonstrated that CD4+ T cells are
significantly associated with better survival in patients with epithelioid mesothelioma. Further
analysis revealed that, while CD4+ CTLs are present in epithelioid mesothelioma in greater
numbers in the good survival group than the poor survival group, the numbers trended towards
but do not reach statistical significance. | demonstrated that a higher number of CD4+CD69+ Tgrus
is associated with better survival in epithelioid mesothelioma. Multiplex analysis also revealed the
presence of subsets of T follicular helper cells that are associated with a good outcome. However,
it is clear that further detailed analysis of the phenotypic and functional nature of these cells is
required to understand the mechanisms that confer this survival advantage. Furthermore, it is
important to determine the presence, phenotypes and functional roles of other T cell subsets

such as Thl, Th2, Th17 helper and Treg cells.

Analysis by flow cytometry and RNAseq of cells present in mesothelioma-associated pleural fluid
has indicated that the characteristics of the T cells in pleural fluid are very different from those
within the tumour. Hence, this compartment is likely not useful as a surrogate for immune events
in the tumour and further work is required to either compare this compartment to PBMCs or to
overcome the technical challenges of performing RNAseq on the mesothelioma tumour tissue

itself.

c. The main effector cells contributing to the defence against mesothelioma are B

cells and antibodies

B cells in the tumour microenvironment of epithelioid mesothelioma have been shown to be
associated with a better survival in the data from Chapter 3 (Chee et al., 2017). More detailed
analysis of the phenotype and functions that confer this survival advantage is required. This will

be addressed in future work.

3) Less differentiated mesotheliomas create a microenvironment that is anti-immune/pro-

tumour

The observations in Chapter 3 have shown that in less differentiated (non-epithelioid)
mesotheliomas, there were virtually no correlations of the immune responses with survival. This
suggests that these less well-differentiated tumours have developed escape mechanisms, which
may be immunosuppressive, inhibiting immune effector functions or rendering the tumours
invisible to the immune cells. Analysis of these possibilities is required and will be addressed in

future work.
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Plan for future work:

1) Consolidate the observations in Chapter 4: Analysis of phenotypes of CD4+ cells
infiltrating tumours in relation to survival: Extend antibody range to explore phenotypes
of CD4+ cells (Th1, Th2, Th17). Examine CD8+ cells both as control and in pursuit of
understanding the lack of correlation with outcome. Explore presence of naive and
memory phenotype of CD8+ T cells (CD45RA and CD45R0).

2) Explore expression of checkpoint molecules by CD8+ T cells to determine whether they
are non-functional as a result of being “exhausted”.

3) Explore the phenotypes of B cells.

4) Explore the phenotypes of macrophages in terms of M1 and M2 functions, and to explore
possible correlations with T cell numbers and types.

5) Explore the presence of characteristics of NK cells within the TME. The down-regulation
of MHC Class-1 in the poor-prognosis tumours might have been expected to render them

as targets for the cytotoxic effects of NK cells.

The work presented in this thesis has demonstrated that CD4+ T cells play a central role in the
outcome of patients with epithelioid mesothelioma. Future work will aim to understand this role
and the relationship with B cells and further characterise the phenotype of CD8+ T cells in
mesothelioma. Limitations of this study are that RNAseq was not carried out on immune cells
from mesothelioma tumour due to challenges in disaggregating immune cells from this
compartment. As a result, the immune cells from mesothelioma-associated pleural fluid were
compared to immune cells from normal lung and lung cancer. This comparison with active
immune cells in normal lung and NSCLC tissue may have caused the signals from the
mesothelioma associated pleural fluid to be “drowned out”. This will be addressed in future work
where we will revisit the technical issues of disaggregation of mesothelioma tumour and also

compare this compartment to PBMCs.

CD8+ T cells have been shown to be associated with outcome in many solid tumours. Surprisingly
this has not been shown in this cohort of patients with mesothelioma. The CD8+ T cells here do
have cytotoxic and tissue-resident memory features but numerically do not differentiate between
the good and poor survival groups. However, the expression of MHC class | on tumour cells in the
poor survival group was significantly reduced compared to the good survival group and this may

indicate that CD8+ T cells do play a role in the TME of patients with mesothelioma.
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The available data on the role of CD4+ T cells in cancer has been less straightforward than is the
case for CD8+ T cells. This may be due to the plasticity of CD4+ cells (Hadrup et al., 2013). In a
meta-analysis of 6 studies, CD4+ TILs were shown to be significantly associated with overall
survival (Gooden et al., 2011). In head and neck cancer, multivariate analysis showed that
CD4+CD69+ cells were associated with overall survival (Badoual et al., 2006a). The CD4+ T cells
may be exerting an anti-tumour effect via direct cytotoxicity, the release of cytokines, recruitment
of other cells or providing help to B cells in the form of Ty cells. It was shown in work presented in
Chapter 3 that B cell infiltrate was associated with good outcome tumours in epithelioid

mesothelioma.

It may be that Tey cells are recruiting and activating higher affinity B cells in TLS or germinal
centres. In breast cancer, CXCL13+Tey cells are associated with organized TLS containing reactive

GCs that are associated with good clinical outcomes (Gu-Trantien et al., 2013).

Key questions remain about the function and phenotype of CD4+ T cells in the TME, if they are
providing help for other effector cells, their relationship with B cells and how they might be

helping with B cell function. This will lead on to characterization of B cells in future work

It is clear that immune cells do play a significant role in mesothelioma. Mesothelioma develops
from exposure from a known causative agent, the asbestos fibre, with a long lag time and it is
clear that chronic inflammation is a key factor in promoting the malignant progression. This may
account for the differences in the immune infiltrate between mesothelioma and other solid
tumours. CD8+ T cells are key prognostic and predictive markers in most solid tumours, but do not
appear to play a central role in late stage mesothelioma. It may be that these cells are less
functional due to chronic stimulation leading to exhaustion. Mesothelioma remains a disease with
a poor outcome and with limited treatment options available. Going forward, it will be important
to understand the role of CD4+ T cells and B cells in mesothelioma with a view to exploiting this

understanding for therapeutic gain.
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Appendix A
FoldChange

Gene symbol | (log2) g-value

Upregulated in

mesothelioma-associated

pleural fluid FOXP1 -0.759703987 1.45E-06
LEF1 -0.834038605 | 0.000838359
IL23A -1.152291029 | 0.005081695
SOCS5 -1.167784425 | 0.015661097

