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The development of novel treatments for oesophageal adenocarcinoma (OAC) represents an area
of significant unmet need. Incidence has increased across western populations in recent decades,
and despite improvements in oncological therapies and surgical techniques, 5 year survival

remains at approximately 17%. Despite features suggesting potential response to treatment with

immune checkpoint blockade, the benefits of such approaches in OAC have been modest.

A flow cytometric approach has been adopted to undertake immune phenotyping of human OAC
specimens, obtained during curative resection, to assess factors related to lymphocyte
dysfunction and exhaustion. It was observed that OAC are variously, but often highly, infiltrated
with a population of antigen experienced CD8+ T lymphocytes (TILs) that express high levels of
both PD-1 and CD39 and an abundance of this population was associated with improved
progression free and overall survival. While a small sub population within this group express
multiple exhaustion markers, these TILs do not appear to conform to the classical picture of

lymphocyte exhaustion.

The dominant PD-1+ and CD39+ lymphocyte population was investigated utilising bulk RNA
sequencing and flow cytometric based functional analysis. This has demonstrated a population
dominated by precursor exhausted-like tissue resident memory CD8+ lymphocytes, identified
through their transcriptomic profile as well as by their CD103+ and TIM3- phenotypes, and is
consistent with TILs described as being associated with improved survival in various cancers. This
population demonstrated a maintained proliferative potential, and an ability to degranulate and
produce the key effector molecules IFN-y, TNF-a and Granzyme B. The minority TIM3+ LAG3+
group among PD-1 and CD39 positive TILs corresponds to a terminally exhausted-like tissue

resident memory CD8+ lymphocyte phenotype previously described as correlating with



therapeutic response to immune checkpoint blockade, and the relative lack of this population in

OAC points to a potential mechanism for the poor responses seen to immunotherapy.
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2BA ..., Natural Killer Receptor 2B4
APC.ooeeeeeeeeeceee e, Antigen presenting cell
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Chapter 1 Introduction

1.1 Cancer Immunotherapy

The appeal of harnessing the immune system in the fight against cancer has long been recognised,
though until recently has been considered by many as not widely applicable (1). As early as the
1890s an immune response was implicated in tumour regression noted in some sarcoma patients
purposefully injected with Streptococcus pyogenes cultures (2). While occasional examples of
spontaneous tumour regression or prolonged dormancy were recorded, pointing to a form of host
restraint, such responses were hard to replicate (3). With the development of surgical oncology
techniques, the advent of radiotherapy and in the mid twentieth century chemotherapy,
enthusiasm for an immune therapy faded. It was not until the 1960s that the first widely used
immunotherapy was adopted with the use of intravesical Bacillus Calmette-Guérin (BCG) to treat

superficial bladder tumours (4).

As the science of immunology developed towards the end of the 20™" century, a viral aetiology for
cancer was considered. As such, interest developed in the effectors of an antiviral response, such
as antibodies and cytokines, and their potential role in targeting malignancy. Interleukin (IL)-2 and
interferon (IFN)-a were shown to modulate tumours in vivo and large scale clinical trials were
undertaken using these molecules as therapeutics during the 1980s with mixed results (5). IFN-a
whose functions appeared to be numerous, including immunoregulatory, anti-proliferative and
anti-angiogenic properties, showed a response rate of between 10 and 20% in patients with
metastatic melanoma with some proving durable (6). Results such as this prompted the licensing
of IFN-a for use as treatment for hairy cell leukaemia in 1986 and adjuvant treatment for resected
stage 1I1B/1ll melanoma in 1995. IL-2, a cytokine stimulating lymphocytes, followed suit and was
licensed for use in treatment of solid tumours including melanoma and renal cell carcinoma (RCC)

(6,7).

The invention of hybridoma technology in 1975 allowed large quantities of specific
immunoglobulin to be manufactured, overcoming previous difficulties (8). This allowed antibodies
to be tested that targeted tumour antigens directly for the first time. Results were initially
disappointing owing to short half-life and poor recruitment of human immune effector
mechanism by these murine antibodies. The further refinement of this technology to allow
incorporation of human constant regions resulted in greater successes. A treatment targeting the
human cluster of differentiation (CD) 52 antigens on lymphoma cells by the Campath-1H antibody

represented a landmark achievement (9). This was followed by the licencing of Rituximab in 1997.
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This chimeric monoclonal antibody targeting CD20 has several mechanisms of action including
activating antibody-dependant cytotoxicity and complement dependent cytotoxicity as well as
driving apoptosis (10). Initial concerns about the effects of depleting normal B cells appeared

unfounded and it has so significantly improved outcomes in B cell ymphomas that it has been

classified by the world health organisation as an essential medicine for all health economies (11).

This approach of directing humanised monoclonal antibodies against cancer antigens or other
targets within the tumour microenvironment has proven successful. There are now a host of
antibody treatments licensed for use in cancer medicine. They can be used either to directly
evoke effector immune mechanisms, in a similar manner to rituximab (10), or they can inhibit
specific stimulatory pathways. An example being the use of trastuzumab to block the epidermal
growth factor (EGF) pathway in human epidermal growth factor receptor 2 (HER-2)-positive

breast cancer (1).

More recently, antibody technology has proven essential in driving forward another form of
immunotherapy, targeting inhibitory mechanisms on cytotoxic T lymphocytes to release their
effector functions against tumours. These so called immune checkpoint inhibitors have
demonstrated such pronounced and durable improvements in survival in patients with the highly
immunogenic cancers such as metastatic malignant melanoma (12,13) that it has led the way to
combination immunotherapy being considered a viable potential treatment for a wide range of

cancers.

1.2 Cytotoxic T lymphocytes

1.2.1 Thymic development

Central to recent developments in cancer immunotherapy has been an increasing understanding
of the adaptive immune response, and the role and function of the cytotoxic CD8 positive T
lymphocyte (CTL). These cells through possession of highly variable T-cell receptors, recognise 8-9
amino acid peptides presented on major histocompatibility complex (MHC) class | molecules. They
possess the ability to initiate killing of dysfunctional cells, identified through presentation of non-
self peptides, and play a crucial role in anti-viral immunity, as well as clearing cells showing signs

of malignant transformation (14,15).

T-lymphocytes arise from the common lymphoid progenitor stem cells located in the bone
marrow, and migrate to mature within the thymus as early thymic progenitor cells (16). These
thymocytes initially lack CD4 and CD8 expression and undertake recombination of the variable

regions of their T cell receptor (TCR) genes (17). The TCRp gene undertakes rearrangement first,
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accompanied by the TCRy and TCRd genes utilising a combination of the lymphoid-specific
recombinase enzymes (RAG1 and RAG2) with ubiquitously expressed DNA repair proteins. RAG
proteins create a double strand break in the recombination signal sequences that flank the TCR
variable (V), diversity (D) and joining (J) regions, before being repaired using non-homologous end
joining. This combination of one of a number of V, D, and J fragments, trimmed at potentially
varied loci, and repaired using a mechanism with inherent scope for error results in the high levels
of diversity among TCRs (18). Following recombination of the TCRp, v and d genes, the developing
thymocytes commit to either an aff or yd lineage dependent on successful assembly of the ydTCR
or the afTCR using pre-Ta gene. Successful recombination of one of these TCRs promote
downregulation of recombinase expression and differentiation to a CD4+CD8+ phenotype. Those
committed to the af} lineage then undertake recombination of the TCRa genes V and J regions,
adding further diversity on dimerization (18). This process allows the formation of a vast
repertoire of potential TCRs, allowing binding of a large array of peptide MHC complexes (pMHC)

at varying affinities.

The double positive progenitor T cells undertake a period of maturation within the thymus
allowing their newly recombined afTCR or y0TCR to engage with the diverse pMHC complexes
presented within the thymic cortex. These cortical thymic epithelial cells express the autoimmune
regulator (AIRE) gene, a transcriptional regulator allowing expression of an array of tissue specific

proteins to ensure developing thymocytes are exposed to a broad range of self antigens (19).

The affinity of these interactions between the TCR and the varied pMHC molecules on display

govern the survival of these progenitor T cells. Thymocytes lacking any stimulation via the TCR die
by neglect, while negative selection deletes those with high affinity binding for pMHC. This leaves
a population of T cells completing positive selection, with a low affinity for self pMHC, that can go

on to leave the thymus.

By completion of this process the majority of immature thymocytes will have been deleted by
apoptosis. Those remaining will be restricted to either detection of MHC class | or class I
molecules when bound to peptides and will remain positive for either CD8 or CD4 respectively.
The survivors should have displayed too low an affinity for self peptides to result in autoimmunity
but retain the potential to recognise MHC molecules presenting non-self peptides, be they from

viral origin or due to malignant transformation (19).

1.2.2 Activation and function

Naive CD8 + T lymphocytes on leaving the thymus circulate through the secondary lymphoid

organs, awaiting activation through recognition of antigen. This priming requires recognition of a
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target pMHC complex, stimulating the T cell receptor, this is typically from presentation of
pathogenic material to naive CD8 + lymphocytes by a professional antigen presenting cell (APC)
such as a dendritic cell (20). APCs also provide the second signal required for activation,
engagement of CD28 molecules on the T cell, with its target ligands CD80 or CD86 (B7-1 or B7-2
respectively). Achieving maximal expansion requires integration of multiple signals, alongside TCR
and costimulatory pathways, including the pro-inflammatory cytokines such as IL-2 and type |
interferon. Members of the tumour necrosis factor (TNF) receptor family such as 4-1BB, OX-40

and CD27 among others may also provide additional co-stimulatory signals (16,20).

On activation, naive CD8 + T lymphocytes will undergo a period of clonal expansion with the
assistance of IL-2 produced by activated CD4+ T lymphocytes. This is rapid and can continue for a
period of up to 1 week following initial viral infection, and results in cell division every 4-6 hours.
This can lead to a 500,000 fold expansion in the number of activated effector CTLs, with
accompanied changes in migration behaviour, gene expression and function, governed by the

unique mix stimulatory signals they receive (15).

Upon activation in the lymphoid organs, activated CD8+ T lymphocytes will upregulate expression
of the inflammatory cytokine receptor CXCR3, allowing their entry to peripheral tissues and sites
of primary infection (15,20). These terminally differentiated effector cells can infiltrate a site of
inflammation and initiate killing of target cells expressing their cognate peptide antigen. The two
principle methods of target cell killing undertaken by activated CD8+ lymphocytes are through the
granule exocytosis pathway and expression and release of death ligands such as Fas ligand (FasL)

or the TNF-related apoptosis inducing ligand (TRAIL) (15,16,21).

Activation of the granule exocytosis pathway leads to rapid directional release of pre-formed
cytoplasmic granules towards the contact site with the target cell, the immunological synapse.
These granules principally contain the pore forming protein perforin (PRF1) and granule-
associated enzymes (granzymes; GZM), a family of serine proteases. GZMA and GZMB have been
most studied but there are 5 human granzymes as well as other granule associated proteins. Once
inside the target cell GZMB activates the classical caspase dependent apoptotic pathway while
GZMA activates a caspase independent apoptotic pathway(16,21). The characteristics of the
granules and death ligands released into the immunological synapse appear to differ dependent
on the circumstance such as in the context of viral infection or type of malignancy as well as under

the influence of mediators of the immune response such as checkpoint inhibitors (21).

Activated CTLs engaging antigen will also release interferon-y (IFN-y) and tumour necrosis factor-a
(TNF-a) modulating the effects of other inflammatory cells such as macrophages and dendritic

cells, influencing the wider immune microenvironment.
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1.2.3 Lymphocytes in the tumour microenvironment

For a developing cancer to be controlled and eliminated, the host immune system must recognise
the threat, produce an effective response, and overcome inhibitory or regulatory signals coming
from the tumour microenvironment. As described by Chen and Mellman’s cancer immunity cycle,
neoantigens created by oncogenesis and genome mutation, must be released and captured by
antigen presenting cells. CTLs must be activated in the lymphatic organs as described above and
migrate to the local tumour microenvironment before undertaking killing of target malignant
cells, leading to release of more potentially immunogenic neoantigens and a continued cycling
towards effective cancer elimination (22). An occult cancer, by its existence, has overcome,

interrupted or benefited from a deficiency in this process.

The cancer immunity cycle can be interrupted in a multitude of ways. Tumour antigens can
remain undetected, Dendritic Cells (DC) and CTLs can treat tumour antigens as self rather than
pathological resulting in immune tolerance and a regulatory T cell response, failure of homing or
infiltration of immune cells into tumours, or through the development of a suppressive tumour

microenvironment (22).

The immune suppressive tumour microenvironment is complex and possesses different
characteristics in individual tumours. Examples of such inhibitory mechanisms include tumour
derived soluble molecules, such as transforming growth factor B (TGF-B) and Interleukin 10 (IL-
10), which lead to a more tolerogenic immune state. Likewise, IFN-y production can drive
expression of co-inhibitory molecules programmed death receptor 1 (PD-1) on CTLs and its ligand
PD-L1 on tumour cells and dendritic cells. Hypoxia and lactic acidosis, common conditions within a
tumour, can also influence immune cell characteristics resulting in more T regulatory response
and release of immunosuppressive molecules from DCs such as indoleamine 2,3-deoxygenase
(IDO) and prostaglandin E2 (23). Another soluble factor known to promote an anti- rather than
pro-inflammatory environment within tumours is adenosine. The conversion of extracellular
adenosine triphosphate (ATP) to adenosine by cell surface proteins including CD39 and CD73
occurs following stimulation by immune inhibitory transforming growth factor- (TGFP). CD39 is
highly expressed on regulator T lymphocytes (Tr) but also on activated CD8+ T lymphocytes as

well as B lymphocytes and macrophages (24).

Tumour control by cytotoxic CD8+ T lymphocytes requires contact between the cancer cells and
the immune cells. It has been shown in multiple tumour types, including colorectal cancer,

ovarian cancer and oesophageal adenocarcinoma, that long-term survival is correlated with the
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presence and number of tumour infiltrating lymphocytes (TILs) (25-27). CTL exclusion can occur
as a result post translational modification of chemokines by the tumour microenvironment, a
vasculature that is hostile to lymphocytes by expression of death signals such as Fas-L, and
through the direct effects of stromal cells such as cancer-associated fibroblasts (CAFS) among

other mechanisms (25).

The influence of a suppressive microenvironment can inhibit tumour specific activated cytotoxic
CD8 positive T lymphocytes from expanding, migrating to their site of interest, and undertaking
effective killing of cancer cells(28,29). In addition to these extrinsic factors limiting lymphocyte
dependent tumour killing, factors intrinsic to lymphocytes can have a bearing on their ability to
control tumour growth. This includes the composition of subsets of CTLs of varying phenotypes in
the CD8+ lymphocyte compartment, their ability to undertake effector functions, and the impact
of phenomena such as lymphocyte exhaustion, anergy and senescence among this highly

heterogeneous cell type(29).

1.3 Lymphocyte dysfunction

1.3.1 T cell exhaustion

T cell exhaustion is a state of dysfunction observed in chronic infections and cancer, and is
characterised by a loss of effector functions. In the case of the cytotoxic CD8+ T lymphocytes this
includes a stepwise loss of proliferative capacity, up-regulation of cell surface inhibitory receptors,
loss of interferon and granzyme production, and ultimately complete loss of functional ability and
apoptosis as affected cells progress towards a terminally exhausted phenotype. This dysfunction
is linked to persistent antigen exposure, occurs in T cells that have acquired effector function, and
is distinct from other types of dysfunction, such as anergy where cells fail to acquire effector
functions because of insufficient co-stimulatory priming, or T memory cells where reactivation can

happen rapidly after re-exposure to antigen (30).

The concept of exhaustion was described simultaneously in two contexts during the late 1990s.
Firstly, within a murine viral infection model where the chronic variant of the infection and
persistent antigen exposure resulted in loss of functional effector CD8+ T lymphocytes when
compared to the response observed from acute infection (31,32). Secondly, in the observation
that patients infected with the human immunodeficiency virus (HIV) develop persistent infection
and that this was linked to a loss of functional CD8+ T cells specific for viral targets, after an initial
response (33). The similarities observed in loss of effective CTL response in the context of an

experimental murine model and a clinical scenario, alongside a greater understanding of the
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heterogeneity of lymphocyte populations and techniques to investigate them, resulted in the

development of this hypothesis and an understanding of its importance in multiple disease states.

While initial hypotheses were based on a single population of exhausted lymphocytes which
gradually progress to loose function as a result of consistent antigen exposure, more recent
insights through single cell RNA sequencing, special analysis of individual clusters, and differential
responses to immune checkpoint blockade (ICB) therapy, have led to a more complex model
being accepted. It is now considered that a stem-like CD8+ T cell exhausted population, which is
responsive to ICB therapy, may reside in a peripheral rather than intratumoural position, and
gives rise to a terminally differentially exhausted population. This terminally differentiated
exhausted population possess diminishing anti-tumour effects, are found in the tumour

microenvironment, and are refractory to immunotherapy (29,34).

1.3.2 LCMV model

A state of T cell exhaustion was first described within antigen specific CD8 lymphocytes following
persistent stimulation in a mouse model of chronic viral infection. It was noted that in mice with
persistent infection with the lymphocytic choriomeningitis virus (LCMV) a population of CD8
positive T lymphocytes specific for a viral epitope persisted. This population showed the presence
of activation markers, CD69 and CD44, but were unable to perform any antiviral effector functions

(32,35).

It was observed that different strains of the LCMV can result in either acute infection with
clearance of the disease, or chronic infection. The Armstrong strain of LCMV is reproducibly
cleared by day 8 of infection, whereas the LCMV Clone-13 (CI-13) strain results in persistent
infection with ongoing viraemia at 3 months and virus persisting in some tissues indefinitely. This
difference is noted despite significant homogeneity between the viruses. There are just two base
pair differences and one amino acid change between the strains, preserving all known T-cell
epitopes (32,35-37), a feature that allowed direct comparison between the CD8 T cell response in

acute and chronic infection.

Taking advantage of this model, a predictable stepwise loss of effector functions, as CD8 T cells
progressed towards exhaustion in chronic infection, was demonstrated. Lymphocyte effector
profiles were comparable at an early stage of infection with the Armstrong and CI-13 strains, until
day 5 post infection. From this point on the lymphocytes of the CI-13 infected mice progressively
lost their in-vitro lytic capacity. This loss was accompanied by an early loss of IL-2 production as
well as a reduction in the level of IFN-y production and developing loss of TNF-a production with

10% of cells unable to secrete the cytokine. With time, complete loss of TNF-a was observed and
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finally loss of IFN-y as well (37). Ultimately, with persisting infection these lymphocytes appear to
be deleted as they reach the terminal phase of exhaustion, demonstrated by the loss of CD8+
lymphocyte clones reactive to known dominant antigens as shown by loss of staining with MHC-

peptide tetramers (37).