Downregulated in

mesothelioma-associated

pleural fluid IL23R 4.572599689 1.69E-30
BATF 1.627021605 2.85E-14
L2 3.728872308 1.03E-13
PTGER4 1.080217378 9.11E-07
IFNG 2.248319341 9.22E-07
RARA 1.259154224 1.19E-06
RORA 0.907758499 2.21E-06
IL13 3.057006407 3.21E-06
TBX21 1.141948 | 0.003666134
IL4 1.880177467 | 0.008234866
MYB 1.568926851 | 0.012660538
IL18R1 1.134531903 | 0.02076543

Appendix A

Supplementary table 1a: CD4+ T cell differentiation and activation normal lung vs
mesothelioma-associated pleural fluid. DEGs identified with a FDG adjusted p-value of <0.05 (ie,
g value <0.05) and fold change of >1.5 or <-1.5 (log2 fold change >0.75 or <-0.75)
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Appendix A

FoldChange

Gene symbol | (log2) g-value

Upregulated in

mesothelioma-associated

pleural fluid FOXP1 -1.032975049 2.82E-12
LEF1 -0.858721449 4.64E-07
SOCS5 -1.27054381 | 0.006471701
IL23A -1.036867561 | 0.017739439
CD86 -1.508541775 | 0.017944863
SHB -1.640827137 | 0.023462955

Downregulated in

Mesothelioma pleural fluid BATF 2.224109972 6.00E-45
IL23R 4.57166462 2.01E-30
FOXP3 2.23472715 6.76E-17
IL2 3.997930229 8.42E-16
ZBTB7B 1.526076702 1.19E-07
IL18R1 1.925447951 2.52E-07
IFNG 2.047145623 1.00E-06
SLAMF6 0.793555066 | 0.008307019

Supplementary table 1b: CD4+ T cell differentiation and activation NSCLC vs mesothelioma-
associated pleural fluid. DEGs identified with a FDG adjusted p-value of <0.05 (ie, q value <0.05)
and fold change of >1.5 or <-1.5 (log2 fold change >0.75 or <-0.75)
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FoldChange

Gene symbol | (log2) g-value

Upregulated in

mesothelioma-associated

pleural fluid CCR7 -3.026400255 9.22E-20
F2RL1 -2.796527333 | 0.000196793
SOX4 -1.81215828 | 0.000602968
LEF1 -0.861901476 | 0.008536421
BMP4 -2.613618989 | 0.008567386
SIRPG -0.780650681 | 0.025050423

Downregulated in

mesothelioma-associated

pleural fluid SPN 3.551417054 7.31E-40
IL2 6.732260924 2.42E-25
KLRK1 1.846574864 5.39E-20
TBX21 2.335361408 1.28E-09
BATF 1.738831533 1.06E-08
TNFSF14 2.412416834 1.65E-08
RARA 1.887139203 1.26E-07
RORA 1.354789876 2.02E-06
IFNG 1.982643992 3.64E-06
XCL1 1.992372925 1.05E-05
THEMIS 1.239542614 2.61E-05
SLAMF6 1.387987534 2.82E-05
CD244 1.416342037 8.86E-05
PTPN22 1.057126918 | 0.000275026
PDCD1 1.375041717 | 0.000281467
ELF4 1.689270696 | 0.000345051
TNFRSF18 1.811325491 | 0.000559517
KLRC4-KLRK1 1.56926906 | 0.00076134
PTGER4 0.895347226 | 0.00077304
CD40LG 2.253755073 | 0.000904497
ZNF683 1.362536721 | 0.002118151
RUNX1 1.008463221 | 0.003218796
TRAF2 1.382552143 | 0.007016051
IL7R 0.870613047 | 0.007968262
PRDM1 0.78258914 | 0.008992663
CTLA4 1.447060526 | 0.018722678
TNFSF9 1.448742715 | 0.032894297
IL4 2.162323836 | 0.034807556
RORC 1.857174031 | 0.038571503
CD274 1.378830734 | 0.047036492
RASGRP1 0.813368209 | 0.047567803

Appendix A

Supplementary table 2a: CD8+ T cell differentiation and activation mesothelioma-associated
pleural fluid vs normal lung. DEGs identified with a FDG adjusted p-value of <0.05 (ie, q value
<0.05) and fold change of >1.5 or <-1.5 (log2 fold change >0.75 or <-0.75)
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Appendix A

FoldChange

Gene symbol | (log2) g-value

Upregulated in

mesothelioma-associated

pleural fluid F2RL1 -2.182611435 | 0.006999989
LEF1 -2.018176701 1.47E-08
ZBTB7B -1.472323452 | 0.012915055
NDFIP1 -0.797862948 3.08E-05

Downregulated in

mesothelioma-associated

pleural fluid IL2 7.755137716 4.21E-28
SPN 2.703501481 2.89E-25
KLRK1 1.937982176 4.21E-22
IFNG 3.203761397 1.17E-16
BATF 2.107754634 3.20E-13
PDCD1 2.402703921 4.12E-11
PTPN22 1.758701068 2.28E-10
CTLA4 3.298790333 1.70E-08
XCL1 2.361998277 8.00E-08
THEMIS 1.59570363 9.06E-08
TNFRSF18 2.82819553 1.17E-07
TNFSF9 2.581757877 1.15E-06
KLRC4-KLRK1 2.155342764 1.73E-06
ZNF683 1.749754293 2.60E-06
HAVCR2 2.128686887 2.68E-06
TIGIT 1.619486835 5.95E-06
RORA 1.249927205 3.03E-05
ELF4 1.854214489 5.72E-05
SLAMF6 1.266005046 8.67E-05
CD244 1.268902592 | 0.000177075
PTGER4 0.967692895 | 0.000382255
RASGRP1 1.176514483 | 0.000693737
TRAF2 1.525077834 | 0.000826852
NEDD4 2.4105514 | 0.001282052
RUNX2 1.142328628 | 0.002890738
RUNX1 0.990347258 | 0.004218469
RARA 0.946376914 | 0.004584497
RORC 2.606455531 | 0.004634949
CD274 1.688018091 | 0.017422817
SIRPG 0.75374242 | 0.025678384
CD40LG 1.761204274 | 0.03783719

Supplementary table 2b: CD8+ T cell differentiation and activation mesothelioma-associated
pleural fluid vs NSCLC. DEGs identified with a FDG adjusted p-value of <0.05 (ie, q value <0.05)

and fold change of >1.5 or <-1.5 (log2 fold change >0.75 or <-0.75)
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Appendix A