Similarly, the expression of inhibitory receptors was identified as a hallmark of lymphocyte
exhaustion. Principle among them is PD-1. Expressed on T-cells following TCR engagement and
activation where its physiological function is in limiting immunopathology and maintaining
tolerance to self-antigens. While PD-1 expression quickly declines in resolving infection, with

persistent antigen exposure PD-1 is sustained and levels of expression rise (38,39).

On engagement with its ligands PD-L1 or PD-L2, PD-1 suppresses T cell function through multiple
mechanisms, including antagonising TCR function through recruitment of phosphatases such as

SHP2 repressing expression of T cell effector genes (40).

In addition to PD-1, on progression towards terminal exhaustion, numerous other inhibitory
receptors are over-expressed by lymphocytes experiencing persistent antigen exposure. This
includes T cell immunoglobulin and mucin domain 3 protein (TIM3), Lymphocyte-activation gene 3
(LAG3), Cytotoxic T lymphocyte antigen-4 (CTLA-4), and T cell immunoglobulin and ITIM domain
(TIGIT), among others (41). Co-expression of these receptors, especially in combination with PD-1,

indicates a greater degree of exhaustion and effector dysfunction (39,42).

Viral load was shown to correlate with loss of CTL functionality. Higher virus levels in the LCMV
model of chronic infection showed a strong association with exhaustion. This was progressive, in
the manner described above, with loss of IFN-y more marked at day 30 compared to day 15

despite stable viraemia over time (37).

Not all T-cell populations were affected equally during chronic LCMV infections. Viral epitopes
presented at high frequency or persistently during Cl-13 infection such as NP396 and GP34
appeared to drive clonal deletion. In contrast those epitopes with lesser stimulatory capacity,
such as GP33 and GP276 resulted in a persistent but functionally exhaustion phenotype among

CD8 T-cells (37).

Of note CD4 T-cells show an exhausted and dysfunctional phenotype in chronic infection, though

this remains less clearly characterised.

Building on this early work the LCMV model has proven a valuable tool for further dissecting the
process of T cell exhaustion and allowing development of an understanding of this process in

human disease. Understanding the transcriptional profile of T cell exhaustion in the mouse model
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has allowed insight into the variety of intrinsic and extrinsic factors resulting in dysfunction (41)
and the complex interplay between them which can lead to a different molecular and clinical
picture dependant on context (43,44). Such insights have also led to understanding of the
developmental origins and transcription factor controls of exhausted lymphocytes as depicted in

figure 1.

133 Lymphocyte exhaustion in human infection

As outlined above, alongside the characterisation of exhausted CD8 T lymphocytes in the mouse
model, similar phenomena were observed in human disease. As research accelerated into HIV
infection, an inverse relationship between viral load and functionality of effector CD8 T cell
response was identified (33). In fact effector functions in viral antigen specific CD8 T-cells were
lost in a stepwise fashion, similar to those seen in the mouse model, with IL-2 production lost

early and IFN-y again the more persistent (45).

Additionally the level of PD-1 expression on HIV-1 specific CD8+ CTLs was shown to be correlated
with increased viral load and reduction in CD4+ count as well as being associated with early
progression to AIDS (46). And it is not just PD-1 whose expression appears to predict progression
to an exhausted CD8 CTL state, but also other cell surface exhaustion markers too. LAG3 appears
to have an association, while TIM3 shows less correlation. The ability of expression of these cell
surface markers to identify non-progressors compared to early-progressors of HIV infection as
well as the functional capacity of CTLs demonstrates commonly shared features of lymphocyte
exhaustion, while the variation in the nature of this dysfunction from LCMV infection are an

example of the context specific nature of this process (45,47).

Aside from HIV infection, lymphocyte exhaustion has been shown to be relevant in responses to
other chronic infections including Hepatitis C virus (HCV) and Hepatitis B virus (HBV) infections.
HCV is a highly transmissible blood borne RNA virus which after an initial, often asymptomatic,
acute infection is cleared in fewer than half of patients. The remainder will develop a chronic
infection, leading to liver fibrosis and cirrhosis in many, with between 1-7% of these going on to
develop hepatocellular carcinoma (HCC) every year (48,49). Viral elimination relies upon strong
and sustained CD8+ and CD4+ T lymphocyte responses, though this is significantly impaired once
chronic infection develops. There is a strong body of evidence that the dysfunction in CD8+ CTLs is
due to progressive exhaustion in this compartment, with increased PD-1 expression, marked
reduction in cytolytic capacity and IFN-y production. This was somewhat reversible with PD-1
blockade and culture in cytokine rich environments, though not fully. Other hallmarks of

exhaustion have also been observed, such as reduced granzyme A production, impaired TNF-a
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secretion and lower proliferation (49). The transcriptional control of the exhaustion processes in
HCV is directly analogous to that seen in LCMV with the transcription factors TOX and TCF1

identified as central mediators (50).

A significant role for lymphocyte exhaustion in HBV infection has also been identified, with
recovery of cytolytic capacity by HBV specific exhausted CTLs with anti-PD-1 therapy
observed(51). Additionally, in non-viral chronic infections, exhaustion is shown to be relevant in
the inability to clear Mycobacterium tuberculosis infection, despite evidence of an effective initial

T-cell immune response (52).

Since the emergence of the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV2)
and its associated clinical manifestation of Coronavirus disease 2019 (COVID-19) in December
2019, this has dominated research agendas in particular viral immunology science. Though
principally an acute viral infection, from which most will fully recover, CD8+ CTLs specific to SARS-
CoV2 bearing transcriptional profiles and multiple cell surface exhaustion markers in keeping with
exhaustion have been identified, mostly in patients with severe COVID-19. These findings are not
uniformly replicated and the importance of lymphocyte exhaustion to the immune response in
this context is disputed (53). This however, does demonstrate the far reaching impact of the

translational changes observed in lymphocyte exhaustion in responses to human viral disease.

1.3.4 Exploiting lymphocyte exhaustion and dysfunction in human cancer

Following the identification of exhaustion in murine models and human viral infections, the
importance of this phenomenon in the ineffectual immune response to malignancy quickly
became apparent. In common with chronic viral infection, malignancy produces a state where by
persistent antigen can be presented to CD8+ CTLs as a result of progressive cancer. This similarity
and the presence of dysfunctional tumour infiltrating CD8+ lymphocytes expressing high levels of
PD-1 was observed early, and an appreciation made that exhausted TILs represented a potential

pool of tumour reactive CTLs that could be recruited and reactivated to treat cancer (54,55).

Gene expression profiles of tumour infiltrating CTLs from both human and murine tumours when
compared to those from chronic viral infections demonstrated exhausted lymphocytes present in
both contexts (56). Upregulation of inhibitory surface receptors is noted as a core feature of
lymphocyte exhaustion, and this too has been observed in tumour infiltrated CTLs. Their co-
expression is again associated with an increasingly dysfunctional phenotype and they are strongly

co-expressed with PD-1 (44,57).
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As in a chronic viral infection setting, a progressive loss of effector functions, including IFN-y, TNF-
o and IL-2, is observed in dysfunctional CD8+ TILs, and this has been observed across tumour
types including, but not exclusively in melanoma, lung cancer and gastric cancer (56-58). Of
interest too, is that the pattern of inhibitory receptors and the order in which loss of effector
functions develop appears context specific, not only different between infection and cancer, but
also between tumour types (59). The shared features suggests a common mechanism with
dysfunction in chronic viral infection, but it is not surprising that the nature of the dysfunctional
state diverges from this given the tumour microenvironment will only partially correlate with a

chronically infected site.

As is often true, while the molecular underpinning of lymphocyte exhaustion was being
uncovered, with PD-1 identified as an important player in this process, quick progress was made
to inhibit its function in pre-clinical models and then in humans (38,54). PD-1 inhibition
demonstrated promising early responses in a meaningful proportion of patients with metastatic
melanoma, a highly aggressive skin cancer, known to possess high levels of DNA mutations due to
ultraviolet light exposure and to possess an immune rich microenvironment. Previously largely
refractory to treatment with chemotherapy in the metastatic setting, encouraging response rates
heralded the start of the checkpoint blockade era. Response rates with single agent anti-PD-1
therapy, Nivolumab, showed a response rate in an expanded phase | trial of patients with
advanced disease of 28% in melanoma, 27% in renal cell carcinoma and 18% in non-small cell lung
cancer (60). Such response rates, including a number of complete radiological responses defined
by an inability to measure the cancer on computerized tomography (CT) scan after treatment,
were hugely encouraging. Even more so was the emergence of the so called ‘tail’ among patients
responding. This meant that a large proportion of those responding to treatment continued to
long term, even after completion of the therapy, without progressive disease, death or need for

further treatment, creating the picture of a tail on Kaplan-Meier survival curves.

Alongside the development of anti-PD-1 therapies, similar monoclonal antibody antagonist
targeting the cytotoxic T lymphocyte associated antigen 4 (CTLA-4) were being developed, and in
fact won the race for publication of impressive evidence of clinical responses and drug licensing
(61). CTLA-4 is upregulated at the cell surface after T lymphocyte activation, and acts to inhibit
lymphocyte activity through a number of mechanisms, including out-competing CD28 for its
target ligand B7 as well as inducing T cell arrest. Pre-clinical investigations into mouse models
showed CTLA-4 inhibition could lead to impressive tumour rejection in mice prompting
investigation in human disease (62,63). Two humanised anti-CTLA-4 monoclonal antibodies
entered clinical trials, and while survival benefit was disappointing for tremelimumab, potentially

for multiple reasons of trial design, ipilimumab showed a significant improvement in response
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rate and overall survival when given to patients with advanced melanoma. Two important
outcomes of these trials were firstly that again while response rates were modest at around 20%,
a large proportion of these experienced long term disease control, and secondly, immune
mediated toxicity of such drugs could be severe and required a new way of considering anti-

cancer drug side effects (61,64,65).

The early phase trials in inhibitory antibody drugs targeting PD-1 and CTLA-4 in melanoma where
such a success that these therapies have quickly moved on to become standard of care
treatments for patients with metastatic melanoma (66,67). Subsequently this quickly resulted in
evaluation of combination treatment consisting of both strategies, resulting in even greater
response rates and prolonged survival at over 50% at 5 years. This spurred the trial of immune

checkpoint blockade in a host of other malignancies (12).

While the model of lymphocyte exhaustion as defined in LCMV and observed in human viral
infections and cancer, was taking hold and developing, the therapeutic implications of exploiting
the themes uncovered raced past the knowledge base. The development of cohorts of patients,
with varying clinical features, cancer types and response rates treated with immune checkpoint
inhibitors subsequently produced an array of models for uncovering the details of lymphocyte

dysfunction in human cancers.

Early investigations into anti-PD-1 therapies demonstrated a reinvigoration of the PD-1+
exhausted T cell pool rather than recruitment from a PD-1- naive T cell source, leading to the
hypothesis of such treatments reversing progression along a linear pathway to exhaustion(38).
This linear progression model made intuitive sense given exhausted lymphocytes shared a
developmental relationship with differentiated effector lymphocytes but were driven to their
phenotype by persistent TCR activation. However, as exploration of the response to anti-PD-1
immunotherapy progressed, it became apparent that such treatment did not result in recruitment
of less exhausted PD-1"°" CTLs from a PD-1"&" terminally exhausted population, but rather that

responses arose from recruitment and proliferation of a less exhausted precursor population (68).

Recent work has attempted to combine the evolving knowledge of the development of
lymphocyte dysfunction in cancer with clinical responses to immune checkpoint blockade and
high dimensional analysis techniques such as single cell RNA sequencing and cytometry by time of
flight (CyTOF). Such work has allowed characterisation of distinct gene signatures that can
potentially predict response to treatment and have helped to develop the non-linear model of

lymphocyte exhaustion, based upon distinct populations (69-72).
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The use of the anthropomorphised term exhaustion was initially appropriate, but increased
appreciation of the complexity of these processes and the identification of distinct sub-

populations of exhausted lymphocytes, has rendering this terminology confusing.

The existence of two key populations of exhausted lymphocytes has now been broadly agreed
upon, though how to label them remains open for debate. A population of precursor exhausted or
stem cell-like lymphocytes which demonstrate a stem-like capacity, likely derived from antigen
specific effector cells that have gained the capacity to be long lived has now been confirmed. This
stem-like population can give rise to terminally differentiate exhausted lymphocytes, which

display the progressive dysfunction outlined as characteristic in early exhaustion studies.

For the sake of clarity, these populations will be labelled precursor exhausted (PExh), and
terminally differentiated exhausted (TExh) lymphocytes respectively, in this report. The term
exhaustion will be reserved for discussing the phenomenon broadly, rather than referring to a

specific lymphocyte population.

1.3.5 Precursor exhausted lymphocytes

As stated above, initial hypotheses suggesting exhausted lymphocytes derived from terminally
differentiated T lymphocytes have now been replaced by a consensus that a heterogeneous
population of exhausted lymphocytes arise early in an infection or cancer formation from effector
cells and in the presence of high levels of antigen survive the contraction phase of the immune
response and are long lived (34). During initial development these cells arise from the same pool
of KLRG1'" effector cells that give rise to T memory cells following acute infection. It was also
noted that senescent KLRG1+ effector cells could not give rise to exhausted cells suggesting a

distinct population from senescence (73).

A key property of memory T cells is their ability to persist in the absence of stimulatory antigen via
the effects of IL-7 and IL-15. On re-exposure to antigen this population of memory cells can
subsequently be re-energised and undergo cell division and clonal expansion, as well as activate
effector functions. The precursor exhausted phenotype however is not maintained by IL-7 and IL-
15 and cannot be maintained in the absence of stimulatory antigen (74,75), suggesting an
alternative origin through early differentiation from activated T effector cells. Despite this there is
a close association observed with memory T cells particularly with sharing of crucial transcription
factor, T-Cell factor 1 (TCF1), and common transcriptional profiles with effector memory T cells

(Tem) (Figure 1).
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Figure 1 Potential developmental relationship between exhausted, effector and memory

CD8+ T lymphocytes.

Dominant hypothesis for developmental pathway of exhausted CD8+ T lymphocytes
within the context of chronic LCMV infection. High level of similarities between pre-
exhausted and memory precursor lymphocytes. Progressive antigen exposure drives
precursor exhausted to terminally differentiated exhausted CD8+ T lymphocytes
resulting in reduced proliferative potential and increased inhibitory receptor
expression. Classical transcription factor profile displayed for both precursor and
terminally differentiated exhausted phenotypes. Adapted from Blank et al 2019 (76).

Created with BioRender.com.

An essential component of the exhausted lymphocyte pool is a precursor exhausted lymphocyte
population commonly defined as PD-1"8" TIM3"“TCF1+. This population possess characteristics of
both stem cells and memory cells, such as self renewal and an ability for rapid expansion. TCF1,
also commonly known as Transcription Factor 7 (TCF7), encoded by the TCF7 gene, is a
transcription factor essential in differentiation and persistence of memory CD8 T cells, and was

found to be a main component signature in melanomas responding to anti-PD-1 immune
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checkpoint blockade (69). Subsequently this population has been shown to be the source of
tumour specific terminally differentiated exhausted lymphocytes, produced from this pool in
response to PD-1 blockade and responsible for tumour regression, both in animal transfection

models and in human cancers (69,77,78).

While precursor exhausted lymphocytes express PD-1, this is typically at a lower level than among
the terminally differentiated exhausted lymphocyte population. In addition, they typically do not
express other surface markers associated with exhaustion and are commonly defined as having
negative or low expression levels of the TIM3 and low levels of LAG3 and TIGIT, which are all
commonly upregulated in terminally differentiated exhausted lymphocytes. For this reason this
precursor exhausted population is often described as PD-1'°" TIM3-, PD-1'°% or PD-1'""/TCF 1"
(29,79)(Figure 1).

With regard to CD8+ T lymphocyte effector molecules, precursor exhausted lymphocytes maintain
an ability to secrete IFN-y, IL-2 and granzyme B, the production of which is inhibited with
progression towards a terminally differentiated exhausted phenotype (80). Reinvigoration of the
precursor exhausted population by PD-1 blockade will also result in release of terminally
differentiated exhausted lymphocyte population that can themselves transiently produce effector

molecules.

1.3.6 Terminally differentiated exhausted lymphocytes

The second key population of exhausted lymphocytes is the terminally differentiated exhausted
lymphocyte population. This group contains lymphocytes in a range of states of progressive
dysfunction, from their development from precursor exhausted lymphocytes, through functional
effector-exhausted states to a terminally exhausted hypo-functional state. It has been
demonstrated through single cell RNA sequencing studies and mass cytometry studies that this
group, often characterised as PD-1"&" TIM3+ TCF1-, can maintain a range of effector functions,
particularly in the context of cancer (44). This group is important in maintaining an anti-tumour
immune response, and are the cell population responsible for tumour killing secondary to
immune checkpoint blockade after being released from the precursor exhausted population

following treatment with anti-PD-1 immunotherapies (78,80).

In addition to TCF1 negativity, thymocyte selection-associated high mobility group box protein
(TOX) expression is maintained in these terminally differentiated exhausted lymphocytes and is
responsible for persistent PD-1 expression. TOX also plays a role in the upregulation of other
surface markers of exhaustion such as TIM3, LAG3, TIGIT and the Natural Killer Receptor 2B4

(2B4/CD244). TOX expression is also essential to ensure survival of this cell population. T-bet
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expression levels fall with progression towards terminal exhaustion, and an accompanied rise in
the transcription factor Eomesodermin (Eomes) observed in chronic viral infections, though this is
equivocal in tumour models(81). Eomes expression plays an important role in enhancing the
proliferation of memory CD8+ lymphocytes, has been regularly identified through transcriptomic
analysis to be upregulated in the terminally exhausted lymphocyte phenotype(82). Eomes
expression appears to be under the control of TOX, whereas Eomes co-expression with TCF1 is not

observed (82,83)(Figure 1).

As already eluded to, as terminally differentiated exhausted lymphocytes progress along their
path towards a hypofunctional, terminally exhausted state, increasing expression levels of surface
markers of exhaustion are observed. TIM3, LAG3, TIGIT and 2B4 have already been mentioned,
and a range of other surface proteins are observed as associated with this state, including the
activation marker CD38, CTLA-4 and CD160. The precise repertoire of surface markers expressed
as terminally differentiated exhausted lymphocytes move along this pathway varies between
chronic infection and cancer models, as well as between tumour types, with the differences
driven by the specific tumour microenvironment and the co-stimulatory signals received during

development (42,44,57).

1.3.6.1 Transcription factor control of precursor exhausted and terminally differentiated

exhausted lymphocytes. — TCF1 and T-bet

TCF1 plays a number of roles in lymphocyte biology, including a role in the commitment and
development of thymic progenitors into double negative thymocytes, as well as in the
development and maintenance of central memory T cells (Tcm) during and immediately after an
acute infection. TCF1 is essential in the establishment and persistence of the precursory
exhausted population that are PD-1+, on persistent antigen stimulation and is responsible for
their stem-like, self-renewing properties (78,80,84,85). It has been mentioned that initial evidence
suggested a development of precursor exhausted lymphocytes from a terminally differentiated
effector T cell origin, however the importance of TCF1 as well as other transcription factors
important in memory cell differentiation such as Id3 and shared transcriptional profiles has led to
a consideration of greater crossover with the memory compartment than initially considered, as

depicted in figure 1(80,86).

In addition to positivity for TCF1, the precursor exhausted population has been shown to possess
high expression levels of other transcription factors. The T-box transcription factor, T-box
expressed in T cells (T-bet),encoded by TBX21 gene, is known to play a role in differentiation of
lymphocytes and sustain activity of short lived effector cells in acute infection. Within the

precursor exhausted population, it acts to maintain survival by repressing expression of PD-1 and
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other inhibitory receptors and suppressing the progression to a terminally differentiated
exhausted phenotype(71,87). T-bet was much discussed in the early exhaustion literature with
regards to its reciprocal relationship with its sister T-box transcription factor Eomesodermin
(Eomes). Eomes regulates protein expression needed for memory cell development following
acute infection and is responsible for terminally differentiated exhausted lymphocyte
development, regulating among other processes, surface inhibitory receptor translation (88). The
reciprocal expression pattern of these two T-box transcription factors is well established in
chronic infections, in tumour models however there is evidence of reduced T-bet and Eomes
expression in TILs as tumours progress. Another example of the difference between the canonical

LCMV exhaustion model and the lymphocyte dysfunction experienced in cancer (81).

Additionally the thymocyte selection-associated high mobility group box protein (TOX) has been
increasingly identified as a key player in promoting the persistence of precursor exhausted
lymphocytes. Expression is elevated in these cells, and is maintained into terminally differentiated
exhausted lymphocytes where it is essential to their maintenance and avoiding apoptosis (89,90).
Its expression is also necessary for expression of multiple surface markers of exhaustion with PD-
1, CD39, TIM3, 2B4 and TIGIT all under expressed in exhausted lymphocytes from chronic LCMV
infection on deletion of the TOX gene (89). TOX, expression is induced by high antigen stimulation
of the TCR and plays a crucial role in epigenetic remodelling that differentiates this population
from memory cell populations, with TOX and TCF1 co-expression differentiating progenitor
exhausted lymphocytes from progenitor memory lymphocytes, despite TOX also playing a role in

effector memory T cell (Tem) development (85,90).

1.3.7 Cell surface markers of exhaustion and dysfunction

1.3.7.1 PD-1 and its ligands

The programmed cell death receptor 1, known as PD-1 or CD279, has been mentioned extensively
with regards to its significance in lymphocyte exhaustion, though without detailed description of
its function, control or ligands. A cell surface receptor, PD-1 is a member of the CD28/CTLA-4
family of T cell regulators and consists of an immunoglobulin (Ig) superfamily domain, linked to a
transmembrane domain and an intracellular tail. Its intracellular tail contains an immunoreceptor
tyrosine-based inhibition motif (ITIM) and an immunoreceptor tyrosine-based switch motif
(ITSM), which are phosphorylated on binding to its ligand. First described in 1992 as a gene

upregulated in T cell hybridoma cells undergoing programmed cell death, PD-1 knock out mice
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developed profound autoimmunity suggesting an important role in tolerance and immune

regulation (91-93).

PD-1 is encoded by the Pdcd1 gene on chromosome 2 in humans and expressed on T cells, B cells
and natural killer T (NKT) cells, as well as being found on activated monocytes and DCs. PD-1 is not
expressed on resting T cells but is induced after activation, with effects of its ligation evident
within a few hours of TCR stimulation, though this is not always correlated with the degree of

expression (93).

In addition to PD-1 expression associated with CTL activation, as discussed above it is a key
marker of exhaustion with PD-1 positivity a marker of precursor exhausted lymphocyte
populations and high levels of PD-1 positivity associated with a terminally differentiated
exhausted population. The presence of high PD-1 expression alone can identify a functionally

distinct population of TILs with high levels of tumour antigen engagement and recognition (94).

Engagement of PD-1 with its ligands allows for recruitment of protein tyrosine phosphatases
(PTPs), including SHP-2 as well as SHP-1, which allows for downregulation of TCR co-stimulation
through de-phosphorylation of key signalling elements including CD3Z, ZAP70, PKC6 and PI3K.
Additional inhibitory activity can be mediated through reduced AKT activity mediated by loss of
PI3K, as well as potential activity through the inhibition of the RAS-MEK-ERK signalling pathway,

and reduction in cell cycling proteins, among other mechanisms (reviewed in 91,93).

The ligands for PD-1 are the programmed death-ligand 1 (PD-L1) also termed B7-H1 or CD274, and
programmed death-ligand 2 (PD-L2), also called B7-DC or CD273. These transmembrane cell
surface proteins are members of the B7 protein family. Expression of both ligands is stimulated by
IFN-y, though type 1 interferons can also upregulate their expression, and GM-CSF and IL-4 also
associated with PD-L2 expression. PD-L1 is principally expressed on tumour cells, antigen
presenting cells, T lymphocytes, endothelial cells and fibroblasts, whereas PD-L2 is mostly found

on dendritic cells, B cells, macrophages and monocytes (93,96).

Inhibiting the PD-1/PD-L1 axis has been discussed in terms of blocking PD-1 with drugs such as
nivolumab or pembrolizumab, but there has been advances in inhibiting PD-L1. A handful of anti-
PD-L1 inhibitors are in routine clinical use currently and demonstrating strong efficacy in a range
of tumours. This includes Atezolizumab, Avelumab and Durvulumab, which between them have
been licensed for use in non-small cell and small cell lung cancer, triple negative breast cancer,

urothelial, renal cell, merkel cell and hepatocellular carcinomas.

In efforts to improve the efficacy of immune checkpoint blockade therapies and select patients

who are most likely to respond, measuring levels of PD-L1 expression, as defined by a variety of
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metrics, though all immunohistochemistry based, have been incorporated into trial designs. PD-
1/PD-L1 inhibitors are now licensed for use in a number of contexts if PD-L1 expression reaches a
pre-defined level, this including oesophageal cancer(97). While immunohistochemistry is utilised
in clinical practice for such assessments, there is evidence for equivalent results being obtained
from flow cytometry based techniques, allowing quantification of PD-L1 expression on specific cell

types such as immune cells or cancer cells (98).

1.3.7.2 CTLA-4

The cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), CD152, is another inhibitory member
of the CD28 family. First identified in 1991 as an alternative receptor for the B7 ligands, it was
observed that CTLA-4 knock out mice developed a profound autoimmunity suggesting an

importance in immune tolerance (99,100).

CTLA-4 is predominantly identified in intracellular vesicles within activated conventional T
lymphocytes and FoxP3+ regulatory T lymphocytes (Tres). This occurs due to rapid endocytosis of
CTLA-4 from the plasma membrane after its expression, with 90% of the protein being identified
as intracellular. The mechanism of action of CTLA-4 remains under debate, however it is
expressed on activated T cells following TCR engagement, and out competes CD28 for its targets,
binding CD80 and CD86 with greater avidity and affinity. It is hypothesised that CTLA-4 then
removes these molecules from the cell surface so they can no longer enhance activity, while also
recruiting a phosphatase to the TCR and thus weakening its signalling. An additional mechanism of

action is suggested with engagement of PI13K (101,102).

The therapeutic effects of blocking CTLA-4 for anti-cancer effects has already been alluded to,
with ipilimumab being the first checkpoint blocking immunotherapy to gain widespread use. It has
often been considered that the mechanism of action of this was to inhibit CTLA-4 binding to the
ligands of, and out competing, CD28. However other mechanisms have been proposed, including
the antibody mediated depletion of Treg, the subgroup of lymphocytes in which CTLA-4 is
constitutively expressed, thus removing a mechanism of dampening the anticancer immune

response (102).

Regardless of mechanism, what has been observed from use of these treatments, blocking CTLA-4
induces a range of auto-immune like side effects. An immune mediated colitis in particular was
identified as being associated with ipilimumab, and its sister drug tremelimumab in early trials,
resulting in some treatment related fatalities, prompting a change in practice among oncology
services administering these drugs, and almost the cancellation of investigation into this

important therapy (65,66).
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1.3.7.3 TIM3

The T-cell immunoglobulin and mucin-domain containing-3 (TIM3) or Hepatitis A virus cellular
receptor 2 (HAVCR2) is another cell surface protein identified to be expressed by IFN-y producing
lymphocytes and is considered another key surface marker of exhaustion (103). A member of the
TIM family of immune-regulatory proteins, TIM3 is encoded by the HAVCR2 gene in humans on
chromosome 5. While initially identified on CD4+ and CD8+ lymphocytes, expression has

subsequently be identified on Tges, myeloid cells, NK cells and mast cells (104).

TIM3 is reported to have multiple ligands, including Galectin 9, Phosphatidylserine, HMGB1, and
CEACAM1. The mechanism of its inhibitory mechanism is poorly understood, and TIM3 has no
known inhibitory signalling motifs in its cytoplasmic tail. When upregulated, TIM3 can be found in
lipid rafts at the immunological synapse. In its un-ligated state TIM3 is thought to bind the HLA-B-
associated transcript 3 (BAT3) and tyrosine kinase FYN, and once ligated tyrosine residues on its
intracellular domain are phosphorylated, causing release of these proteins and subsequent

inhibitory signalling (104).

While initially identified in an autoimmune setting, TIM3 has been identified as associated with
lymphocyte exhaustion and is a marker of the most dysfunctional lymphocytes in the context of
LCMV, as well as human chronic viral infections, HIV, HBV and HCV (104). It also often identifies
the most dysfunctional CD8+ tumour infiltrating lymphocytes where it is strongly associated with
PD-1. Expression of TIM3 has been identified as being regulated by T-bet, but also the
immunosuppressive cytokine CD-27 (105), linking it with other inhibitory receptors such as LAG3
and TIGIT (106). It has also been shown to be expressed on T cells that have lost TCF1 expression
and thus moved away from a progenitor like exhausted phenotype and is under the control of

TOX (78,89).

TIM3 is differentially expressed in TILs from various tumour types, though is regularly described as
expressed on CD8+ TlLs from melanoma, head and neck cancer, haematological malignancies and

gastric cancer (58,104).

Building on such observations, interest has been ongoing in manipulating TIM3 therapeutically in
order to augment the anticancer response of other checkpoint inhibitors. There have been
successes in pre-clinical models and human trials of TIM3 inhibitory molecules are ongoing. Of
additional note, co-blockade of TIM3 and CD39, molecules with high expression on CD8+ TILs not
responsive to anti-PD-1 therapy, has shown promising results in shrinking tumours in a mouse

melanoma model (69).
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1.3.7.4 LAG3

Lymphocyte-activation gene 3 (LAG3) is another cell surface inhibitory receptor. Encoded in
humans by the LAG3 gene and also known by CD233, LAG3 was identified in 1990 in an NK cell
line. It has subsequently been identified as another important negative regulator of lymphocyte
function and is expressed upon activated T lymphocytes of various subtypes, B lymphocytes and
plasmacytoid dendritic cells. Another type 1 transmembrane protein it possesses 4

immunoglobulin like domains on its extracellular fragment, and an intracellular tail (107,108).

The principle ligand of LAG3 is MHC class Il, to which it binds with higher affinity than CD4, with
whom it bears significant structural differences (107,109). Additionally galectin-3 and the C-type
lectin LSECtin have been identified as ligands, as has the fibrinogen-like protein 1 (FGL1)
(108,110). Similar to TIM3, LAG3 lacks a specific inhibitory motif on its intracellular domain, but
does possess several highly conserved motifs, the precise mechanism for its inhibitory effects
remain to be elucidated. Despite this uncertainty, its inhibitory effects appear to be correlated
with the degree of LAG3 expression, suggesting a mechanism as a rheostat to limit over activity of

lymphocytes (108).

Expression of LAG3 is under the control of numerous transcriptional regulators, including TOX,
nuclear factor of activated T cells (NFAT) among others, with T-bet acting to repress its
transcription in a manner different to TIM3. LAG3 expression is also shown to be mediated by IL-

27 (108,111).

Similarly to early studies into CTLA-4 and TIM3, mice deficient in LAG3 were shown to have a
propensity for autoimmunity, including type 1 diabetes. Investigation into lymphocytes infiltrating
human tumours followed with its up regulation on dysfunctional lymphocytes noted (112).
Inhibition alongside PD-1 in pre-clinical models demonstrated an ability to induce proliferation
and cytokine release in dysfunctional lymphocytes and to bring about tumour regression. Findings
that have been followed up with in-human studies, though no LAG3 targeting molecules have

found their way into routine clinical use (108).

1.3.7.5 TIGIT, 2B4, CD38 and others

Of course PD-1, CTLA-4, TIM3 and LAG3 are not the only inhibitory receptors identified as
checkpoints to lymphocyte function, they are just among the most high profile. There is a host of
candidate molecules identified through high throughput omics techniques such as transcriptomic
assessment using RNA sequencing at a bulk or single cell resolution, epigenetic profiling through

techniques such as the Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq),
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and high dimensional mass cytometry using cytometry by time of flight (CyTOF), among others
(41,44,113).

The application of such approaches onto a reproducible murine model, in the LCMV infection has
led to the detailed characterisation of lymphocyte dysfunction in this context. Large scale studies
utilising RNAseq have identified proteins up or down regulated in this canonical model. This
includes sets of transcription factors, genes responsible for cell trafficking and chemotaxis,

aberrations in cell metabolism and also distinct patterns of cell membrane proteins (41,43).

By identifying modules of genes and proteins, associated with distinct phenotypes in the LCMV
model, an appreciation can be made of similar classes of immune cells within other contexts,
including human tumours. It is at this intersection with patients receiving immunotherapy
treatments that molecular phenotypes resulting in distinct clinical outcomes can be identified. It
has been reproducibly shown in a range of tumour types that the abundance of a precursor
exhausted lymphocyte population is associated with improved patient survival (69,70). In some
contexts an abundance of the precursor exhausted TIL population is associated with improved
responses to immune checkpoint blockade(70) where as in others possession of a high proportion
of a terminally differentiated exhausted phenotype is associated with improved responses,
highlighting the need to understand precisely the nature of exhaustion and dysfunction in each

clinical context (69,114).

Commonly identified among the wider group of potential immune inhibitory receptors over
expressed in exhausted and dysfunctional lymphocytes is the T cell immunoglobulin and
immunoreceptor tyrosine-base inhibitory motif [ITIM] domain (TIGIT). Present at the surface of
some T lymphocytes and NK cells this member of the immunoglobulin superfamily is encoded by
the TIGIT gene. Similar to other molecules in this class, early results showed a correlation between
loss of TIGIT function and autoimmunity (115,116). Expression is upregulated upon T cell
activation, when it can bind to its ligand the poliovirus receptor (PVR). This ligand is shared with
the co-stimulatory molecule CD266, and it is by out-competing this positive signal that TIGIT’s
inhibitory function is thought to work, at least in part, though interfering with CD266 dimerization

is also considered (115,116).

TIGIT has been demonstrated to be highly expressed upon tumour infiltrating lymphocytes, where
it plays a role as a regulator of anti-tumour responses which is considered to be closely associated
with PD-1 signalling. Co-blockade of PD-1 and TIGIT has been shown to dramatically increase IFN-y
production in tumour infiltrating CTLs and improve survival in mouse models (117). As the

mechanism for action of TIGIT and its precise place within the immune suppressive
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microenvironment of cancers are further uncovered, manipulation of this pathway is increasingly

being considered a potential avenue for clinical cancer immunotherapy research.

The Natural Killer Cell Receptor 2B4, also known as CD244, is another often discussed additional
inhibitory T cell receptor. This Signalling Lymphocyte Activation Molecule (SLAM) family immune-
regulatory receptor has been identified on many cell types including NK cells, basophils,
monocytes, dendritic cells and CD8+ T cells. Possessing two extracellular Ig-like domains, a
transmembrane domain and a cytoplasmic domain consisting of two Immunoreceptor Tyrosine-
based Switch Motifs (ITSM) that can interact with a range of inhibitory and activating signals,
including SHP1 and SHP2. Its ligand is CD48, a transmembrane receptor found ubiquitously on

haematopoietic cells (118,119).

CD244 has been identified as being upregulated on antigen experienced effector and effector
memory CD8 T cells, and particularly in lymphocyte exhaustion and is co-expressed with
numerous inhibitory receptors including PD-1, TIM3 and LAG3 (44,56). Similarly to TIGIT, blockade
of CD244 has been shown to increase production of effector molecules and degranulation by

antigen specific T cells, as well as increase proliferation (120).

A final protein to mention is the lymphocyte activation marker CD38, also known as cyclic ADP
hydrolase. This glycoprotein is found on numerous immune cells including T and B lymphocytes,
monocytes and NK cells. With an ability to act as an enzyme and a receptor, in its receptor
capacity CD38 binds CD31 on the surface of T cells and activates them to produce cytokines. On
binding its ligands CD38 has been shown to induce intracellular calcium signalling, a key
component of T cell activation (121). As mentioned CD38, along with TIGIT and 2B4 are frequently
discussed as being surface markers strongly correlated to the exhausted phenotype and have
been identified on this subset through high dimensional cytometry, making them potential

molecules of interest in this project (44).

Others inhibitory and stimulatory surface receptors have been identified through high
dimensional profiling studies but will not be discussed at length here as they are out of the scope
of this project. They do however represent a fascinating area of molecular biology, with potential
implications for preclinical and clinical research, both in translational cancer science and in the

field of chronic viral infection.

1.3.7.6 CD39 and adenosine metabolism

Extracellular accumulation of nucleotides, including adenosine is negligible in healthy tissues,
while it is high at sites of inflammation and within tumours. Such observations have led to the

hypothesis of a function for extracellular ATP (eATP) in modulating inflammation which has been
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gradually uncovered over the past two decades. It is now broadly accepted that while eATP,
released by stressed or dying cells, provides pro-inflammatory signals, adenosine broadly has
immune inhibitory effects (122). Adenosine signalling occurs through the type 1 purinergic
receptors such as A,a inhibiting immune effectors, and has directly contradictory effects to those
induced by ATP binding to type 2 purinergic receptors (122,123). T cell activation itself also causes

release of eATP, suggesting a necessity for homeostatic control of this process (124).