Fold Change

Gene symbol | (log2) g-value

Upregulated in

mesothelioma-associated

pleural fluid

CD4+ normal lung vs

mesothelioma-associated

pleural fluid ZEB2 2.027549147 3.14E-06

CD4+ NSCLC vs

mesothelioma-associated

pleural fluid ZEB2 1.001831406 0.040235786

Downregulated in

mesothelioma-associated

pleura fluid

CD4+ normal lung vs

mesothelioma-associated

pleural fluid SELL -2.12323786 1.03E-18
CCR7 -1.624723495 1.75E-10
TCF7 -1.210505023 2.42E-06

CD4+ NSCLCvs

mesothelioma-associated

pleural fluid SELL -2.128997688 2.99E-30
CCR7 -1.434119263 4.08E-11
TCF7 -1.307665733 2.78E-08

Supplementary table 3a: CD4+ T cell Naive/Memory/Effector mesothelioma-associated pleural
fluid vs normal lung and NSCLC. DEGs identified with a FDG adjusted p-value of <0.05 (ie, g
value <0.05) and fold change of >1.5 or <-1.5 (log2 fold change >0.75 or <-0.75)

147



Appendix A

Fold Change

Gene symbol | (log2) g-value

Upregulated in

mesothelioma —associated

pleural fluid

CD8+ normal lung vs

mesothelioma-associated

pleural fluid ZEB2 2.572448682 2.08E-11

CD8+ NSCLC vs

mesothelioma-associated

pleural fluid ZEB2 2.119298351 1.01E-08

Downregulated in

mesothelioma-associated

pleura fluid

CD8+ normal lung vs

mesothelioma-associated -

pleural fluid CCR7 3.026400255 9.22E-20
SELL 2.358945411 1.79E-17
TCF7 0.993290794 5.33E-05

CD8+ NSCLC vs

mesothelioma-associated -

pleural fluid CCR7 3.938896718 6.79E-26
SELL -3.70845968 4.28E-34
TCF7 1.777074966 2.73E-08

Supplementary table 3b: CD8+ T cell Naive/Memory/Effector mesothelioma-associated pleural
fluid vs normal lung and NSCLC. DEGs identified with a FDG adjusted p-value of <0.05 (ie, g
value <0.05) and fold change of >1.5 or <-1.5 (log2 fold change >0.75 or <-0.75)
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Fold Change

Gene symbol | (log2) g-value

Upregulated in

mesothelioma-associated

pleural fluid

CD4+ normal lung vs

mesothelioma-associated

pleural fluid N/A N/A N/A

CD4+ NSCLC vs

mesothelioma-associated

pleural fluid N/A N/A N/A

Downregulated in

mesothelioma-associated

pleural fluid

CD4+ normal lung vs

mesothelioma-associated

pleural fluid CCL4 3.257041452 3.22E-19
CD40LG 2.487664797 9.94E-17
IL2 3.728872308 1.03E-13
PRF1 2.075116499 1.85E-12
GZMB 2.481133204 1.75E-09
IL21 3.08272663 4.25E-07
IFNG 2.248319341 9.22E-07
XCL1 2.359217823 2.05E-06
CRTAM 2.220411536 3.09E-06
TNFRSF9 1.88189916 1.22E-05
CTLA4 1.49756078 | 0.000124187
LAG3 1.090827172 | 0.001991259

CD4+ NSCLC vs

mesothelioma associated

pleural fluid TNFRSF9 3.099456051 1.06E-19
IL2 3.997930229 8.42E-16
IL21 4.160066885 1.45E-15
CCL4 2.362256175 1.85E-14
CTLA4 2.431385661 4.19E-14
CD40LG 1.971074538 4.41E-14
LAG3 2.156610911 1.95E-12
PRF1 1.389303507 6.67E-10
IFNG 2.047145623 1.00E-06
XCL1 1.991281824 4.52E-06
CRTAM 2.001270281 3.48E-05
GZMB 1.721070279 4.87E-05

Appendix A

Supplementary table 4a: CD4+ T cell cytotoxicity Mesothelioma associated pleural fluid vs
normal lung and NSCLC. DEGs identified with a FDG adjusted p-value of <0.05 (ie, q value <0.05)
and fold change of >1.5 or <-1.5 (log2 fold change >0.75 or <-0.75)
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Appendix A

Fold Change

Gene symbol | (log2) g-value

Upregulated in

mesothelioma-associated

pleural fluid

CD8+ normal lung vs

mesothelioma-associated -

pleural fluid RAET1E 3.700090029 5.18E-11
ULBP1 1.668082103 | 0.009459866

CD8+ NSCLC vs mesothelioma-

associated pleural fluid N/A N/A N/A

Downregulated in

mesothelioma-associated

pleura fluid

CD8+ normal lung vs

mesothelioma-associated

pleural fluid KLRK1 1.846574864 5.39E-20
SLAMF7 2.243302977 7.51E-12
NCR1 3.517915048 3.88E-09
GZMB 1.63472092 9.42E-07
LILRB1 2.873873169 9.88E-07
CRTAM 1.567977468 7.86E-06
XCL1 1.992372925 1.05E-05
SLAMF6 1.387987534 2.82E-05
KLRC4-KLRK1 1.56926906 0.00076134
KIR3DL1 2.163914627 | 0.002208344
UNC13D 0.826104482 | 0.00434219
IL7R 0.870613047 | 0.007968262
CD226 1.315073128 | 0.008932107
RASGRP1 0.813368209 | 0.047567803

CD8+ NSCLC vs mesothelioma-

associated pleural fluid KLRK1 1.937982176 4.21E-22
SLAMF7 2.308399318 1.14E-13
CRTAM 2.335291075 2.39E-12
NCR1 3.657790548 6.00E-10
XCL1 2.361998277 8.00E-08
GZMB 1.879461513 1.74E-07
KLRC4-KLRK1 | 2.155342764 1.73E-06
SLAMF6 1.266005046 8.67E-05
RASGRP1 1.176514483 | 0.000693737
CD226 1.468105464 | 0.00292088
LILRB1 1.845299967 | 0.003822901

Supplementary table 4b: CD8+ T cell cytotoxicity mesothelioma-associated pleural fluid vs
normal lung and NSCLC. DEGs identified with a FDG adjusted p-value of <0.05 (ie, q value <0.05)
and fold change of >1.5 or <-1.5 (log2 fold change >0.75 or <-0.75)
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Appendix A