The majority of eATP in the tumour microenvironment is metabolised into extracellular adenosine
by a pair of ecto-enzymes, CD39 and CD73, producing an immune inhibitory milieu. AMP is
produced following eATP metabolism by CD39 and then converted to adenosine by CD73. CD39 is

typically the processes rate limiting step (123,125).

CD39, also defined as ectonucleoside triphosphate diphosphohydrolase 1, is encoded by ENTPD1,
and is a plasma membrane bound enzyme, active at the external cell surface. Expression, along
with downstream adenosine receptors, are triggered by a range of factors released by cells under
stresses. This includes TNF-a and IL-6 in response to chronic inflammation, as well as TGF-f and
HIF1-a, secondary to epithelial-to-mesenchymal transition, and also as a result of chronic antigen

stimulation of lymphocytes resulting in exhaustion (122,124,126).
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Figure 2 Metabolism of extracellular ATP to Adenosine.

Schematic diagram showing metabolism of extracellular ATP to AMP by CD39, and

AMP to immune inhibitory adenosine by CD73(122). Created with BioRender.com.
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High levels of CD39 have been identified in numerous solid organ and haematological cancers.
The majority of this overexpression of CD39 comes from increases in the cell surface enzyme on
non-cancer cells within the tumour microenvironment. This includes vascular endothelial cells,
fibroblasts and a number of immune cells, including natural killer cells, macrophages, CD4+CD25+
regulatory T cells, and tumour specific cytotoxic CD8+ lymphocytes (122,127). So important is
CD39 to Treg function, that loss of this can nullify their ability to negatively regulate effector T cell
functions, while it is present on only a small fraction of CD8+ T lymphocytes in healthy individuals

(125,126).

CD73 is itself highly expressed at the cell surface of tumour cells, as well as myeloid cells,
fibroblasts and vascular epithelial cells within the tumour microenvironment (127). In addition to
CD39 and CD73, the adenosinergic pathway is regulated by a number of membrane channels

controlling ATP release, as well as a host of specific ATP and adenosine receptors (24).

On activated CD8+ T lymphocytes, CD39 has been shown to be a marker of keen interest. It is
associated with an exhausted phenotype, identified in numerous early studies as being associated
with dysfunction, PD-1 expression and a terminal exhaustion phenotype(44). In human chronic
infection CD39 has been closely correlated with PD-1 expression and with increasing viral load in

both HIV and HCV, presumably as a result of increasing lymphocyte dysfunction (126).

More recently CD39 expression on tumour infiltrating CD8+ lymphocytes has been correlated to
an ability to detect TILs with tumour antigen specificity versus bystander lymphocytes (128,129).
This has been reproduced across a number of solid tumours, and patients whose tumours

contained a high number of CD8+ TILs that were labelled as double positive for CD39 and CD103

had an increased likelihood of survival (129).

In addition, TILs positive for CD39 show an impaired ability to secrete IL-2 and TNF-a, while IFN-y
production is maintained at a reduced level (130,131). CD39 positivity is highly correlated with
PD-1 and co-expression in CD8+ TILs is associated with an effector-memory, as well as exhausted
phenotypes, and is also associated with a strong tissue resident memory T lymphocyte

transcriptomic pattern (130).

It can therefore be hypothesised that CD39 positivity can help identify a population of CD8+ TILs
that are tumour reactive, associated with increased survival and associated with an exhausted,
tissue resident memory phenotype. There is little, published data of how such a cell type may

influence human adenocarcinomas of the upper digestive tract.
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1.3.8 Tissue resident memory cells

Throughout the discussion of lymphocyte exhaustion, it is noted that the border is often blurred
between the assumed effector T lymphocyte (Tere) origin of precursor and terminally exhausted
lymphocytes, and memory T lymphocytes. Another population with the functionality of both
effector and memory lymphocytes that are gaining increasing attention for their important role in

tumour biology and immunotherapy responses are tissue resident memory cells (Trm).

Trm cells reside in peripheral tissues, away from secondary lymphoid organs, where they can
respond rapidly to alarm signals and counter the effects of viral infection and emerging
malignancy (132—134). Peripheral retention is maintained by downregulation of markers of tissue
egress such as the chemokine receptor type 7 (CCR7) and the cell adhesion molecule L-selctin
(CD62L). Trm also possess increased expression of cell surface proteins that enable their retention,
including markers that have become used for their identification, C-type lectin CD69 and the
Integrin, alpha-E (ITGAE) commonly referred to as CD103(135). Additionally PD-1, CXCR6 and
CD101 are all commonly present on the surface of TRMs and can aid in their identification, though
the expression of these markers vary between tissues and organs. CD103 for example is most
highly expressed in Trm cells at mucosal sites, though is also found on Try isolated from cancers,

likely a reflection of the epithelial origin of many solid tumours (136).

The differentiation of Trm cells is driven by transcriptomic signatures in common with both
memory and effector T cells, reflecting their origin from T memory cells, and their ability to
rapidly proliferate and demonstrate effector functions (137-139). Transcriptional signatures, like
surface marker expression appears to be tissue specific, reflecting the tissues within which they
are retained as well as being specific for the potential pathogens they have encountered, and the
potential that some Trm populations may arise from long lived peripheral effector-memory T
lymphocytes (Tem). A number of transcription factors have been identified as important in Tgm
development and maintenance, though no master regulator has been identified for control of Tgm
development in all scenarios. The transcription factors Blimp-1, Runx3 and Id2 have all been
observed to play important roles, while Hobit is involved in murine Trv development and Notch

expression is upregulated in human Trm populations (137,138,140).

It is increasingly understood that Trm cells play an important role in cancers. Their presence within
tissues means that Trm are intimately associated with developing tumours and can expand rapidly
on detection of cognate peptide-MHC, and their abundance has been associated with better
clinical outcomes in a range of cancers (134). Tumour associated Trm are increasingly considered

to be a heterogeneous population though have been seen to be enriched for tumour reactivity
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and appear to have greater capacity to undertake effector functions than PD-1 positive non-Tgwm

CD8+ populations in the same tumours (114,141).

The heterogeneity of the tumour infiltrating Trm populations is increasingly considered, with
distinct functional capabilities and surface marker profiles. As there is no definitive marker or
transcriptional signature to delineate Try, it can be challenging to define if these subsets are true
Trm cells, Trm cells with exhausted-like features or other PD-1 positive lymphocyte populations
such as classically exhausted lymphocytes with phenotypic similarities to Tgm. Such difficulties
highlight the importance of characterising TlLs in specific contexts to understand how they
influence the tumour biology. An example these heterogeneous populations would include the
Blimp"&" and 1d3"&" groups described by Milner et al (140), where by the former group described a
population that possessed elevated transcripts encoding TIM3 and Granzyme B, and could be
interpreted as a terminally exhausted-like populations of TILs with maintained functionality. The
latter 1d3"&" group conversely was classified as having high expression of TCF1, high Slamf6 and
intermediate PD-1 expression. Such groups with differential functionality and responses to
immunotherapy have been identified in other studies of human and murine cancers, heightening
the interest in the nature of the heterogeneity in the composition of Trm populations, and the

influence this could have on patient outcomes (114,133,142).

An understanding of the complexion of lymphocyte exhaustion and tissue resident memory cell
infiltration within cancers of the gastrointestinal tract is gradually developing(143). While there is
published data relating exhaustion and Trum infiltration of oesophageal squamous cell
carcinomas(144,145), it remains limited and has yet to result in novel approaches to treating this
patient cohort. While lymphocyte infiltration, and specifically CD8+ lymphocyte infiltration has
been demonstrated as independently prognostic for patients undergoing resection of
oesophageal adenocarcinoma(27), the specific composition of this lymphocyte compartment with

regards to exhaustion and the abundance and phenotype of Trm remain unexplored.

1.4 Oesophageal cancer

14.1 Background demographics and aetiology

Cancer of the oesophagus is the seventh most common malignancy and the sixth most common
cause of cancer death worldwide, accounting for over 500,000 deaths globally in 2018 (146).
Gastric cancer is the fifth most prevalent cancer globally and fourth on the list of cancer deaths,

though it is less prevalent in the UK and western populations than oesophageal cancer (147,148).
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While incidence of distal gastric cancer is falling steeply, malignancy of the distal oesophagus and

gastro-oesophageal junction is increasing, with both predominantly adenocarcinomas (147,149).

Oesophageal adenocarcinoma is more prevalent in many Western countries, where incidences
are increasing, rising six-fold in the past 40 years, largely as a result of increased obesity, dietary
changes, gastro-oesophageal reflux disease and associated Barrett’s oesophagus, a recognised
precursor lesion(150). These rises in cases of oesophageal adenocarcinoma are seen in the United
Kingdom, as in other developed countries, where incidence is currently 6.6 per 100,000, the
highest in the world (147). Squamous cell carcinomas represent the majority of cases of
oesophageal cancer worldwide and predominates in East Asia and Africa with alcohol
consumption and tobacco smoking the principle risk factors as well as dietary consumption of

nitrosamines (150). The incidence of oesophageal squamous cell carcinoma is gradually falling.

Sadly, with patients often presenting with advanced disease, less than 40% will be potentially
suitable for curative surgery, the principle strategy for long term disease control. Optimal curative
outcomes are achieved with a mixed modality approach combining surgery with chemotherapy or
chemoradiotherapy, depending upon disease characteristics, though despite such treatment, over
50% of patients will relapse (151,152). It is for these reasons, as well as the difficulties in
controlling metastatic disease with current treatments including palliative chemotherapy,
radiotherapy and endoscopic interventions, that current 5 year survival for oesophageal cancer is

at approximately 17% (148).

1.4.2 Oesophageal Adenocarcinoma and Barrett’s oesophagus

As discussed oesophageal adenocarcinoma (OAC) typically occurs in the distal oesophagus and
gastro-oesophageal junction (GOJ). As an adenocarcinoma its origin is that of glandular epithelial
tissue. The global incidence of OAC is rising, and it can be increasingly viewed as a disease
associated with obesity, social deprivation, and advancing age. Obesity is among the greatest risk
factor, resulting in increased gastro-oesophageal reflux disease (GORD) driving development of
the precursor lesion Barrett’s oesophagus. The disease is more common in males, with more than
twice as many men than women diagnosed with OAC in the UK annually. Additionally, increasing
age is a key factor in disease development, 41% of newly diagnosed patients are over 75.
Oesophageal cancer incidence in the UK is 43% higher in women from the most deprived
communities compared to the least, and this rises to 50% higher incidence in men. 59% of cases

of oesophageal cancer in the UK are considered preventable (148,150,153).

Barrett’s oesophagus (BE) is a classical example of a precursor malignant lesion, presenting a

mosaic of intestinal and gastric metaplasia with oesophageal squamous epithelia being replaced

28



Chapter 1

by gastric columnar cells, considered to be as a result of GORD. BE is not a single state, but shows
progression from squamous epithelium, through a non-dysplastic (NDBE) stage, a low grade
dysplasia (LGD) and into high grade dysplasia (HGD) which can eventually transform into an
oesophageal adenocarcinoma. As lesions progress through these stages, the annual risk of
transformation to OAC increases, from <0.3% per year for NDBE, to 5-10% per year for LGD and
>20% for HGD (154—-156). At a molecular level, BE shows significant abnormality with rates of
tumour mutational burden only slightly lower than that of OAC and high numbers of single-base
substitutions, with this increasing with progression to HGD. Predicting which patients will
progress to an occult cancer is challenging. While mutations to key OAC driver genes have been
observed in BE, as well as loss of heterozygosity of certain chromosomal fragments, 17p and 9p,
and mutation of TP53 and associated with risk of progression in some studies, no molecular
pattern has been proven reliable to select patients at highest risk (150,156,157). As such routine

endoscopic surveillance remains to gold standard monitoring.

Given the anatomical continuity between the distal oesophagus and the stomach, and the
understanding that many oesophageal adenocarcinomas arise from metaplasia of squamous
epithelium to a gastric-like columnar epithelium at either the GOJ or distal oesophagus,
terminology can become important. Tumours arising at the GOJ can be considered as
oesophageal tumours, junctional tumours or further divided based upon the Siewert
Classification. Siewert type | tumours are adenocarcinomas of the distal oesophagus from an area
of metaplasia which may infiltrate into the GOJ, type Il arise from the cardia or short segments of
intestinal metaplasia at the junction, and type Ill tumours arise from the gastric tissue beyond the
junction and invade the oesophagus from below (158). For the purposes of this study,
oesophageal adenocarcinoma will refer to tumours of the oesophagus and junction (Siewert type
I-111) unless otherwise stated. Junctional or GOJ adenocarcinomas include Siewert type I-lll.
Oesophagogastric tumours will be used to describe adenocarcinomas of the oesophagus and
stomach generally. Gastric adenocarcinomas will relate to those tumours arising in the stomach,

not involving the junction.

Accurate clinical and pathological staging of cancers is crucial in predicting prognosis for patients
and selecting the most appropriate therapeutic options. The most commonly used approach is the
TNM (Tumour, Lymph node and Metastasis) scoring detailed by the 8" edition of the American
Joint Committee on Cancer (AJCC) staging of epithelial cancers of the oesophagus and
oesophagogastric junction (159). Separate scores are allocated based upon the bulk of the
primary tumour (T0-T4), the number and distribution of involved lymph nodes (NO-N3) and the
presence or absence of distant metastases (M0-M1). There are different scoring systems available

for clinical staging, pathological staging and staging after neoadjuvant therapies. Of note a T score

29



Chapter 1

of O represents a regressed or undetectable tumour, T1 invades the oesophagus no deeper than
the submucosa, with increasing depth allocated higher scores until T4 tumours which are invading
structures outside the oesophagus (159). Details of Siewert and TNM classification is detailed in

Appendix A.

1.4.3 Curative Treatment — surgery, chemotherapy and radiotherapy

Optimal curative treatment for OAC involves surgical resection of the tumour and regional lymph
nodes alongside either pre-operative chemoradiotherapy or peri-operative chemotherapy.
Surgery is extensive and most commonly utilises the Ivor Lewis oesophagectomy technique,
where by a laparotomy and right thoracotomy are undertaken in order to mobilise the tumour
and adjacent organs, perform two-field lymphadenectomy of associated oesophageal and gastric
lymph nodes, resection of the tumour and adjacent oesophagus and stomach, followed by
intrathoracic anastomosis of the gastric conduit with the proximal oesophagus (160,161). Both
open and minimally invasive techniques are used for this procedure and in some health
economies there is a drive towards robotic techniques. There is a move to performing
oesophagectomies in high through-put centres by experienced operators to improve outcomes,
but even with this, surgery typically lasts 6-8 hours, has a significant associated mortality of
approximately 2%, and given the nature of the anatomical changes, almost 60% of patients will
experience significant morbidity after their surgery, and all will have lifelong nutritional

implications (161,162).

There has been a gradual evolution of perioperative chemotherapy and chemoradiotherapy over
the past decades since the confirmation in the early 2000s that platinum based combination
chemotherapy regimens given either before, or before and after surgery could improve outcomes
(163). These early trials importantly proved that there was not a significant increase in
perioperative mortality with adding intensity to the treatment as had been feared, and that, in
the case of one study of lower oesophagus, GOJ and stomach cancers treated with perioperative
chemotherapy, 5 year survival can be extended from 23% to 35% (164). Subsequent studies
assessed outcomes in more specific populations, and trialled varying treatment regimes, typically
favouring a cisplatin or oxaliplatin backbone, and included radiotherapy. At present, depending on
tumour characteristics including location, expected patient fitness and co-morbidities, one of two
approaches is typically chosen for optimal perioperative treatment in oesophageal
adenocarcinoma. This is either perioperative chemotherapy of docetaxel (50mg/m?), oxaliplatin
(85mg/m?), leucovorin (200mg/m?) and fluorouracil (2600mg/m? 24 hour infusion) given in 2
weekly cycles for four cycles before and after surgery as per the FLOT trial(151), or preoperative

chemoradiotherapy using the CROSS protocol consisting of carboplatin (AUC 2mg/mL per min)
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and paclitaxel (50mg/m?) weekly for 5 cycles with concurrent radiotherapy of 41.5Gy in 23

fractions 5 days per week, followed by surgery (152).

There remain a cohort of patients who for various reasons, proceed directly to surgery after
diagnosis without neoadjuvant therapy. This is either due to fitness, contraindications to
chemotherapy because of comorbidities or even due to patient choice, though with the

understanding that they do so, potentially at the expense of poorer outcomes.

Among the key predictors of success for curative treatment are the achievement of a complete
pathological resection, described as RO, where a margin of normal tissue at least Imm is observed
around the tumour, and the degree of tumour regression following preoperative treatment (162).
It is observed that CROSS style chemoradiotherapy has superior percentage of tumours achieving
a complete pathological response. This is countered by concerns that the less intense systemic
chemotherapy given in CROSS undertreats micro-metastatic disease and may be inferior in
preventing distant metastases. For these reasons, both treatment regimens are considered

appropriate, and are selected based upon patient characteristics (162,165).

The potential for immunotherapy to add benefit to these established neoadjuvant therapies is an
area of keen interest and numerous clinical trials. Trials are ongoing assessing the use of anti-PD-1
and PD-L1 antibodies, either alone or with chemotherapy or radiotherapy protocols (165).
Adjuvant therapies, given after surgery have shown little benefit in oesophageal cancer, but the
publication of data that nivolumab improved patient disease free survival to 22.4 months
compared to 11.0 months, when given to patients who had residual pathological disease at the
primary site following chemoradiotherapy and surgery, is of significant interest (165,166). It has
led to approval for use in this context by the US FDA in May 2021 (167) and subsequent approval
for use by the National Institute for Health and Care Excellence (NICE) in the UK (168). A first
immunotherapy treatment to be approved and funded for patients with oesophageal cancer by

the National Health Service (NHS).

1.4.4 Treatment of inoperable and metastatic oesophageal adenocarcinoma

As mentioned the majority of patients diagnosed with oesophageal cancer, do so with advanced
or inoperable disease. At present, their outlook is poor. A recent population study from Sweden
placed median survival in individuals receiving palliative therapy for oesophageal cancer at just
5.5 months. An added insult, is that this patient group experience significant morbidity as a result
of their disease, and spent a median of 19% of their life after diagnosis, in hospital (169).

Outcomes for patients in clinical trials appear better, but median survival is typically less than one
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year. The recommendations for palliative treatment is typically with a platinum chemotherapy

agent plus a fluoropyrimadine, though sometimes a taxane is added (162,170,171).