Gene

Ontology ID | Gene Ontology term Set Size | Candidates | g-value
SRP-dependent cotranslational

G0:0006614 | protein targeting to membrane 75 105 2.89E-72
cotranslational protein targeting to

G0:0006613 | membrane 76 109 2.94E-72

G0:0045047 | protein targeting to ER 78 120 1.17E-70
nuclear-transcribed mRNA catabolic

G0:0000184 | process, nonsense-mediated decay 77 120 3.40E-69
establishment of protein localization

G0:0072599 | to endoplasmic reticulum 78 124 3.40E-69

G0:0006413 | translational initiation 92 198 8.52E-66
protein localization to endoplasmic

G0:0070972 | reticulum 79 149 5.43E-62

G0:0019080 | viral gene expression 89 211 4.08E-59

G0:0019083 | viral transcription 84 197 3.67E-56
nuclear-transcribed mRNA catabolic

G0:0000956 | process 83 212 6.83E-52

G0:0006612 | protein targeting to membrane 82 212 8.82E-51
establishment of protein localization

G0:0090150 | to membrane 92 355 2.78E-40

G0:0006414 | translational elongation 133 764 1.87E-38

G0:0006412 | translation 133 764 1.87E-38

G0:0006402 | mRNA catabolic process 91 377 3.56E-37

Supplementary table 5a: Genes expressed to a greater extent in CD4+ T cells in mesothelioma
associated pleural fluid compared to normal lung. DEGs identified with a FDG adjusted p-value
of <0.05 (ie, g value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Gene

Ontology ID | Gene Ontology term Set Size | Candidates | g-value
G0:0001775 | cell activation 189 1559 1.76E-18
G0:0045321 | leukocyte activation 172 1386 1.96E-21
G0:0002252 | immune effector process 163 1332 1.07E-19
G0:0006954 | inflammatory response 113 806 4.26E-18
G0:0006952 | defense response 198 1850 2.80E-17
G0:0009607 | response to biotic stimulus 179 1633 1.25E-16
G0:0002682 | regulation of immune system process 190 1776 1.48E-16
G0:0034097 | response to cytokine 149 1287 6.84E-16
G0:0002443 | leukocyte mediated immunity 117 918 1.47E-15
G0:0051707 | response to other organism 173 1604 2.06E-15
G0:0002521 | leukocyte differentiation 87 591 2.07E-15
G0:0043207 | response to external biotic stimulus 173 1606 2.31E-15
G0:0071345 | cellular response to cytokine stimulus 139 1188 3.13E-15
G0:0050900 | leukocyte migration 81 534 3.66E-15
G0:0002274 | myeloid leukocyte activation 95 684 4.24E-15

Supplementary table 5b: Genes expressed to a lesser extent in CD4+ T cells in mesothelioma
associated pleural fluid compared to normal lung. DEGs identified with a FDG adjusted p-value
of <0.05 (ie, g value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Set
Pathway ID | Pathway Source Size | Candidates | g-value
Eukaryotic Translation BioSystems:
1268690 | Elongation REACTOME 81 98 | 6.90E-84
MSigDB C2
BIOCARTA
M189 | Ribosome (v7.1) 77 88 | 6.90E-84
BioSystems:
1268691 | Peptide chain elongation REACTOME 78 93| 3.47E-82
Formation of a pool of free BioSystems:
1268681 | 40S subunits REACTOME 83 107 | 3.47E-82
L13a-mediated translational
silencing of Ceruloplasmin BioSystems:
1268688 | expression REACTOME 86 119 1.03E-80
BioSystems:
1269120 | Viral mRNA Translation REACTOME 77 93 2.15E-80
GTP hydrolysis and joining of | BioSystems:
1268686 | the 60S ribosomal subunit REACTOME 85 119 | 3.72E-79
BioSystems:
1339156 | Selenocysteine synthesis REACTOME 77 96 2.05E-78
Eukaryotic Translation BioSystems:
1268692 | Termination REACTOME 77 97 8.43E-78
Nonsense Mediated Decay
(NMD) independent of the BioSystems:
1269718 | Exon Junction Complex (EJC) REACTOME 78 100 | 8.91E-78
Cap-dependent Translation BioSystems:
1268680 | Initiation REACTOME 86 127 | 4.08E-77
Eukaryotic Translation BioSystems:
1268679 | Initiation REACTOME 86 127 | 4.08E-77
BioSystems:
1339149 | Selenoamino acid metabolism | REACTOME 84 123 | 8.86E-76
SRP-dependent
cotranslational protein BioSystems:
1268689 | targeting to membrane REACTOME 81 116 2.89E-74
BioSystems:
1268678 | Translation REACTOME 94 165 3.05E-74

Supplementary table 5c: Pathways expressed to a greater extent in CD4+ T cells in

mesothelioma associated pleural fluid compared to normal lung. DEGs identified with a FDG
adjusted p-value of <0.05 (ie, q value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Set
Pathway ID | Pathway Source Size | Candidates | gq-value
MSigDB C2
Cytokine-cytokine receptor BIOCARTA
M9809 | interaction (v7.1) 53 265 | 1.07E-09
Cytokine-cytokine receptor BioSystems:
83051 | interaction KEGG 52 270 | 4.16E-09
Chemokine receptors bind BioSystems:
1269547 | chemokines REACTOME 20 48 | 7.07E-09
MSigDB C2
BIOCARTA
M4844 | Chemokine signaling pathway | (v7.1) 36 189 | 6.63E-06
Calcineurin-regulated NFAT- MSigDB C2
dependent transcription in BIOCARTA
M60 | lymphocytes (v7.1) 16 45 | 8.35E-06
BioSystems:
Calcineurin-regulated NFAT- Pathway
dependent transcription in Interaction
137993 | lymphocytes Database 16 48 | 2.01E-05
BioSystems:
99051 | Chemokine signaling pathway | KEGG 33 182 | 5.35E-05
Selective expression of MSigDB C2
chemokine receptors during BIOCARTA
M4047 | T-cell polarization (v7.1) 11 26 | 1.23E-04
BioSystems:
1470924 | Interleukin-10 signaling REACTOME 15 49 | 1.26E-04
BioSystems:
1457780 | Neutrophil degranulation REACTOME 61 492 | 5.68E-04
BioSystems:
1474301 | IL-17 signaling pathway KEGG 20 93| 6.83E-04
Inflammatory bowel disease BioSystems:
842771 | (IBD) KEGG 16 65| 9.79E-04
MSigDB C2
Calcium signaling in the CD4+ | BIOCARTA
M235 | TCR pathway (v7.1) 10 28 | 1.51E-03
BioSystems:
Pathway
Calcium signaling in the CD4+ | Interaction
137941 | TCR pathway Database 10 28 | 1.51E-03
Inflammation mediated by
chemokine and cytokine
P0O0031 | signaling pathway PantherDB 30 191 | 1.96E-03