Between 7 and 34% of gastric cancers over express the HER2 and some data suggests this group
of patients have worse outcomes. Trastuzumab, a monoclonal antibody targeting HER2 can
induce antibody induced cell killing, and block stimulatory HER2 signalling and has been shown to
be of some benefit in patients with advanced gastric or GOJ cancer, in the ToGA study median
survival was improved from 11.1 months to 13.8 months with addition of HER2 therapy to
palliative chemotherapy. Trastuzumab is funded for use in the NHS for HER2 overexpressed

gastric and oesophageal cancer alongside cisplatin based chemotherapy regimens (153,172).

In the second line setting, responses and survival are even poorer. Second line Docetaxel is
commonly used in relapsed disease, though the survival benefit is only 1.6 months, less than 7
weeks (173). With the outcome of several decades of trials improving the management of
metastatic oesophagaogastric cancer being median survival of less than 1 year, and much shorter
than that for many patients, it is clear why there is such a strong appeal to harnessing
immunotherapies in this scenario if it were possible to achieve some of the results seen

elsewhere.

145 Rationale for immunotherapy - tumour microenvironment, inflammatory phenotype

and TMB

Central to understanding the inherent resistance of OAC to systemic therapies and the difficulties
in developing immunotherapeutic strategies based upon biomarkers such as PD-L1 scoring, is the
complexity and heterogeneity of this tumour type. On the surface there are many factors that
suggest OAC should be a disease primed for response to checkpoint blockade yet early studies

have shown a disease largely refractory to such treatments.

Often referred to as oesophageal cancer, the OAC and OSCC subtypes are very divergent with OAC
showing a molecular profile in keeping with being on a continuum with chromosomally instable
subtype of gastric adenocarcinoma and OSCC showing resemblance to head and neck SCC(174).
OAC possesses a high tumour mutational burden (TMB), with TMB scores of approximately 8.0
mutations/megabase though this varies by study, likely due to its chronic inflammatory GORD-
related aetiology. It has been shown to have low prevalence of high microsatellite instability (MSI-

high) approximately only 4%, with these almost exclusively among GOJ tumours (174-176).

Based upon the promising results from the Keynote-158 trial the US FDA has approved

pembrolizumab for use in patients with any metastatic or unresectable cancer, that displays a
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TMB-high (210 mutations/megabase) (177). Similarly, tumours demonstrating high degrees of
microsatellite instability (MSI-high) and deficiency of mismatch repair genes (MMRd) are
considered to possess a hyper-mutated state and as such produce high numbers of neoantigens
and high CD8+ TIL numbers. Patients with tumours demonstrating these characteristics have also
been granted access to pembrolizumab by the FDA as second line therapy in the setting of
advanced disease (178). Given this we would expect a good proportion of patients with metastatic
OAC to respond to anti-PD-1 checkpoint blockade, however results have often been
disappointing, and are lower than would be expected based upon TMB, adding to growing

evidence that TMB alone is a poor predictor of ICB response (179,180).

Oesophagogastric cancers are often characterised as being interferon high or inflamed, and
lymphocyte rich (181). This is clearly the case in some though there is a group in whom an

immune suppressive environment predominates, and in whom lymphocyte exclusion is present.

It is known from histological assessments of resected oesophageal cancers, that patient outcomes
are best in those individuals who have tumours possessing high levels of lymphocyte
infiltration(182). This association with improved survival following surgery was shown to be true
in patients with tumours highly infiltrated with cells positive for CD8 but not the case for the

general T cell marker CD3 or for CD4 (27,144,183).

As increasingly detailed understanding of the genetic aberrations underpinning OAC beyond TMB,
MSI-high and MMR are uncovered, associations with different immune phenotypes are apparent.
The most commonly mutated gene in OAC is TP53, and tumours with aberrant TP53 have been
shown to have high frequencies of long interspersed nuclear element-1 (L1) retro-transposons.
This is the most common structural genetic abnormality seen in OACs and has a strong negative
correlation with immune activation pathways, and is associated with low immune infiltration

picture and associated with poor survival (176,184).

Tumours of the chromosomal instable subtype of gastric and oesophageal adenocarcinomas have
been shown to be highly inflamed by tumour associated macrophages and in cases exclude CD8+

TILs to the tumour margin. They also display suppression of pro-inflammatory cytokines IL-2, IL-3

and IFN-y. Conversely the MSI and EBV associated oesophagogastric subtypes demonstrate a high
level of CD8+ TIL infiltration, high expression of PD-L1/PD-L2 and are rich in immune activatory

cytokines (174,176,185).

Interestingly, one recent study in gastric and OGJ adenocarcinoma has demonstrated that high
CD8+ T lymphocyte infiltration is associated with high PD-L1 expression and that this is correlated

with a poorer PFS and OS. They also found that high PD-L1 expression on tumour stromal rather
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than cancer cells was associated with the presence of CD8 TILs at the invasive margin of tumours,

rather than centrally (186).

Of course CD8+ T lymphocytes are not the only immune cell or stromal tissue relevant to cancer
progression. Relevance of tumour associated macrophage (TAM), CD4+ T helper lymphocytes, Treg
and cancer associated fibroblasts (CAF) have all been observed in the outcome of oesophageal
cancers. Heterogeneity, as for the other themes discussed thus far, is also the case for these
components of the immune microenvironment. Between the distinct subsets described earlier,
genome stable oesophagogastric cancers enrich for CD4+ T cells, TAMs and B cells, whereas
chromosomally instable tumours show infiltration with CAFs, TAMs and exclusion of CD8+ TILs

(174,185).

At present the only biomarker demonstrated as predictive of response to immunotherapy in
oesophagogastric adenocarcinoma is PD-L1 expression as defined by either Combined Positive
Score (CPS) or Tumour Proportion Score (TPS). The increasing understanding of the characteristics
of the mutational landscape of this group of cancers, and their immune infiltration often
identified through complex genomic profiling, has yet to make an impact on decision making in
the clinic. It is clear that to select the correct therapeutic approach for each patient with
oesophageal cancer, knowledge of the tumour immune landscape including potentially the
intrinsic capabilities of the CD8+ lymphocytes in this system, would allow optimal deployment of

treatments, be they immunotherapy, surgery, chemotherapy or other novel combinations.

1.4.6 Early immunotherapy trials

Following the early successes with immune checkpoint blockade observed in pre-clinical models
and in melanoma, and because of the reasons outlined above, such as a relevance of CD8+ TIL
numbers to survival and a high tumour mutational burden, trials were designed early to test the
effectiveness of PD-1 and CTLA-4 blockade in oesophagogastric adenocarcinoma. Early trials
showed mixed results. While there were no responses observed from single agent or doublet
immunotherapy comparable to those seen in Melanoma, there was an anti-tumour effect
observed in some patients with response rates often comparable to the generally poor responses

seen with chemotherapy in this setting.

ATTRACTION-2 was a randomized phase Il study undertaken in an Asian population across 49
centres in Japan, South Korea and Taiwan, assessing nivolumab vs placebo in patients who had
progressed following, or were intolerant of, two lines of chemotherapy. Median survival was
improved to a modest 5.3 months from 4.1 months, but 12 month survival increased from 10.9%

in the placebo group to 26.6% in the treatment arm. Additionally while the RECIST evaluated
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response rate was 12% with nivolumab, 40% of patients experienced some tumour shrinkage.

Responses were observed in both patients with a high and low PD-L1 expression (187).

These results demonstrated the possibility of anti-cancer activity for nivolumab in multiply
treated oesophagogastric adenocarcinoma. While median survival benefit was modest, a
subgroup were clearly deriving benefit and almost half were seeing some tumour regression, a
significant result in-deed given how refractory to treatment OG cancers do become. With a large
proportion of patients only ever receiving first line therapy, further investigation was needed and
in other populations if global use of immune checkpoint inhibitors was to adopted, this large trial

did established a proof of principle to be followed (187,188).

The CHECKMATE-032 study sought to assess responses to nivolumab vs one of two combinations
of ipilimumab and nivolumab in western populations where they had received at least 1, but
more usually 2 or more, lines of chemotherapy. Here responses were observed in the nivolumab
only group, superior to the combination groups. Again a sizable minority of patients received
benefit with 12 month survival 39% with nivolumab compared to 24% in one of the combination
arms. There was no placebo group (180). Assessing responses to pembrolizumab in previously
treated gastric and junctional adenocarcinomas, similar responses were seen, the KEYNOTE-059

study showed 42.6% experienced a measurable reduction in tumour size (189).

Buoyed by these results the KEYNOTE-061 study assessed pembrolizumab vs paclitaxel as a
second line treatment in advanced oesophagogastric cancer, and included PD-L1 positive and
negative patients. Results here however were negative with no significant improvement in

progression free survival or overall survival, in both PD-L1 positive and negative cohorts (190).

Also unsuccessful were some attempts to move the use of checkpoint blockade earlier in the
treatment paradigm of advanced oesophagogastric cancer. The KEYNOTE-062 trial showed that
pembrolizumab with or without chemotherapy in the first line setting was not superior to
chemotherapy alone in patients with PD-L1 high (CPS>10) or PD-L1 intermediate (CPS>1) tumours
(191).

It would appear that there is a place for checkpoint inhibitors in advanced oesophagogastric
adenocarcinoma in patients who have been sensitised to respond, either by earlier

chemotherapy, through high tumour mutational burden, or by other factors.

Given this, it is perhaps not a surprise that the recent improvements in outcome with anti-PD-1
therapies in oesophageal cancer are seen when this is combined with or after chemotherapy. The
Checkmate 649 study showed a statistically significant survival and progression free survival

benefit in first line treatment for gastric, GOJ and oesophageal adenocarcinoma with nivolumab
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plus chemotherapy utilising a platinum backbone, such as capecitabine and oxaliplatin or
fluorouracil and oxaliplatin, compared to chemotherapy alone. The benefit was most profound in
patients with PD-L1 high tumours (CPS >10) but was also seen in intermediate (CPS>1) and
negative cohorts (192). Additionally the already discussed Checkmate-577 study has shown a
benefit from adjuvant nivolumab given following chemoradiotherapy in high risk resected gastro-
oesophageal adenocarcinoma, where there was no evidence of complete pathological response

(166).

Oesophageal adenocarcinoma is a complex and heterogeneous disease as has been repeatedly
mentioned. On reflection it is no great surprise that a simple approach of utilising first line single
agent or combination checkpoint blockade would not be sufficient to bring about meaningful
responses in this patient population. The data presented above, demonstrates an importance of
CD8+ T lymphocytes in the control of this disease, either following surgery or by systemic
treatment of advanced disease. The responses observed in some patients to checkpoint blockade,
in many instances regardless of PD-L1 status, a biomarker predictive of CD8 TIL infiltration and a
pro-inflammatory microenvironment, are interesting. As too is the suggestion that the use of
cytotoxic chemotherapy in some form, has a priming effect on the tumour microenvironment or
the CD8+ TlLs themselves. As such there must be a more effective way to predict those who will
respond to therapies, and when the systems behind these predictions of response are
understood, there is potential to exploit them for patient benefit. We should be under no illusion
that the positive results of the trials discussed above, still represent at best, a short improvement
in disease free survival, reasonable health, and overall survival, much more will have to be
achieved if we are to bring about the sea change in 5 year survival that is hoped for when

pursuing immunotherapeutic treatments.

The aim of this project was to investigate the phenotype of tumour infiltrating CD8+ T lymphocyte
exhaustion in resected human oesophageal adenocarcinomas in order to gain insight into

potential mechanisms behind differential responses to immune checkpoint blockade.
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Chapter 2 Materials and Methods

2.1 Experimental protocols

211 Access to samples

Tumour samples were accessed through collaboration with the Academic Surgical department
and obtained through the Upper Gastro Intestinal Tumour Ecology Study, led by Professor Tim
Underwood (ethical approval in place; REC number 18/NE/0234). Human oesophageal and gastric
adenocarcinoma samples were collected from resected tumours at the time of surgery from

patients undergoing curative procedures at University Hospitals Southampton NHS trust.

Patients were approached prior to surgery by a member of the clinical trials team and provided
with information regarding enrolment into the study, and if in agreement, informed consent was
obtained. Study enrolment did not alter the clinical management of the patients, but following
tumour resection, samples were obtained for multiple research projects, including this study.
Patient and treatment details, as well as clinical outcomes were collected and anonymised by the

clinical trials team.

Samples were collected in theatre immediately on completion of tumour resection, and 8mm
punch biopsy specimens were removed from the centre of the tumour, with the remainder sent
for routine histological assessment. Anonymised specimens were then transferred directly to the
research laboratory on ice, where they were received and processed for analysis immediately,

ensuring time from resection was at an absolute minimum.

2.1.2 Tumour disaggregation

Oesophageal and Gastric adenocarcinoma samples were washed in sterile Phosphate buffered
saline (PBS) (Sigma-Aldrich, Darmstadt, Germany), and minced using a scalpel. Specimens were
then transferred into 5ml of RPMI 1640 Medium (Sigma-Aldrich, Darmstadt, Germany)
supplemented with Sodium pyruvate solution (Sigma-Aldrich, Darmstadt, Germany) at 1mM,
Hepes Buffer (Lonza, Basel, Switzerland) at 10mM, L-Glutamine solution (Sigma-Aldrich,
Darmstadt, Germany) at 2mM, Penicillin-Streptomycin (Sigma-Aldrich, Darmstadt, Germany) at 50
units/mL and 50ug/mL, and Amphotericin B (Gibco, Thermo-Fischer Scientific, Waltham, MA,
USA) 1.25ug/mL. Specimens incubated at 37°C with continuous agitation in medium containing
Collagenase P at 3 IU/mL (Merck, Darmstadt, Germany) and DNase | at 40 IU/mL (Merck,

Darmstadt, Germany).
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Disaggregated material was passed through a 70um Easystrainer™ sterile strainer (Greiner bio-
one, Kremsminster, Austria), centrifuged at 1500rpm for 5 minutes and the supernatant
removed. Cells were re-suspended in 1mL of 1X red blood cell lysis buffer (Biolegend, San Diego,
CA, USA). Cells further suspended in 10mL of complete RPMI medium and passed through a 40um
sterile strainer (Fisher Scientific, Loughborough, UK). Cell suspension centrifuged at 1500rpm for 5
minutes and supernatant discarded. Cell pellet re-suspended as single cell suspension ready for

further use.

213 Flow cytometry

Monoclonal antibodies used for flow cytometry staining are detailed in Appendix B, and were
supplied by BioLegend (San Diego, CA, USA) and Thermo Fisher Scientific (Waltham, MA, USA). All
antibodies were titrated prior to first use to identify the optimal concentration for use, using
either peripheral blood mononuclear cells (PBMC) from healthy donors or other suitable control

cell types expressing the marker of interest.

Staining of cells for extracellular marker was undertaken in U-bottom 96 well plate, in a final
volume of 100uL MACS buffer, comprised of PBS supplemented with foetal calf serum (FCS) (GE
Healthcare, Chicago, IL, USA) at final concentration of 0.5% and Ethylenediaminetetraacetic
acid (EDTA) (Thermo Fisher Scientific, Waltham, MA, USA) at final concentration of 2mM. For
intracellular staining 100uL Permeablization Wash Buffer (Foxp3/Transcription Factor Staining
Buffer Set, Thermo Fisher Scientific, Waltham, MA, USA) was used. Antibodies added at final
concentration of between 1.25 and 5pl per 100uL dependant on results of antibody titration

experiments. All antibody staining was incubated for 30mins at 4°C in dark conditions.

Intracellular staining was performed following fixation and permiablisation of samples using
200pL Fixation/Permiabilization solution (Foxp3/Transcription Factor Staining Buffer Set, Thermo
Fisher Scientific, Waltham, MA, USA), incubated on ice for 45 minutes. Following permiabilisation,

antibody staining undertaken in Permeablization Wash Buffer.

Samples for flow cytometric evaluation only analysed using Beckton Dickinson (BD) FACSCanto I
flow cytometer or a BD LSRFortessa flow cytometer. Data was analysed using FlowJo version

10.8.1 software (FlowlJo LLC, Beckton Dickinson, Ashland, Oregon).

Fluorescene-activated cell sorting undertaken by staining cell samples in same method as for
analysis using the FACSCanto, and samples sorted using a BD FACSAria Ilb machine. Extracellular

staining only was used prior to cell sorting given need for live cells. Cells sorted into 500uL RPMI
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1640 supplemented as above, in sterile nuclease (RNase/DNase) free tubes, or into 500uL of

TRIzol™ solution (Zymo Research, Irvine, CA, USA).

2.1.4 Tumour infiltrating lymphocyte culture

Disaggregated samples of resected oesophageal or gastric adenocarcinoma tumour, or sorted
lymphocytes (TIL) were cultured in 24-well or 96-well plates containing either 2000uL or 200uL of
Human TIL culture medium. Human TIL culture medium was comprised of RPMI 1640 Medium
(Sigma-Aldrich, Darmstadt, Germany) supplemented Human AB Serum (Sigma-Aldrich, Darmstadt,
Germany) at a final concentration of 10%, Sodium pyruvate solution (Sigma-Aldrich, Darmstadt,
Germany) at 1ImM, Hepes Buffer (Lonza, Basel, Switzerland)10mM, L-Glutamine solution (Sigma-
Aldrich, Darmstadt, Germany) at 2mM, Penicillin-Streptomycin (Sigma-Aldrich, Darmstadt,
Germany) at 50 units/mL and 50ug/mL, and Amphotericin B (Gibco, Thermo-Fischer Scientific,
Waltham, MA, USA) 1.25ug/mL.

Medium was supplemented with anti-CD3 pure functional grade anti-human antibody (Thermo-
Fischer Scientific, Waltham, MA, USA) up to 1ug/mL, anti-CD28 pure functional grade anti-human
antibody (Thermo-Fischer Scientific, Waltham, MA, USA) up to 0.5ug/mL and IL-2 (Proleukin)
(Novartis, Basel, Switzerland) 1000/6000 IU/mL. Concentrations varied dependent upon
experimental set up. Specimens were incubated at 37°C, and medium supplemented with IL-2 was

changed every 48-72 hours if prolonged culture required.

2.15 Cell Freezing

Cells for freezing suspended in 500uL of culture medium, RPMI 1640 Medium (Sigma-Aldrich,
Darmstadt, Germany) supplemented with Sodium pyruvate solution (Sigma-Aldrich, Darmstadt,
Germany) at 1ImM, Hepes Buffer (Lonza, Basel, Switzerland)10mM, L-Glutamine solution (Sigma-
Aldrich, Darmstadt, Germany) at 2mM, Penicillin-Streptomycin (Sigma-Aldrich, Darmstadt,
Germany) at 50 units/mL and 50ug/mL, and Amphotericin B (Gibco, Thermo-Fischer Scientific,
Waltham, MA, USA) 1.25ug/mL.