Supplementary table 5d: Pathways expressed to a lesser extent in CD4+ T cells in mesothelioma
associated pleural fluid compared to normal lung. DEGs identified with a FDG adjusted p-value
of <0.05 (ie, g value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Gene Ontology ID | Gene Ontology term Set Size | Candidates | q-value
SRP-dependent
cotranslational protein

G0:0006614 targeting to membrane 74 105 | 5.28E-68
cotranslational protein

G0:0006613 targeting to membrane 75 109 | 5.33E-68
nuclear-transcribed mRNA
catabolic process,

G0:0000184 nonsense-mediated decay 77 120 | 1.98E-66

G0:0045047 protein targeting to ER 76 120 | 5.28E-65
establishment of protein
localization to endoplasmic

G0:0072599 reticulum 76 124 | 1.68E-63

G0:0006413 translational initiation 91 198 | 1.74E-61
protein localization to

G0:0070972 endoplasmic reticulum 78 149 | 5.47E-58

G0:0019080 viral gene expression 87 211 | 7.40E-54

G0:0019083 viral transcription 82 197 | 4.64E-51
nuclear-transcribed mRNA

G0:0000956 catabolic process 83 212 | 3.38E-49
protein targeting to

G0:0006612 membrane 81 212 | 5.09E-47

G0:0016032 viral process 149 853 | 1.79E-39
establishment of protein

G0:0090150 localization to membrane 94 355 | 3.01E-39
interspecies interaction

G0:0044419 between organisms 157 960 | 3.62E-38

G0:0044403 symbiotic process 152 911 | 6.17E-38

Supplementary table 6a: Genes expressed to a greater extent in CD4+ T cells in mesothelioma
associated pleural fluid compared to NSCLC. DEGs identified with a FDG adjusted p-value of
<0.05 (ie, q value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Gene Ontology ID | Gene Ontology term Set Size | Candidates | q-value

G0:0001816 cytokine production 114 875 | 1.69E-12
regulation of T cell

G0:0050863 activation 64 354 | 1.69E-12

G0:0046649 lymphocyte activation 108 818 | 2.22E-12

G0:0001775 cell activation 167 1559 | 9.43E-12

G0:0045321 leukocyte activation 152 1386 | 2.20E-11
interferon-gamma

G0:0032609 production 35 133 | 3.11E-11
regulation of lymphocyte

G0:0051249 activation 79 538 | 3.11E-11

G0:0034097 response to cytokine 143 1287 | 3.30E-11
regulation of leukocyte

G0:0002694 activation 88 640 | 3.93E-11

G0:0042110 T cell activation 78 537 | 5.76E-11
regulation of leukocyte cell-

G0:1903037 cell adhesion 58 336 | 6.08E-11
regulation of immune

G0:0002682 system process 179 1776 | 8.37E-11
regulation of cytokine

G0:0001817 production 100 789 | 8.73E-11

G0:0050865 regulation of cell activation 91 690 | 1.07E-10

G0:0007159 leukocyte cell-cell adhesion 61 372 | 1.07E-10

Supplementary table 6b: Genes expressed to a lesser extent in CD4+ T cells in mesothelioma
associated pleural fluid compared to NSCLC. DEGs identified with a FDG adjusted p-value of

<0.05 (ie, q value <0.05) and fold change of >1.5 or <-1.5
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https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&feature=gop&row=8
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&category=GeneOntologyBiologicalProcess&id=GO:0002694&namespace=
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&feature=gop&row=9
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&category=GeneOntologyBiologicalProcess&id=GO:0042110&namespace=
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&feature=gop&row=10
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&category=GeneOntologyBiologicalProcess&id=GO:1903037&namespace=
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&feature=gop&row=11
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&category=GeneOntologyBiologicalProcess&id=GO:0002682&namespace=
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&feature=gop&row=12
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&category=GeneOntologyBiologicalProcess&id=GO:0001817&namespace=
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&feature=gop&row=13
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&category=GeneOntologyBiologicalProcess&id=GO:0050865&namespace=
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&feature=gop&row=14
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=7fe4fa3b-6a7d-4076-80b6-30d7843a9a18&category=GeneOntologyBiologicalProcess&id=GO:0007159&namespace=

Appendix A

Pathway
ID Pathway Source Set Size | Candidates | g-value
Eukaryotic Translation | BioSystems:
1268690 | Elongation REACTOME 80 98 3.27E-78
MSigDB C2
BIOCARTA
M189 | Ribosome (v7.1) 76 88 3.27E-78
Peptide chain BioSystems:
1268691 | elongation REACTOME 77 93 1.76E-76
Formation of a pool of | BioSystems:
1268681 | free 40S subunits REACTOME 81 107 8.36E-75
BioSystems:
1269120 | Viral mRNA Translation | REACTOME 76 93 8.36E-75
Eukaryotic Translation | BioSystems:
1268692 | Termination REACTOME 77 97 5.04E-74
Nonsense Mediated
Decay (NMD)
independent of the
Exon Junction Complex | BioSystems:
1269718 | (EJC) REACTOME 78 100 5.63E-74
L13a-mediated
translational silencing
of Ceruloplasmin BioSystems:
1268688 | expression REACTOME 84 119 1.30E-73
Selenocysteine BioSystems:
1339156 | synthesis REACTOME 76 96 4.94E-73
GTP hydrolysis and
joining of the 60S BioSystems:
1268686 | ribosomal subunit REACTOME 83 119 4.28E-72
Cap-dependent BioSystems:
1268680 | Translation Initiation REACTOME 84 127 5.17E-70
Eukaryotic Translation | BioSystems:
1268679 | Initiation REACTOME 84 127 5.17E-70
BioSystems:
1268678 | Translation REACTOME 91 165 8.83E-66
SRP-dependent
cotranslational protein
targeting to BioSystems:
1268689 | membrane REACTOME 78 116 9.17E-66
Selenoamino acid BioSystems:
1339149 | metabolism REACTOME 80 123 9.28E-66