Samples were then placed in 1mL cryogenic tubes suitable for liquid nitrogen freezing on ice.
500uL freezing mix added, consisting of 80% Foetal Bovine Serum (GE Healthcare, Chicago, IL,
USA) and 20% Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Darmstadt, Germany), and samples
transferred immediately to gas phase of liquid nitrogen freezer, being transferred to liquid phase

after 24 hours.
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Samples thawed by adding and diluting in 10mL of warmed mixture of 50% Foetal Bovine Serum
and 50% culture medium. Rapid thawing to ensure dilution of DMSO to reduce toxicity to cells.
Cells centrifuged at 1200rpm for 5 minutes prior to resuspension in 10mL of culture medium. Cells

were re-suspended in desired dilution volume after further 5 minute centrifuge at 1200rpm.

2.1.6 RNA extraction

RNA extraction from cultured cell lines, thawed PBMC samples or sorted tumour infiltrating
lymphocytes utilised commercially available RNA spin column kits. The kits trialled were the
Qiagen RNeasy Plus Micro Kit (Qiagen, Hilden, Gemany) (193), Zymo Quick RNA Miniprep Kit
(Zymo, Irvine, CA, USA) (194) and Direct-Zol Zymo RNA Microprep Kit (Zymo, Irvine, CA, USA)
(195). These products came complete with buffers, RNase/DNase free tubes, and utilised spin

column based nucleic acid purification technology.

All RNA extraction procedures were undertaken in a dedicated room for work using nucleic acid
techniques, and in a dedicated hood kept sterile by laminar air flow, following sterilisation with
UV light and RNase decontamination solution RNaseZap (Invitrogen, Carlsbad, CA, USA).
Dedicated pipettes, pipette tips and containers were used for RNA extraction procedures, all
certified as RNase and DNase free. RNA extraction using spin columns were performed as per
manufacturers’ protocol, with samples and reagents kept on ice except for when otherwise
specified. RNA samples were analysed and/or frozen at -80°C immediately on completion of

extraction.

RNA extraction using the phenol-chloroform technique was similarly undertaken in a dedicated
room and hood kept sterile by laminar flow, UV sterilisation and RNAase decontamination
solution. All equipment sterilised and RNase/DNase free. Protocol from Toni et al selected (196).
Steps utilising chloroform undertaken in a laboratory fume hood, sterilised with RNAse
decontamination solution prior to use. RNA samples in 500uL TRIzol™ thawed on ice and kept on
ice throughout. 100uL of Chloroform >99% (MP Biomedicals, Thermo Fisher Scientific, Waltham,
MA, USA) added and mixed thoroughly by shaking. Sample allowed to rest for 3 minutes before
centrifugation at 12,000xg for 15 minutes. The RNA containing upper aqueous phase was
transferred to 100uL of Chloroform in a fresh tube, mixed thoroughly by shaking, allowed to rest
for 3 minutes and centrifuged at 12,000xg for 15 minutes. RNA precipitated by adding aqueous
phase to 250uL of RNase free Isopropanol (Thermo Fisher Scientific, Waltham, MA, USA) in a fresh
RNAse free tube. Mixed by inverting tube 20 times, and allowed to settle at room temperature for
10 minutes. Centrifuged at 12,000xg for 10 minutes at 4°C. Supernatant discarded, 1mL of freshly

prepared 75% ethanol added, centrifuged at 7,500xg for 5 minutes at 4°C. Supernatant discarded
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and 75% ethanol wash repeated. Supernatant carefully removed by pipette and precipitated RNA
allowed to air dry for 3-5 minutes. RNA solubilized in 20uL of nuclease-free water before

immediate use or freezing at -80°C.

2.1.7 RNA quantification

RNA quantification was undertaken using Qubit Fluorometric Quantification with a Qubit 4
Fluorometer device (Invitrogen, Carlsbad, CA, USA), utilising the Qubit RNA HS Assay Kit
(Invitrogen, Carlsbad, CA, USA) with a defined detection range of 0.25-100ng RNA/puL. Samples for
analysis and standards were prepared in a sterile hood with sterile, RNase free equipment (as for
RNA extraction). Samples were prepared as per manufacturer’s protocol, on ice, and analysed

immediately.

Quality assessment of RNA product extracted was made using the Agilent 2100 Bioanalyzer with
the Agilent RNA 600 nano kit (Agilent Technologies, Waldbronn, Germany) and 1uL of sample.
This technique had a manufacturer defined detection range of 25-500ng/uL. Samples and

reagents were prepared and analysed as per manufacturer’s instructions.

2.1.8 Smart-seq2 RNA sequencing

RNA sequencing undertaken using the Smart-seq2 protocol as described by Picelli et al (197).
Purified RNA samples extracted from sorted tumour infiltrating lymphocytes used as input.
Procedure undertaken in a dedicated room and hood kept sterile by laminar air flow, following
sterilisation with UV light and RNase decontamination solution RNaseZap (Invitrogen, Carlsbad,
CA, USA). Dedicated pipettes, pipette tips and containers were used as for RNA extraction

procedures, all certified as nuclease-free. All samples kept on ice unless otherwise stated.

2.1.38.1 Primer preparation

Primers for Smart-seq2 specifically ordered (biomers.net, Ulm, Germany) and subject to HPLC
purification. These included the Oligo-dT30VN (5'-AAGCAGTGGTATCAACGCAGAGTACT30VN-3’)
primer which anneals to all RNAs with a poly(A) tail, contains 30 thymidine bases, ‘V’ is either A,C
or G and ‘N’ is any base. Template switching oligonucleotide (TSO) (5'-
AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3') containing the common primer sequence at the
5’ end, and at the 3’ end 2 riboguanosines (rG) and one locked nucleic acid modified guanosine
(+G) to facilitate template switching. The final primer ISPCR (5'-AAGCAGTGGTATCAACGCAGAGT-

3’) acts as a PCR primer for the amplification step post reverse transcription. Primers dissolved in
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TE buffer (10mM Tris, 1ImM EDTA) (Sigma-Aldrich, Darmstadt, Germany) to a concentration of
100uM solution. Stored at -20°C.

2.1.8.2 Reverse transcription

RNA in 2.3uL nuclease-free water added to 1uL of oligo-dT30VN primer and 1puL of 10mM dNTP
mix (Thermo Fisher Scientific, Waltham, MA, USA), in nuclease-free 0.2mL PCR tubes. Mixed by
vortexing. Oligo-dT30VN annealing completed by incubating at 72°C in thermal-cycler with heated
lid for 3 minutes (Applied Biosystems® Veriti® 96-Well Thermal Cycler, Thermo Fisher Scientific,

Waltham, MA, USA), samples immediately returned to ice on completion.

Reverse transcription mixture made as detailed in Appendix C combining SuperScript Il reverse
transcriptase (200U/uL, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), SuperScript I
first-strand buffer (5x Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), RNase inhibitor
(40U/uL, Thermo Fisher Scientific, Waltham, MA, USA), Dithiothreitol (DTT) (100mM, Thermo
Fisher Scientific, Waltham, MA, USA), Betaine (5M, Sigma-Aldrich, Darmstadt, Germany),
Magnesium Chloride (1M, Sigma-Aldrich, Darmstadt, Germany), the TSO primer and nuclease-free
water. 5.7uL of mixture added to RNA/oligo-dT30VN/dNTP mixture, and reverse transcription

step run on a thermal-cycler with heated lid, as detailed in Appendix C.

2.1.8.3 PCR pre-amplification and cDNA clean up

PCR mixture prepared as detailed in appendix C by combining first-strand reaction produced
during reverse transcription stage with KAPA HiFi HotStart ReadyMix (2x, Roche Molecular
Systems, Pleasanton, CA, USA) high fidelity DNA polymerase and reaction reagent mixture, the
ISPCR primer (10pM) and nuclease free water. After mixing, the PCR pre-amplification step is
performed on a thermal-cycler with heated lid (Appendix C), though of note 22 cycles of PCR were

utilised rather than the 18 in the source publication, following protocol optimisation.

On completion of PCR pre-amplification the cDNA product was purified using magnetic Agencourt
AMPure XP beads (Beckman Coulter, Indianapolis, IN, USA). 25uL of equilibrated AMPure XP
beads are added to the PCR reaction mixture at a 1:1 ratio. After incubating at room temperature
for 8 minutes, the PCR tubes were placed on a magnetic stand for 5 minutes. The clear solution
was removed carefully, and the beads washed twice with freshly prepared 80% Ethanol. The
beads were allowed to air dry before being re-suspended in 17.5uL of nuclease-free water off the
magnetic stand. The PCR tubes were replaced onto the magnetic stand and 15uL of the clear
solution containing the cleaned cDNA product was removed and placed in fresh tubes for analysis

and storage. This cDNA product was then analysed using the Agilent 2100 Bioanalyzer with the
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Agilent High Sensitivity DNA kit (Agilent Technologies, Waldbronn, Germany) as per

manufacturer’s protocol using 1L of sample. Purified cDNA was stored at -20°C.

2184 Tagmentation and Indexing

Tagmentation using the lllumina Nextera XT DNA sample preparation kit (lllumina, San Diego, CA,
USA) was undertaken using 150pg of purified cDNA from each sample. This cDNA, with differing
volumes owing to concentration variations was prepared on ice and mixed with nuclease-free
water added (volumes varied), Tagment DNA buffer (2x, 10uL, Nextera XT kit), and Amplicon
tagment mix (5uL, Nextera XT kit, added last to standardise degradation). The total reaction
volume was 20uL. The reagents were then incubated in a thermal-cycler for 5 minutes at 55°C,

before being held at 4°C.

The Tn5 transposase was stripped from the tagmented DNA with addition of 5uL NT buffer
(Nextera XT kit) prior to incubation at room temperature for 5 minutes. Amplification of adapter-
ligated post tagmentation fragments was undertaken by preparation of the enrichment PCR
mixture containing the tagmented cDNA (25uL), Nextera PCR master mix (15uL), with 5ulL each of
Index 1 and Index 2 primers. Total reaction volume 50uL. PCR performed for 12 cycles in a

thermal-cycler with heated-lid as detailed in Appendix C.

The tagmented and indexed PCR product purified with Agencourt AMPure XP beads by repeating
the process described previously, but with 30uL of beads added to the 50pL reaction mixture,
beads at a ratio of 0.6:1, to minimise carryover of primer dimers. Purified DNA analysed using the
Agilent 2100 Bioanalyzer with the Agilent High Sensitivity DNA kit (Agilent Technologies,
Waldbronn, Germany) as per manufacturers protocol using 1uL of sample. Purified cDNA is stored

at-20°C.
2.1.8.5 Library pooling and DNA sequencing

Tagmented and indexed samples were analysed by Bioanalyzer as above to identify average
fragment size. Qubit Fluorometric Quantification with a Qubit 4 Fluorometer device (Invitrogen,
Carlsbad, CA, USA), and the Qubit dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA) performed
on all samples, as per manufacturers protocol, to obtain the DNA concentration for all samples.

Sample molarity calculated using the following formula:
Picomoles/ul = DNA Concentration(ug/ml) / [0.66*DNA Size(bp)]

Samples diluted to produce 3nM solution. Equal volumes of each sample for sequencing mixed.
DNA concentration, average fragment size and molarity confirmed with Bioanalyzer and Qubit

assessment.
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Pooled libraries were sequenced by lllumina next generation sequencing using the lllumina
NextSeq550 platform — High output kit v2.5, 75 cycles, 400 million single end reads (lllumina, San
Diego, CA, USA). Libraries from 9-12 samples multiplexed to give in excess of the targeted 30
million single end reads per library. Multiplexed libraries were diluted and loaded into sequencing

cartridges as per lllumina NextSeq550 protocol.

DNA sequencing using Illumina NextSeq550 system (lllumina, San Diego, CA, USA).

2.1.9 Post-sequencing data processing

Binary Base Call (BCL) files produced by the NextSeq550 system were transferred to the University
of Southampton Iridis high performance computer cluster and converted to FASTQ files using the
BCL2FASTQ software package version 2.18, completing de-multiplexing and storage as text files.
FASTQ were then aligned to the human genome (using hg38) with software package STAR 2.7.6a.
Details of script used for the above computational alignment detailed in appendix D. On
completion of alignment the number of reads per gene from all samples were transferred to the R
software environment version 4.0.2 for collation into a single data frame and for downstream

analysis.

Differential gene expression analysis was undertaken using the DESeq2 package version 1.28.1 for
R to produce normalized gene expression counts and principle component analysis. Heatmaps
generated using Pheatmaps package version 1.0.12 and volcano plots using EnhancedVolcano
package version 1.6.0. Normalized gene expression counts produced using DESeq2 were used as
input for Gene Set Enrichment Analysis using the Broad Institute software version 4.1.0. Gene set
variation analysis undertaken in R using the GSVA (version 1.45.0) package. QIAGEN IPA analysis
was undertaken using the IPA software (December 2021 version) via their desktop application

(Qiagen Digital Insights, Hilden, Gemany). Script for downstream analysis displayed in appendix D.

2.1.10 Lymphocyte proliferation assay

Proliferation assays were undertaken on sorted lymphocyte populations. Disaggregated tumour
or healthy donor PBMC samples were thawed and stained as described above. Populations of
interest were sorted using the BD FACSAria lIlb machine into 500uL of RPMI 1640 Medium (Sigma-
Aldrich, Darmstadt, Germany) supplemented with Sodium pyruvate solution (Sigma-Aldrich,
Darmstadt, Germany) at 1mM, Hepes Buffer (Lonza, Basel, Switzerland) at 10mM, L-Glutamine
solution (Sigma-Aldrich, Darmstadt, Germany) at 2mM, Penicillin-Streptomycin (Sigma-Aldrich,
Darmstadt, Germany) at 50 units/mL and 50ug/mL, and Amphotericin B (Gibco, Thermo-Fischer

Scientific, Waltham, MA, USA) at 1.25ug/mL. No human AB serum or FCS was used given the

44



Chapter 2

propensity of CFSE to bind to albumin. For experiments comparing two populations of interest, an

equal number of cells from each group were sorted.

Sorted cells were pelleted by centrifuge at 2500 rpm for 3 minutes and then re-suspended in PBS
containing 5uM solution of Carboxyfluorescein succinimidyl ester CFSE (CellTrace™, Thermo-
Fischer Scientific, Waltham, MA, USA) and incubated at room temperature shielded from any light
for 5 minutes. Cells were again pelleted in the 1.5mL tube by centrifuge and washed in 1mL of
50% RPMI 1640 Medium (Sigma-Aldrich, Darmstadt, Germany) and 50% foetal calf serum (FCS)
(GE Healthcare, Chicago, IL, USA). This washing process was repeated 3 times before cells were re-
suspended in 200pL TIL culture medium as described in section 2.4 and supplemented with IL-2

(Proleukin) (Novartis, Basel, Switzerland) at 1000 IU/mL.

Stained lymphocyte populations were transferred to U-bottomed 96-well plates (Costar, Sigma-
Aldrich, Darmstadt, Germany) bound with anti-CD3 pure functional grade anti-human antibody
(Thermo-Fischer Scientific, Waltham, MA, USA) and anti-CD28 pure functional grade anti-human
antibody (Thermo-Fischer Scientific, Waltham, MA, USA), where they were incubated at 37°C for
24 hours.

96-well plates were bound with stimulatory antibodies by adding 200uL PBS containing anti-CD3
antibody at 1pg/mL and anti-CD28 antibody at 0.5ug/mL, to each well planned for use, and
incubating for 2 hours at 37°C before aspirating off PBS immediately prior to addition of test

sample in TIL culture medium.

Following 24 hour incubation, sample lymphocytes were stained for flow cytometry with APC
conjugated anti-CD8a antibody (BioLegend, San Diego, CA, USA), in 100uL MACS buffer after
washing twice by pelleting cells in the 96-well plate by centrifuge at 1500rpm for 2 minutes and
re-suspending in 200uL of MACS, as described in section 2.3. Following staining for 30 minutes on
ice, shielded from light, lymphocytes were washed and then re-suspended in 200uL MACS

solution for analysis on the BD LSRFortessa flow cytometer.

2.1.11 Lymphocyte stimulation assay

Stimulation assays were performed on thawed disaggregated tumour samples, and healthy donor
PBMCs. Thawed samples were washed and each experimental condition re-suspended in 200puL of
TIL culture medium prepared as described in section 2.4, with the addition of 5uL of PE/Cy7
fluorophore labelled anti-CD107a antibody. Samples were added to U-bottomed 96 well plates
with or without prior anti-CD3 and CD28 antibody binding, performed as described in section
2.10.
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Samples were incubated at 37C for 5-6 hours, with Brefeldin A (Golgi-PlugTM, Beckton Dickinson,
Franklin Lakes, NJ, USA) added at a concentration of 0.1% to each sample after the first hours
incubation. On completion of incubation period samples were removed from the incubator, and
stained for flow cytometry using both extracellular and intracellular staining, as detailed in section
2.1.3. Samples were subsequently re-suspended in 200uL MACS solution for analysis on the BD

LSRFortessa flow cytometer.

2.2 Experimental procedure development and optimisation

221 RNA sequencing experiment optimisation
2211 Assessment of RNA extraction techniques

Cell numbers available for bulk RNA sequencing were expected to be low so the optimal approach
for extracting RNA quickly, from small numbers of cells was required. A range of methods for RNA
extraction were considered and assessed for their ability to isolate RNA from small numbers of
cells. Four methods were assessed including 3 commercially available spin column based
protocols (Qiagen RNeasy Plus Micro Kit (193), Zymo Quick-RNA™ Miniprep Kit (194), Zymo
Direct-zol™ RNA Microprep Kit (195)) and the reliable though more labour intensive phenol-
chloroform RNA extraction method (196). The Zymo Direct-zol™ and phenol-chloroform

techniques require samples stored in TRIzol™, a trade name for guanidinium thiocyanate.

All RNA extraction experiments were performed by the same operative to minimise bias, and
work was undertaken within a hood dedicated for pre-PCR work, sterilised with ultra-violet light,
treated with RNase inhibitor and protected by laminar air flow. All samples were kept on ice,
apart from when protocols stipulated a specific temperature. RNA was stored at -80 degrees and
returned to this temperature immediately when not in use, with freeze-thawing kept to absolute

minimums.

Spin column kits were tested as per the manufacturer’s recommendations. Multiple phenol-
chloroform RNA extraction protocols were reviewed, the protocol published by Toni et al. in 2018

(196) was selected for assessment, given its second clean up step to improve RNA purity.

Initial assessment of RNA yield were derived using Human Embryonic Kidney 293T (HEK 293T)
cells. They were counted and diluted to allow RNA extraction to be undertaken on 1000, 3000,
5000 and 10,000 cells in 500uL of either cell culture medium or TRIzol™, according to

manufacturer’s protocol. This process was repeated at least three times to ensure smooth
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application of the technique and consistency of results. The best performing RNA extraction

experiments are summarised for each technique below.

The RNA concentration of the extraction product was quantified using Qubit4 flurometer and Qubit

High Sensitivity RNA kit. According to the manufacturers of this test the sensitivity is 0.25-100ng/uL

with an input of 1-20uL. To attain the highest sensitivity from this test the whole extraction product

would be used for analysis, therefore 2L of sample was used for analysis (198).

# cells for Mean RNA concentration Resuspension
extraction (ng/ul) volume

Qiagen Rneasy Plus Micro Kit

1,000 2.10 12uL
5,000 5.33 12uL
Zymo Quick-RNA™ Miniprep Kit

1,000 0.64 50uL
5,000 2.24 50uL
Zymo Direct-zol™ RNA Microprep Kit

1,000 1.15 12uL
5,000 9.04 12uL

Phenol-Chloroform RNA extraction technique

1,000 Not recordable 20ulL
5,000 1.79 20ulL
Table 1 RNA extraction technique analysis.

Yield
(ng)

25.20

63.96

32.00

112.00

13.80

108.48

35.87

Yield/cell
(pg)

25.20

12.79

32.00

22.40

13.80

21.70

7.17

Summary of RNA extraction from HEK 293T cells using Qiagen RNeasy Plus Micro Kit,

Zymo Quick-RNA™ Miniprep Kit, Zymo Direct-zol™ RNA Microprep Kit and phenol-

chloroform RNA extraction technique. Displayed are results obtained from 1000 and

5000 cells in 500pL of solution. Best performing assessment of each technique shown

for comparison.

Of the methods assessed all 3 spin column based techniques produced good RNA yields. The

Zymo Direct-zol™ RNA Microprep Kit had the benefit of an ability to elute RNA into a small volume

of water, and of using cells stored in TRIzol™ as its input, a potent inhibitor of nucleases. TRIzol™

represents a practical medium into which cells can be sorted into, lysed and stored without

disruption. The Phenol-chloroform technique did not yield higher RNA output and was
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considerably more labour intensive. For these reasons the Zymo Direct-zol™ RNA Microprep Kit

was selected for further assessment.

RNA was isolated from the human PBMCs of healthy donors alongside HEK 293T cells, to allow
both quantification and assessment of quality of the extracted RNA product. Cells were counted
and diluted in 500uL TRIzol for extraction. RNA quantification was again assessed using the Qubit4
fluorometer and Qubit High Sensitivity RNA kit, while an assessment of RNA quality was made
using the Agilent 2100 Bioanalyzer and RNA 6000 Nano Kit with input volume of 1uL and
sensitivity range 25-500ng/uL (199). This assessment produces an RNA integrity number, with
high quality RNA producing scores close to 10, with figures greater than 8 typically suggesting
good quality RNA (200).

RNA was readily extracted from high numbers of cells from both cell lines and PBMCs, 25-50,000
cells in 500uL TRIzol™, with a yield of greater than 0.5pg/cell for the small PBMC cells. However,
lower cell numbers 5-10,000 cells did not result in easily quantifiable yields of RNA from PBMCs,

though it could recover RNA from larger, cells lines where RNA is known to be more abundant.

# cells for Mean RNA Resuspension Yield (ng)  Yield/cell RIN
extraction concentration (ng/ulL) volume (pg)

HEK 293T cell RNA extraction

1,000 1.45 12uL 17.40 17.40 n/a
5,000 3.9 12uL 46.8 9.36 8
25,000 27.333 12uL 327.996 13.11984 9.1
100,000 40.00 12uL 480.00 4.80 10.00
PBMC RNA extraction

1,000 Too low 12ulL - - n/a
5,000 0.84 12uL 10.08 2.016 n/a
25,000 2.04666 12uL 24.5592 0.982 n/a
100,000 5.84 12uL 70.08 0.7008 6.6
500,000 19.066666 12uL 228.7992 0.4575 7.6

Table 2 Assessment of the Zymo Direct-zol™ RNA Microprep Kit.

Summary of quantification and quality assessment of RNA extraction from HEK 293T

cells and human healthy donor PBMCs using the Zymo Direct-zol™ RNA Microprep
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Kit. Displayed are results obtained from 1000, 5000, 25,000, 100,000 and 500,000
cells in 500pL of TRIzol™.

HEK 293T PBMC
100,00 cells RN 100 100,00 cells  rm76
[FU] [FU] p
"U o I
| N L L R
0 ) o " ] =
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Figure 3 RNA quality assessment using Agilent 2100 Bioanalyzer.

Electropherogram output with RNA integrity number from Agilent 2100 Bioanalyzer
and RNA 6000 Nano Kit of RNA extracted from 100,000 HEK 293T cells and human
healthy donor PBMCs.

It is possible to use the Zymo Direct-zol™ RNA Microprep Kit to extract high quality RNA from cells
stored at -80°C in TRIzol™, though RIN numbers do reduce as concentrations approach the lower
end of the Agilent RNA 6000 Nano kit detection range. Yield per cell from human PBMCs are
significantly reduced when compared to human immortalised cell lines, though this is to be
expected given the differing morphology and transcriptional output of these cells and is
consistent with the literature. This technique was shown to extract a high yield of RNA from low
numbers of cells down to 1000 cells, and it was expected it would do so from lower numbers of

cells, though this may difficult to quantitate.

Given these observations the Zymo Direct-zol™ RNA Microprep Kit was used to extract RNA from
sorted OAC TlILs sorted into TRIzol™. With the aim for downstream sequencing, ample controls

were used to assess the efficiency of the RNA extraction process.

2.2.1.2 Assessment of expected yield of TILs isolated by fluorescence-activated cell sorting

(FACS)

In order to assess the feasibility of undertaking bulk RNA sequencing on sorted samples of rare
populations of TILs from oesophageal adenocarcinoma specimens, an assessment was made of
the potential yield in terms of cell numbers. Initially a total of 7 fresh samples from resection
specimens were sorted, using the gating strategy outlined in chapter 4.2.1. 3 populations of
CD8+CD44+ TILs were collected in this trial, all expressing PD-1 and CD39 positivity and varying
degrees of TIM3 and LAG3 expression. The first population is positive for PD-1 and CD39, but
negative for LAG3 and TIM3, and labelled as ‘Double Positive’ (DP). A second population was PD-
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1, CD39 and LAG3 positive, but TIM3 negative and labelled ‘Early Exhausted’ (EExh), and a final
population was positive for PD-1, CD39, LAG3 and TIM3 and provisionally labelled ‘Late
Exhausted’ (LExh). TILs from these populations were sorted into 400uL of ice cold TRIzol™
solution, and on completion of sorting, were transferred on ice directly to storage on -80 freezer

for storage.

Additionally a population labelled P4 was also sorted comprising of cells not gated as
morphologically lymphocytes, which presumably includes cancer cells from the tumour. These
cells were sorted into 500uL of ice cold complete RPMI and were frozen utilising the technique

described in section 2.1.5 in case of need in future experiments.

As was expected the greatest number of cells was recovered for the Double Positive (DP)
population 1, ranging from 66,000 from a progressing tumour treated with chemotherapy, to 189
in a responding tumour treated with chemoradiotherapy, median 6,900. The lowest number of
cells were recovered from the Early Exhausted (EExh) population 2 with a range from 14,000 cells
in a treatment naive tumour to 1 cell from a regressing chemoradiotherapy treated tumour. The
median was 201 cells recovered. Given the potentially low yield of TILs from sorting using FACS a

high sensitivity technique was needed for isolation of RNA and generation of cDNA library.

Sample sort Pretreatment Degree of tumour Population Population Population

number modality regression 1 2 3

1 No pre- N/A 59,000 14,596 2,402
treatment

2 No pre- N/A 3,221 30 18,507
treatment

3 CRT TRG2 189 1 485

4 Chemo (FLOT) TRG5 6,967 97 2324

5 CRT TRG1 41,226 1,132 1,643

6 Chemo (FLOT) TRG1 5,773 201 50

7 Chemo (FLOT) TRG5 66,929 2,178 403

Table 3 Cells recovered from trial FACS sorts of human oesophageal adenocarcinoma
specimens.

Number of tumour infiltrating lymphocytes from populations defined above

recovered by FACS from the first 7 tumours sorted using the BD FACS Aria lla. Table
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includes details of patient pre-treatment regimen and where applicable, histological

response.

2.2.1.3 Assessment of feasibility of RNA sequencing using SmartSeq2 protocol

Given the challenges described, a sensitive RNA sequencing protocol was sought for use in this
project. While keen to exploit the depth of sequencing that bulk RNA sequencing of a
homogenous population allows, many standardised approaches to bulk RNA sequencing would
require concentrations of RNA not feasible for this project. An example of this being the Illumina
TruSeq platform, a standardised process for performing RNA sequencing which would be
attractive, though requires a minimum input of 100ng RNA (201). Estimates based upon earlier
work would suggest that a potential yield from 1000 sorted lymphocytes may only equate to
approximately 2ng, thus a more sensitive process is required. As such the SmartSeq2 RNA
sequencing protocol was considered adaptable to this purpose (197). Initially developed as a full-
length single cell RNA sequencing technique utilising single sorted cells, it can also be adapted to
use several picograms of purified RNA as its input genomic material. As such it can be used for
bulk RNA sequencing of low concentrations of RNA. This has been used increasingly in studies
investigating the transcriptional profile of lymphocytes from human tissues, given its flexibility

and sensitivity (94,114,202).

As a first step towards adopting the Smart-Seq2 protocol for this project, purified RNA, extracted
during assessment of the Zymo Direct-zol™ RNA Microprep Kit, was used for a trial of cDNA
production. The concentration of the purified RNA input was measured using the Qubit4
fluorometer and Qubit High Sensitivity RNA kit immediately prior to starting, and this was added
directly to the primers and di-nucleotide mix prior to the reverse transcription step. Template
switching and PCR pre-amplification steps were performed prior to clean-up of cDNA using

Agencourt AMPure XP beads, as detailed in section 2.1.8. Purified cDNA was then stored at -20°C.

An assessment of the cDNA produced was made using the Agilent 2100 Bioanalyzer with the
Agilent High Sensitivity DNA kit. Similar to the kits for RNA assessment, this produces an
electropherogram detailing the distribution of DNA by fragment length, including two

standardised markers. Additionally it provides estimates of DNA concentration and molarity (203).
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Figure 4 Trial library preparation using SmartSeq2 protocol.

Electropherogram output from Agilent 2100 Bioanalyzer and Agilent High Sensitivity
DNA kit of cDNA produced using SmartSeq2 protocol from RNA extracted from
HEK293T cells and healthy donor PBMCs. Amount of RNA input at 10, 100 and 500pg.

This trial demonstrated an ability to utilise the SmartSeq2 protocol to produce a cDNA library
from low volumes of RNA, from 500pg down to as little as 10pg, extracted from cells, including

PBMCs, stored in and extracted from TRIzol™, using the Zymo Direct-zol™ RNA Microprep Kit.

2214 cDNA production and indexing of sequencing library from RNA extracted from

oesophageal adenocarcinoma TiLs

To test further the feasibility of utilising the SmartSeq2 protocol, library preparation was
attempted on populations of lymphocytes extracted from human oesophageal adenocarcinomas.
As detailed above the first 7 patient samples sorted for this project yielded differing numbers of
cells. Samples unlikely to be used for final sequencing analysis due to low collection yields in one

or more population were used for the initial trials.

RNA was extracted as previously using the Zymo Direct-zol™ RNA Microprep Kit and eluted into
12uL of RNase/DNase free water. A positive control of RNA extracted from 500,000 PBMCs
extracted simultaneously produced highly concentrated, high quality RNA (RNA concentration
67ng/uL, RIN 8.2 Agilent 2100 Bioanalyzer with the Agilent High Sensitivity DNA kit). RNA from the
most abundant sorted population from the trial sample was diluted with nuclease free water and
an equivalent of 100, 500 and 1200 cells RNA was inputted into the process, an estimated 0.2, 1

and 2.4pg of RNA respectively. On analysis by the Agilent 2100 Bioanalyzer with the Agilent High
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Sensitivity DNA kit, a peak representing cDNA was visible at all 3 levels of RNA input after cDNa

production.
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Figure 5 Successful cDNA production from oesophageal adenocarcinoma TILs using

SmartSeq2 protocol.

Electropherogram output from Agilent 2100 Bioanalyzer and Agilent High Sensitivity
DNA kit of cDNA produced using SmartSeq2 protocol from RNA extracted from sorted
exhausted tumour infiltrating lymphocytes. Electropherograms show cDNA from Sort

6 samples population 1 with equivalent of 1200, 500 and 100 cells of RNA input.

Successful cDNA production utilising the proposed experimental pipeline in samples of
approximately 5000 sorted cells and as little as approximately 1pg of purified RNA input, gave
confidence to move forward with RNA sequencing of further samples, and in doing so further

refine this process.

2.2.15 RNA sequencing of sorted TILs from human oesophageal adenocarcinoma

To confirm the efficacy of the RNA sequencing pipeline developed, RNA was extracted from
sorted TILs (Double positive, Early Exhausted and Late Exhausted groups, Populations 1, 2 and 3
respectively) isolated from the tumours of three patients collected during the development phase
of this work. This included one treatment naive patient, 1 post chemotherapy and 1 post CRT. The
tumours had not only received varying pre-treatment regimens, but also experienced differential
responses. The treatment naive tumour could not be graded for regression, though the
chemotherapy treated tumour showed progressing cancer (TRG5) while the CRT treated tumour

showed a complete pathological response (TRG1).

RNA was recovered from TRIzol™, using the Zymo Direct-zol™ RNA Microprep Kit, and given the
expected difficulties in quantifying RNA yield a control of 50,000 PBMC in an identical volume of
TRIzol™ was used and extracted concurrently. Once extraction success was confirmed in the
control sample, the SmartSeq2 protocol was initiated using eluted RNA equating to approximately
100-150 cells. 22 cycles of PCR used for PCR pre-amplification step, see materials and methods.
On completion of clean up steps, a cDNA library for each population from all 3 patients was

obtained.
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Figure 6 cDNA from 3 populations of TILs extracted from 3 oesophageal adenocarcinomas.

Electropherogram output from Agilent 2100 Bioanalyzer and Agilent High Sensitivity
DNA kit of cDNA produced using SmartSeq2 protocol from RNA extracted from sorted
exhausted tumour infiltrating lymphocytes. Electropherograms show cDNA from Sort

7,5 and 1, populations 1,2 and 3.

On completion of the cDNA production from all sample populations, the remaining stages of the
SmartSeq2 protocol were undertaken, including sample tagmentation and indexing, followed by
further DNA clean-up steps. This was undertaken using the Illumina Nextera XT indexing and
sample preparation kits as per the SmartSeq2 protocol. This process results in the cDNA being
fragmented into portions the appropriate length for the lllumina sequencing platform with a
combination of indexed labels at each end, unique for each sample. On completion samples were
again analysed using the Agilent 2100 Bioanalyzer and Agilent High Sensitivity DNA kit to ensure

appropriate fragmentation of cDNA for onward sequencing.
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Figure 7 Analysis of tagmented and indexed cDNA from first 3 oesophageal

adenocarcinomas.

Electropherogram output from Agilent 2100 Bioanalyzer and Agilent High Sensitivity
DNA kit of cDNA libraries produced from sorted exhausted tumour infiltrating
lymphocytes, following tagmentation and indexing. Electropherograms show cDNA

from Sort 7, 5 and 1, populations 1, 2 and 3.

Illumina next generation sequencing using the lllumina NextSeq550 platform was accessed on the
same site as clinical treatment of patients and experimental work in this project. In order to allow
at least 30 million single end reads per sample, a NextSeq 500/550 High Output Cartridge v2.5 (75
cycles) was purchased and used for sequencing. The molarity of all indexed samples was
calculated to ensure equal amounts of indexed DNA from each sample was included in
multiplexing and loaded into the sequencing cartridge. cDNA sequencing was run and raw data

transferred to the University of Southampton High Performance Computing System, Iridis.

2.2.1.6 Processing of transcriptomic data

On completion of the NextSeq550 sequencing run, Binary Base Call (BCL) files were converted to
FASTQ files using the BCL2FASTQ software package version 2.18, completing de-multiplexing and
storage as text files. FASTQ files were next transferred to the Iridis system and aligned to the
human genome (using hg38) with the STAR 2.7.6a. On completion of alignment data from all
samples was transferred to the R software environment for collation into a single data frame
allowing downstream data analysis. Initial analysis of data produced demonstrated an ability to
calculate differentially expressed genes and normalised and transformed counts to allow gene set

based assessment techniques, gene set enrichment analysis and gene set variation analysis.
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2.2.2 CD8+ proliferation assay development and testing

An assay for assessing proliferative potential among recovered TILs from human tumour samples
was sought in order to compare populations of interest. Several strategies for assessing
lymphocyte proliferation were considered and an assay utilising the carboxyfluorescein
succinimidyl ester (CFSE) dye was chosen. The fluorescent molecule CFSE binds covalently with
intracellular lysine residues and is maintained in stained cells, such that on cellular division the
concentration of CFSE is halved in each subsequent daughter cell, with concentrations measurable
by flow cytometry. A degree of toxicity is observed at high concentrations, limiting this process to

allow observation of up to approximately 8 cycles of proliferation (204).

Experimental development and validation used healthy donor PBMCs, initially counted and then
FACS sorted into TIL culture medium. A protocol utilising staining with 5uM CFSE and subsequent
washes in an FCS rich medium was chosen and decreasing numbers of cells were assessed
following culture in a range of conditions and differing incubation lengths between 1 and 6 days.
Lymphocytes were cultured in TIL culture medium enriched with IL-2 and human AB serum in 96
well plates bound with anti-CD3 and anti-CD28 antibody. At the end of the incubation period
cultured cells were stained with an APC conjugated anti-CD8a antibody prior to flow cytometric
assessment, aiming for detection of CD8+ lymphocyte progeny with minimal spectral overlap

between antibody and CFSE staining.

With an ability to detect proliferation in low number of sorted cells a priority for this experimental
plan, 50,000 down to as few as 500 sorted PBMCs were used for initial analyses and it was
possible to identify peaks of proliferating cells from as little as 1,000 sorted cells. It has been
possible to observe peaks of events on histograms displaying CFSE staining as detected by the
FITC channel of a standard flow cytometer, with this most obvious when only CFSE positive cells

were gated. Gates were defined using CFSE and anti-CD8a antibody unstained PBMCs.