Supplementary table 6c: Pathways expressed to a greater extent in CD4+ T cells in

mesothelioma associated pleural fluid compared to NSCLC. DEGs identified with a FDG adjusted

p-value of <0.05 (ie, g value <0.05) and fold change of >1.5 or <-1.5
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http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_RIBOSOME.html
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http://www.ncbi.nlm.nih.gov/biosystems/1339149
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Appendix A

Pathway Set
ID Pathway Source Size Candidates | g-value
Cytokine-cytokine MSigDB C2
M9809 | receptor interaction | BIOCARTA (v7.1) 50 265 | 1.34E-08
Cytokine-cytokine BioSystems:
83051 | receptor interaction | KEGG 50 270 1.38E-08
Calcineurin-
regulated NFAT-
dependent
transcription in MSigDB C2
M60 | lymphocytes BIOCARTA (v7.1) 17 45 | 9.70E-07
Calcineurin-
regulated NFAT- BioSystems:
dependent Pathway
transcription in Interaction
137993 | lymphocytes Database 17 48 | 2.33E-06
TNFs bind their
physiological BioSystems:
1269332 | receptors REACTOME 13 30 | 7.69E-06
Inflammation
mediated by
chemokine and
cytokine signaling
P00031 | pathway PantherDB 32 191 | 2.81E-04
BioSystems:
Pathway
IL12-mediated Interaction
137922 | signaling events Database 16 61| 4.27E-04
T cell receptor MSigDB C2
M9904 | signaling pathway BIOCARTA (v7.1) 22 108 | 4.42E-04
Interleukin-10 BioSystems:
1470924 | signaling REACTOME 14 49 | 4.77E-04
IL12-mediated MSigDB C2
M54 | signaling events BIOCARTA (v7.1) 16 63 | 4.77E-04
T cell receptor BioSystems:
83080 | signaling pathway KEGG 21 103 | 5.50E-04
Selective expression
of chemokine
receptors during T- MSigDB C2
M4047 | cell polarization BIOCARTA (v7.1) 10 26 | 5.89E-04
The 4-1BB-
dependent immune | MSigDB C2
M2064 | response BIOCARTA (v7.1) 8 18 | 1.58E-03
Cytokine Signaling BioSystems:
1269310 | in Immune system REACTOME 80 763 2.02E-03
BioSystems:
Downstream Pathway
signaling in naive Interaction
138018 | CD8+ T cells Database 13 50 | 2.25E-03
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Appendix A
Supplementary table 6d: Pathways expressed to a lesser extent in CD4+ T cells in mesothelioma

associated pleural fluid compared to NSCLC. DEGs identified with a FDG adjusted p-value of
<0.05 (ie, q value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Gene

Ontology ID Gene Ontology term Set Size | Candidates | g-value
nucleoside triphosphate

G0:0009141 metabolic process 59 241 5.82E-15

G0:0006119 oxidative phosphorylation 46 153 5.82E-15
purine nucleoside triphosphate

G0:0009144 metabolic process 55 216 5.82E-15
ATP synthesis coupled proton

G0:0015986 transport 46 156 5.82E-15
energy coupled proton transport,

G0:0015985 down electrochemical gradient 46 156 5.82E-15
purine ribonucleoside

G0:0009206 triphosphate biosynthetic process 51 193 1.32E-14
purine nucleoside triphosphate

G0:0009145 biosynthetic process 51 194 1.44E-14

G0:0006754 ATP biosynthetic process 49 181 1.48E-14
nucleoside triphosphate

G0:0009142 biosynthetic process 53 210 1.78E-14
ribonucleoside triphosphate

G0:0009201 biosynthetic process 51 199 3.24E-14
purine ribonucleoside

G0:0009205 triphosphate metabolic process 51 206 1.41E-13

G0:0044403 symbiotic process 128 911 5.00E-13
ribonucleoside triphosphate

G0:0009199 metabolic process 51 213 5.26E-13
interspecies interaction between

G0:0044419 organisms 131 960 1.94E-12

G0:0016032 viral process 119 853 7.63E-12

Supplementary table 7a: Genes expressed to a greater extent in CD8+ T cells in mesothelioma

associated pleural fluid compared to normal lung. DEGs identified with a FDG adjusted p-value

of <0.05 (ie, g value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Gene

Ontology ID Gene Ontology term Set Size | Candidates | g-value

G0:0001775 cell activation 42 133 2.21E-12

G0:0045321 leukocyte activation 40 126 4.44E-12

G0:0042110 T cell activation 46 165 6.15E-12
regulation of immune system

G0:0002682 process 40 131 9.74E-12

G0:0030155 regulation of cell adhesion 44 171 3.20E-10
small GTPase mediated signal

G0:0007264 transduction 43 171 1.14E-09

G0:0002252 immune effector process 36 127 1.15E-09

G0:0046649 lymphocyte activation 36 127 1.15E-09
positive regulation of immune

G0:0002684 system process 32 103 1.15E-09

G0:0002274 myeloid leukocyte activation 40 154 1.26E-09

G0:0050863 regulation of T cell activation 34 116 1.26E-09

G0:0140352 export from cell 29 88 1.73E-09

G0:0030098 lymphocyte differentiation 34 119 2.36E-09
cell activation involved in immune

G0:0002263 response 41 165 2.41E-09

G0:0032940 secretion by cell 30 97 3.74E-09

Supplementary table 7b: Genes expressed to a lesser extent in CD8+ T cells in mesothelioma
associated pleural fluid compared to normal lung. DEGs identified with a FDG adjusted p-value
of <0.05 (ie, g value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Pathway Set
ID Pathway Source Size Candidates | g-value
Oxidative BioSystems:
82942 | phosphorylation KEGG 42 133 2.21E-12
Respiratory electron
transport, ATP
synthesis by
chemiosmotic
coupling, and heat
production by BioSystems:
1270127 | uncoupling proteins. | REACTOME 40 126 4.44E-12
BioSystems:
1268678 | Translation REACTOME 46 165 6.15E-12
MSigDB C2
Oxidative BIOCARTA
M19540 | phosphorylation (v7.1) 40 131 9.74E-12
The citric acid (TCA)
cycle and respiratory | BioSystems:
1270121 | electron transport REACTOME 44 171 3.20E-10
BioSystems:
83097 | Alzheimer's disease KEGG 43 171 1.14E-09
Cap-dependent BioSystems:
1268680 | Translation Initiation | REACTOME 36 127 1.15E-09
Eukaryotic BioSystems:
1268679 | Translation Initiation | REACTOME 36 127 1.15E-09
Respiratory electron | BioSystems:
1270128 | transport REACTOME 32 103 1.15E-09
BioSystems:
83036 | Ribosome KEGG 40 154 1.26E-09
SRP-dependent
cotranslational
protein targeting to BioSystems:
1268689 | membrane REACTOME 34 116 1.26E-09
MSigDB C2
BIOCARTA
M189 | Ribosome (v7.1) 29 88 1.73E-09
L13a-mediated
translational
silencing of
Ceruloplasmin BioSystems:
1268688 | expression REACTOME 34 119 2.36E-09
MSigDB C2
BIOCARTA
M16024 | Alzheimer's disease (v7.1) 41 165 2.41E-09
Eukaryotic
Translation BioSystems:
1268692 | Termination REACTOME 30 97 3.74E-09

Supplementary table 7c: Pathways expressed to a greater extent in CD8+ T cells in

mesothelioma associated pleural fluid compared to normal lung. DEGs identified with a FDG
adjusted p-value of <0.05 (ie, q value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Pathway Set
ID Pathway Source Size Candidates | g-value
MSigDB C2
Graft-versus-host BIOCARTA
M13519 | disease (v7.1) 18 41 6.83E-04
Graft-versus-host BioSystems:
83124 | disease KEGG 18 41 6.83E-04
Interferon gamma BioSystems:
1269314 | signaling REACTOME 29 94 1.30E-03
BioSystems:
83060 | Apoptosis KEGG 37 138 1.30E-03
MSigDB C2
BIOCARTA
M18615 | Allograft rejection (v7.1) 16 37 1.30E-03
MSigDB C2
Chemokine signaling | BIOCARTA
M4844 | pathway (v7.1) 46 189 1.30E-03
BioSystems:
1269508 | Rho GTPase cycle REACTOME 38 145 1.30E-03
MSigDB C2
T cell receptor BIOCARTA
M9904 | signaling pathway (v7.1) 31 108 1.30E-03
BioSystems:
83123 | Allograft rejection KEGG 16 38 1.31E-03
Effects of PIP2 BioSystems:
1269363 | hydrolysis REACTOME 13 27 1.52E-03
Natural killer cell MSigDB C2
mediated BIOCARTA
M5669 | cytotoxicity (v7.1) 36 137 1.52E-03
BioSystems:
1269311 | Interferon Signaling REACTOME 47 202 2.13E-03
Calcineurin-
regulated NFAT-
dependent MSigDB C2
transcription in BIOCARTA
M60 | lymphocytes (v7.1) 17 45 2.63E-03
Chemokine signaling | BioSystems:
99051 | pathway KEGG 43 182 2.93E-03
Neutrophil BioSystems:
1457780 | degranulation REACTOME 92 492 3.32E-03

Supplementary table 7d: Pathways expressed to a lesser extent in CD8+ T cells in mesothelioma
associated pleural fluid compared to normal lung. DEGs identified with a FDG adjusted p-value

of <0.05 (ie, g value <0.05) and fold change of >1.5 or <-1.5

163



http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_GRAFT_VERSUS_HOST_DISEASE.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_GRAFT_VERSUS_HOST_DISEASE.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_GRAFT_VERSUS_HOST_DISEASE.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=0
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=M13519&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/83124
http://www.ncbi.nlm.nih.gov/biosystems/83124
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=1
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=83124&namespace=BioSystems:%20KEGG
http://www.ncbi.nlm.nih.gov/biosystems/1269314
http://www.ncbi.nlm.nih.gov/biosystems/1269314
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=2
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=1269314&namespace=BioSystems:%20REACTOME
http://www.ncbi.nlm.nih.gov/biosystems/83060
http://www.ncbi.nlm.nih.gov/biosystems/83060
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=3
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=83060&namespace=BioSystems:%20KEGG
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_ALLOGRAFT_REJECTION.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_ALLOGRAFT_REJECTION.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_ALLOGRAFT_REJECTION.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=4
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=M18615&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_CHEMOKINE_SIGNALING_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_CHEMOKINE_SIGNALING_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_CHEMOKINE_SIGNALING_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=5
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=M4844&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/1269508
http://www.ncbi.nlm.nih.gov/biosystems/1269508
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=6
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=1269508&namespace=BioSystems:%20REACTOME
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=7
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=M9904&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/83123
http://www.ncbi.nlm.nih.gov/biosystems/83123
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=8
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=83123&namespace=BioSystems:%20KEGG
http://www.ncbi.nlm.nih.gov/biosystems/1269363
http://www.ncbi.nlm.nih.gov/biosystems/1269363
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=9
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=1269363&namespace=BioSystems:%20REACTOME
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=10
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=M5669&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/1269311
http://www.ncbi.nlm.nih.gov/biosystems/1269311
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=11
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=1269311&namespace=BioSystems:%20REACTOME
http://www.broadinstitute.org/gsea/msigdb/cards/PID_NFAT_TFPATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_NFAT_TFPATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_NFAT_TFPATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=12
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=M60&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/99051
http://www.ncbi.nlm.nih.gov/biosystems/99051
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=13
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=99051&namespace=BioSystems:%20KEGG
http://www.ncbi.nlm.nih.gov/biosystems/1457780
http://www.ncbi.nlm.nih.gov/biosystems/1457780
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&feature=pt&row=14
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=3c662bd1-629c-4e1d-8d70-2662d2178de1&category=Pathway&id=1457780&namespace=BioSystems:%20REACTOME

Appendix A

Gene

Ontology ID | Gene Ontology term Set Size | Candidates | g-value
interspecies interaction between

G0:0044419 | organisms 157 960 | 7.17E-18

G0:0044403 | symbiotic process 151 911 | 7.17E-18

G0:0016032 | viral process 142 853 | 4.99E-17

G0:0006413 | translational initiation 58 198 | 4.99E-17
purine ribonucleoside triphosphate

G0:0009206 | biosynthetic process 54 193 | 7.58E-15
purine nucleoside triphosphate

G0:0009145 | biosynthetic process 54 194 | 7.58E-15

G0:0006414 | translational elongation 126 764 | 7.58E-15

G0:0006412 | translation 126 764 | 7.58E-15
nucleoside triphosphate

G0:0009142 | biosynthetic process 56 210 | 1.19E-14
ribonucleoside triphosphate

G0:0009201 | biosynthetic process 54 199 | 1.70E-14

G0:0006518 | peptide metabolic process 144 940 | 1.70E-14

G0:0009057 | macromolecule catabolic process 196 1453 | 2.45E-14
purine nucleoside triphosphate

G0:0009144 | metabolic process 56 216 | 3.30E-14
cellular macromolecule catabolic

G0:0044265 | process 170 1201 | 3.66E-14

G0:0006119 | oxidative phosphorylation 46 153 | 3.71E-14

Supplementary table 8a: Genes expressed to a greater extent in CD8+ T cells in mesothelioma
associated pleural fluid compared to NSCLC. DEGs identified with a FDG adjusted p-value of
<0.05 (ie, q value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Gene

Ontology ID | Gene Ontology term Set Size | Candidates | gq-value
G0:0007049 | cell cycle 380 1971 | 6.79E-10
G0:0022402 | cell cycle process 317 1632 | 2.25E-08
G0:0000280 | nuclear division 254 1256 | 3.86E-08
G0:0000278 | mitotic cell cycle 222 1083 | 1.17E-07
G0:0140014 | mitotic nuclear division 222 1083 | 1.17E-07
G0:1903047 | mitotic cell cycle process 222 1083 | 1.17E-07
G0:0048285 | organelle fission 257 1301 | 1.43E-07
G0:0001816 | cytokine production 186 875 | 1.43E-07
G0:0042110 | T cell activation 127 537 | 1.43E-07
G0:0006259 | DNA metabolic process 220 1080 | 1.57E-07
G0:0050863 | regulation of T cell activation 91 354 | 6.24E-07
G0:0051726 | regulation of cell cycle 252 1295 | 6.30E-07
G0:0030155 | regulation of cell adhesion 166 777 | 6.93E-07
G0:0046649 | lymphocyte activation 171 818 | 1.96E-06

small GTPase mediated signal
G0:0007264 | transduction 132 594 | 2.70E-06

Supplementary table 8b: Genes expressed to a lesser extent in CD8+ T cells in mesothelioma
associated pleural fluid compared to NSCLC. DEGs identified with a FDG adjusted p-value of
<0.05 (ie, q value <0.05) and fold change of >1.5 or <-1.5
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Appendix A

Set
Pathway ID | Pathway Source Size Candidates | g-value
BioSystems: 3.84E-
1268678 | Translation REACTOME 59 165 19
Cap-dependent BioSystems: 1.23E-
1268680 | Translation Initiation REACTOME 49 127 17
Eukaryotic Translation BioSystems: 1.23E-
1268679 | Initiation REACTOME 49 127 17
BioSystems: 1.04E-
83036 | Ribosome KEGG 53 154 16
L13a-mediated
translational silencing of BioSystems: 1.04E-
1268688 | Ceruloplasmin expression | REACTOME 46 119 16
Eukaryotic Translation BioSystems: 2.63E-
1268690 | Elongation REACTOME 41 98 16
GTP hydrolysis and joining
of the 60S ribosomal BioSystems: 5.12E-
1268686 | subunit REACTOME 45 119 16
Eukaryotic Translation BioSystems: 9.30E-
1268692 | Termination REACTOME 40 97 16
MSigDB C2
BIOCARTA 9.30E-
M189 | Ribosome (v7.1) 38 88 16
Formation of a pool of BioSystems: 9.50E-
1268681 | free 40S subunits REACTOME 42 107 16
BioSystems: 9.50E-
1269120 | Viral mRNA Translation REACTOME 39 93 16
Nonsense Mediated Decay
(NMD) independent of the
Exon Junction Complex BioSystems: 2.44E-
1269718 | (EJC) REACTOME 40 100 15
SRP-dependent
cotranslational protein BioSystems: 3.91E-
1268689 | targeting to membrane REACTOME 43 116 15
BioSystems: 5.86E-
1268691 | Peptide chain elongation REACTOME 38 93 15
BioSystems: 1.97E-
1339156 | Selenocysteine synthesis REACTOME 38 96 14

Supplementary table 8c: Pathways expressed to a greater extent in CD8+ T cells in

mesothelioma associated pleural fluid compared to NSCLC. DEGs identified with a FDG adjusted
p-value of <0.05 (ie, g value <0.05) and fold change of >1.5 or <-1.5
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Set
Pathway ID | Pathway Source Size Candidates | g-value
Generic Transcription BioSystems: 2.62E-
1269650 | Pathway REACTOME 200 879 08
BioSystems: 3.27E-
1269741 | Cell Cycle REACTOME 141 624 05
MSigDB C2
BIOCARTA 7.04E-
M1 | Fanconi anemia pathway (v7.1) 21 47 04
BioSystems: 1.42E-
1269763 | Cell Cycle, Mitotic REACTOME 114 517 03
BioSystems: 2.84E-
1269508 | Rho GTPase cycle REACTOME 42 145 03
MSigDB C2
Chemokine signaling BIOCARTA 2.84E-
M4844 | pathway (v7.1) 51 189 03
HDR through Homologous | BioSystems: 2.91E-
1309102 | Recombination (HRR) REACTOME 25 69 03
Inflammation mediated by
chemokine and cytokine 2.95E-
P00031 | signaling pathway PantherDB 51 191 03
BioSystems: 4.89E-
377262 | Fanconi anemia pathway KEGG 21 55 03
BioSystems: 1.12E-
1269507 | Signaling by Rho GTPases | REACTOME 93 430 02
SUMOylation of DNA BioSystems: 1.12E-
1339113 | replication proteins REACTOME 18 46 02
Chemokine signaling BioSystems: 1.12E-
99051 | pathway KEGG 47 182 02
SUMO E3 ligases
SUMOylate target BioSystems: 1.20E-
1268743 | proteins REACTOME 31 104 02
Homologous DNA Pairing BioSystems: 1.24E-
1309103 | and Strand Exchange REACTOME 17 43 02
Export of Viral
Ribonucleoproteins from BioSystems: 1.24E-
1269121 | Nucleus REACTOME 14 32 02

Supplementary table 8d: Pathways expressed to a lesser extent in CD8+ T cells in mesothelioma
associated pleural fluid compared to NSCLC. DEGs identified with a FDG adjusted p-value of

<0.05 (ie, q value <0.05) and fold change of >1.5 or <-1.5
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