The intention of this assay was to identify proliferative potential in the populations of interest, so
sorted cells were cultured with IL-2 as well as stimulatory antibodies binding CD3 and CD28. As a
result, a high degree of proliferation is observed, with small peaks for the various CFSE positive
populations when compared to the CFSE negative peak and the un-cultured CFSE stained control.
Given additional experimental time, the assay would have been optimised further with the
stimulatory molecules titrated downwards to give a less intense activation of proliferation and

clearer delineation of generations of daughter cells of the sorted TILs.

Given it would not be possible to reach the 100,000 lymphocytes it is possible to culture in a 96

well plate from the limited sample sizes available for this project, it was proposed to collect as
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many cells as possible for each experimental group, while attempting to roughly match the
number of cells collected in paired samples. This would allow direct comparison of paired DN and

DP samples.

Utilising this technique it is possible to identify lymphocyte populations undergoing cell
proliferation with clear peaks visible for each generation of daughter cell. The protocol developed

was taken forward for use on oesophageal adenocarcinoma TILs.
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Figure 8 CFSE proliferation assay development utilising HD PBMC samples.

A) Gating strategy identifying CD8+ cells, and subsequent CFSE+ population. Gates
set using unstained populaitons (not shown). Far right graphs display histograms for
CFSE staining (as measured by FITC flow cytometer channel) of CD8+CFSE+ cells. Top
row shows anti-CD8a stained and CFSE stained cells analysed immediately and not
cultured. Botom row shows results of 1,000 sorted CD8+ CD44+ PD-1- CD39- PBMCs
cultured for 24 hours. B and C) Histograms showing CFSE staining of CD8+ cells on
left, and CD8+ CFSE+ cells on right. Results from 1,000 sorted CD8+ CD44+ PD-1-

CD39- HD PBMCs cultured for 24 hours in the presence (red line) or absence (blue
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line) of stimulatory anti-CD3 and anti-CD28 antibodies. Control population (orange

line) of non-cultured HD PBMCs.
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Chapter 3 Immunophenotyping of exhausted CD8+ T
lymphocytes in human oesophageal

adenocarcinoma

3.1 Introduction

Successful control and elimination of a cancer by the immune system requires the trafficking and
infiltration of activated tumour antigen specific cytotoxic T lymphocytes into tumours, followed by
recognition and killing of cancer cells as described in the cancer-immunity cycle (22). This process
can be interrupted at multiple points leading to breakdown and prevention of effective

lymphocyte driven destruction of cancer.

In the context of human oesophageal and oesophagogastric junctional adenocarcinomas a pro-
inflammatory microenvironment has been described, with a high burden of genomic mutations
within the malignant cells, and active infiltration with CD8+ T lymphocytes, a factor known to
correlate with survival (27,181,205). Despite this, occult cancers are observed, which are often
highly resistant to conventional treatments utilising a mixed modality approach of surgery,
radiotherapy and chemotherapy. Trials evaluating the use of immune checkpoint blockade, either
as monotherapy or alongside other approaches has led to modest benefits in some groups

(166,192,206).

While adenocarcinomas of the oesophagus are grouped together due to their shared aetiology
and clinical presentation, they can be extremely heterogeneous in their degrees of immune cell
infiltration (205) and their behaviour following immune modulating therapies. It is understood
that CD8+ T lymphocyte infiltrates in oesophageal adenocarcinoma express variable amounts of
PD-1 and it is hypothesised here that the numbers of exhausted lymphocytes and the proportion
of these demonstrating precursor or terminally differentiated exhausted lymphocyte

characteristics, may be a contributing factor to responses to therapy, and patient outcomes.

Additionally, the composition of these various CD8+ TIL subtypes within the tumour immune
microenvironment may also be a factor in the differential responses observed of tumours to
checkpoint blockade before and after neoadjuvant therapies, or first line cytotoxic chemotherapy

in the context of metastatic disease (180,192,206).

Immunohistochemistry based approaches have been used extensively to calculate the numbers

and broad subgroups of the immune infiltrates in these cancers, with a view to guiding prognosis,
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particularly around curative interventions. There are limits to the number of antibody stains that
can be utilised in such approaches, impacting the granularity of the data collected, and while high
dimensional IHC techniques are increasingly available they are complex. To gain a fuller picture of
the CD8+ lymphocyte infiltrates and understand their composition in terms of degrees of
exhaustion, a flow cytometric based approach has been adopted here. This has focussed upon
antigen experienced CD8+ TILs, and their cell surface expression of hallmarks of the exhausted
phenotype, including PD-1 and other key markers as well as crucial intracellular transcription
factors. Primary oesophageal and oesophagogastric junctional adenocarcinoma samples resected
at the time of curative surgery were used for analysis along with longitudinal data related to

disease relapse and patient survival.

The aim of this chapter was to investigate for the presence of an exhausted phenotype among
antigen experienced CD8+ tumour infiltrating lymphocytes from resected oesophageal
adenocarcinomas, to characterise this population with regards to key surface markers and

transcription factors, and to assess if such populations have a bearing on patient outcomes.

3.2 Results

3.2.1 Patient Characteristics

Between October 2018 and November 2021 a total of 45 oesophageal adenocarcinoma and 7
gastric adenocarcinoma samples were accessed through the Upper Gastro-Intestinal Tumour
Ecology Study at University Hospitals Southampton. The majority of tissue was sampled at the
time of resection surgery with curative intent, 41 oesophageal and all 7 gastric cancer specimens.
The remaining 4 oesophageal cancer specimens were obtained during staging laparoscopic
assessment prior to initiation of curative treatment and as such were labelled as treatment naive.
These 4 samples were analysed for phenotypic and functional information and were included as
treatment naive samples for this analysis as they were treatment naive at the time of analysis,
despite all 4 proceeding to neoadjuvant chemotherapy. Data related to these patients were not
included in survival analysis given sampling was prior to neoadjuvant chemotherapy for all
patients and at a different time point in their treatment pathway to the remainder of study

participants.

Patients analysed in the oesophageal cancer group were predominantly male (82.2%) with a
median age of 67 (range 38-82). Tumours were mostly in the distal oesophagus (66.6%) or gastro-

oesophageal junction (31.1%), with all except one of pure adenocarcinoma histology. The non-
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adenocarcinoma specimen was labelled an adenosquamous carcinoma of gastro-oesophageal
junction on assessment following resection, due to residual squamous cell carcinoma fragments
on regression of primary tumour, having initially been classified as an adenocarcinoma on
diagnosis. This sample was included for analysis given the initial adenocarcinoma histology (Table

4).

The majority of patients whose tissue was sampled underwent neo-adjuvant treatment prior to
surgical resection and tumour sampling, either with chemotherapy (40%), 88% of whom received
the FLOT regimen (151), or with chemoradiotherapy (35.5%) (152). Two patients whose tumours
were sampled at resection, had undergone additional neoadjuvant therapy with ant-PD-L1
immunotherapy durvalumab as part of the LUD2015-005 study, in addition to CROSS
chemoradiotherapy (1 patient) and FLOT chemotherapy (1 patient). Data captured for these
patients was used in for flow cytometric phenotyping, but not in RNA sequencing studies or
functional assays given the unknown impact such therapies could have on long term T cell

function (Table 4).

Characteristic No. (%)
Median age (range) —yr 67 (38-82)
Male sex 37 (82.2%)
Pre-treatment modality (All patients) (Total 45)
No pre-treatment 11 (24.4%)
Chemotherapy 18 (40%)
Chemoradiotherapy 16 (35.5%)
Tumour Location (All patients) (Total 45)
Mid Oesophagus 1(2.2%)
Distal Oesophagus 30 (66.6%)
GO 14 (31.1%)
Tumour Histology (All patients) (Total 45)
Adenocarcinoma 44 (97.7%)
Adenosquamous 1(2.2%)
Tumour Differentiation at resection (All patients) (Total 45)
Well 6 (13.3%)
Moderate 11 (24.4%)
Poor 16 (35.6%)
NA 12 (26.7%)
Response to pre-treatment at resection (Neoadjuvant treated (Total 30)
resection samples only)
TRG1 9 (30.0%)
TRG2 6 (20.0%)
TRG3-5 15 (50.0%)
Pathological tumour staging at resection (All patients) (Total 45)
pTO 10 (22.2%)
pT1l 9 (20.0%)
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pT2 7 (15.5%)
pT3 18 (40.0%)
pT4 1(2.2%)

Pathological lymph node staging at resection (All patients) (Total 45)
pPNO 25 (55.5%)
pN1 13 (28.8%)
pN2 4 (8.8%)
pN3 3 (6.6%)

Table 4 Patient demographics and clinical characteristics of individuals with oesophageal

tumours included in the study.

Alongside the label for each group in brackets is detailed which group of patients and
how many are included in the analysis. The total number and percentage for each

subgroup is detailed.

The intention of neoadjuvant treatment is to improve survival by treating both localised and
systemic disease prior to definitive surgery. Differing immune responses were observed with
regards to the nature of immune infiltrates following this. Post-operative routine histological
assessment assigned each tumour undergoing pre-treatment a regression score using the
Mandard tumour regression scoring system (207), a five-point scale with TRG1 representing
complete tumour regression, and TRG5 no evidence of tumour regression (Appendix A). Patients
with all tumour regression grades were sampled, though a higher proportion of tumour

regression was noted in patients undergoing chemoradiotherapy.

The sample population is typical of those undergoing surgical resection of localised oesophageal
adenocarcinomas, a disease we know to occur more frequently in males and with increasing
incidence into the 7™ decade of life (149,208). A mix of pathological staging and differentiation
subtypes are observed which is reflective of tumours resected generally. Approximately 25% of
tumour samples received, had experienced no exposure to neoadjuvant therapy, either due to
lack of patient fitness for such treatment, patient choice, or samples being accessed during
staging laparoscopy. A similar number of patients received chemotherapy and
chemoradiotherapy (40 and 35.5% respectively). This is not entirely within keeping of practice at
the study centre where there is a preference towards chemoradiotherapy, but a reflection of
preferential sampling of patients undergoing chemotherapy or no pre-treatment, during the latter
stages of this project. Therefore assumptions about the demographics and neoadjuvant therapies
of patients undergoing resection surgery should not be taken from this small, though broadly

representative sample size.
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3.2.2 Flow Cytometry assessment

Flow cytometric phenotypic assessment of the CD8 T lymphocyte component of resected tumours
was planned for the sample specimens. Tumour samples were received on ice directly from the
theatre where surgical resection was taking place on the same site as all onward analysis ensuring

ischaemic time on ice was kept to a minimum.

Tissue was immediately disaggregated into a single cell suspension utilising a protocol previously
optimised by the academic surgery group and collaborators within the School of Cancer Sciences
(209). Using a combination of enzymatic and mechanical disaggregation, the protocol has been
shown to improve the release of a variety of cell types prior to high throughput single cell
sequencing. This technique is comparable to other commonly used tumour disaggregation

techniques (210).

All antibodies used for flow cytometry in this project were titrated using either peripheral blood
mononuclear cells (PBMC) from healthy donors or other suitable control cell types expressing the
marker of interest. This was undertaken to allow maximum discrimination between positive and
negative staining, without antibody oversaturation resulting in false positives. This also avoids the
financial cost of excess antibody use where not necessary. Samples were stained with varying
concentrations of antibodies, (0.25, 0.5, 1, 1.5 and 2 times the manufacturer recommended
concentration) and analysed using the flow cytometry equipment intended for use in the final
experiment. The optimal antibody concentration was selected and taken forward for future

experimental work.
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Figure 9 Exemplar antibody titration experiment showing anti-CD8a FITC antibody.
PBMC from healthy donor stained with increasing concentrations of antibody of
interest (0X, 0.25X, 0.5X, 1X, 1.5X and 2X manufacturers recommended

concentration) and then analysed on flow cytometer intended for use in final

experiment. Lymphocytes gated and antibody positive population identified. Samples
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concatenated and optimal concentration identified, 0.5X recommended, in this

instance (highlighted in red).

PBMC from 6 healthy donors were collected from a leukocyte reduction system chamber (LRS
cone) produced as a by-product of plateletpheresis and obtained from the NHS Blood and
Transplant service. These cells were collected for use as controls to be used in experimental work
and for assay optimisation. LRS cones were collected immediately following plateletpheresis and
PBMC extracted using density gradient centrifugation with Ficoll Paque®. Recovered cells were
counted and frozen in liquid nitrogen in a controlled freezing solution containing 10% DMSO, to

allow thawing when needed.

Consideration was made to the suitability of storing disaggregated tumour for later analysis and
comparisons were made between flow cytometric analysis on day of resection and at a later date
after freezing. Attempts were made at disaggregating tumour samples snap frozen in liquid
nitrogen immediately after resection, utilising mechanical or enzymatic techniques, though poor
cell yields were obtained. Instead samples were disaggregated on receipt and then frozen in liquid

nitrogen storage in a controlled freezing solution containing 10% DMSO.

Frozen samples were analysed by flow cytometry and comparisons made with matched samples
that were analysed on the day of resection. It was observed that while some variation in the
percentage of events gated as lymphocytes was observed, higher in frozen samples, the
proportions of cells gated as positive for CD8, PD-1 and CD39 remained constant with no

significant difference (Figure 10).
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Figure 10 Comparison of fresh vs freeze-thawed sample analysis.

A) Exemplar flow cytometry plots comparing paired samples analysed immediately

after resection and following freezing in 10% DMSO containing solution. Plots show

percentage of all events gated morphologically as lymphocytes, percentage of

lymphocytes gated as CD8+CD44+ and percentages of CD8+CD44+ lymphocytes

gated as positive for PD-1 and CD39. B) Percentage of parent gate positive for specific

markers, with paired samples analysed on the day of resection and disaggregation,

and frozen samples analysed later. Lymphocytes are percent of all events gated

morphologically as lymphocytes, CD8+ are percentage of single cell lymphocytes, PD-

1+ and CD39+ are percentage of CD8+CD44+ lymphocytes gated positive for these

markers.

The differences in the number of events gated as lymphocytes with a higher percentage seen post

freezing, may well represent increased fragility and death of cancer cells during the freezing and

thawing process skewing this percentage. The maintenance of the proportions of lymphocytes
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gated as positive for CD8, PD-1 and CD39 is very encouraging, suggesting a robustness of this
group of cells to the freezing and thawing process. These encouraging results allowed ongoing
utilisation of freezing disaggregated tumour samples in 10% DMSO solution for analysis and

future work in this project.

3.2.3 Lymphocyte infiltration

3.23.1 Immunohistochemistry analysis

An association between the degree of tumour lymphocyte infiltration and the speed of cancer
progression has been observed over many decades in a range of cancers. The use of
immunohistochemistry techniques has allowed the analysis of resected specimens and estimation
of the effect the degree of infiltration of immune cells possessing specific lymphocyte markers has
on tumour progression and patient survival. Increased infiltration by cells bearing the general
lymphocyte marker CD3 as well as CD8, specific for cytotoxic T lymphocytes, have been associated
with increased patient survival in numerous studies across a host of malignancies (211). The
degree of T helper cell infiltration as defined by CD4, and regulatory T cell infiltration identified by
FOXP3, have also been widely discussed and observed to be associated with superior and poorer

prognosis respectively.

The picture in oesophageal cancer, and more specifically oesophageal adenocarcinoma, has been
less clear. Early studies analysing the lymphocyte infiltration of oesophageal tumours found an
independent correlation between increased intratumoural lymphocyte infiltration and survival in
both oesophageal squamous cell carcinoma and adenocarcinoma (182). Further studies have
confirmed the association between generalised T lymphocyte and CD8+ T lymphocyte infiltration
and patient survival (27), though mixed results were observed for CD4+ T lymphocytes, and
FOXP3+ regulatory T lymphocytes where not associated with survival (212). More recent and
comprehensive meta-analysis of 30 studies including in excess of 5000 patients has found an
association with better over-all survival with generalised lymphocyte infiltration, high CD8+
lymphocyte infiltration and CD4+ lymphocyte infiltration, though not with FOXP3 or CD3+

lymphocytes (205).

Immunohistochemistry allows the analysis of tissue samples fixed in formalin at the time of
tumour resection and has great diagnostic value as well as research potential, including opening
up historic specimens to research analysis. This technique allows spatial assessment of samples
and the proximity of cells of interest to each other and their distribution throughout tumours.
There are limits to these techniques however, particularly in the number of antibodies that can

reasonably be incorporated into analysis. When investigating a highly heterogeneous cell
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population such as cytotoxic T lymphocytes, more than a small handful of cellular markers are
required for accurate classification. While multi-parametric immunohistochemistry techniques are
increasingly available, to recreate the granularity achieved with flow cytometry is highly complex

and expensive.

Currently work is ongoing by collaborators to utilise multidimensional immunohistochemistry
approaches to build upon results obtained from traditional immunohistochemistry, and analyse
oesophageal adenocarcinoma samples in a tissue microarray in order to explore factors related to
antigen processing and lymphocyte function. While results from these experiments are in their
infancy they have demonstrated high degrees of CD8+ lymphocyte infiltration deep into the
tumour samples analysed and not excluded to the periphery. While the tissue microarray
analysed is historic and not from samples shared with this study, they were collected at an
identical patient time point to those used for this project. This adds confidence to the assumption
that immune cells interrogated in this project are tumour infiltrating, and not from outside the

area of interest, though this is not proven.

CD3 CD8 CD4

Figure 11 Immunohistochemistry staining of resected oesophageal adenocarcinoma

specimen for lymphocyte markers.

Staining of tissue microarray oesophageal adenocarcinoma samples for the T
lymphocyte proteins CD3, CD8 and CD4. Image prepared by and courtesy of William

Pratt.

3.2.3.2 Flow cytometry analysis

Flow cytometric analysis of disaggregated oesophageal adenocarcinoma samples was undertaken
and lymphocyte populations were identified using simultaneously analysed healthy donor PBMC
samples with forward scatter and side scatter parameters discriminating them based upon cell

size and granularity respectively.

67



Chapter 3

A lower percentage of events were gated as lymphocytes by flow cytometry in samples obtained
from patients who have undergone neo-adjuvant chemoradiotherapy (mean 16.46) when
compared to treatment naive sample or those treated with chemotherapy (20.9 and 20.29
respectively) (Figure 12). A reduction in lymphocyte infiltrates post chemoradiotherapy has been
observed elsewhere based upon analysis of pathological specimens, notably with a trend towards
reduction of all lymphocyte subsets in the centre of oesophageal adenocarcinoma tumours when
compared to the periphery following chemoradiotherapy pre-treatment, and significant reduction
in FOXP3+ Tregs (212). Samples in this project are also samples from the centre of the resected
tumours, potentially making the similarities more relevant. While the differences observed here
did not reach statistical significance given the small sample size, they do fit with previously

published results.

No significant difference in the number lymphocytes was observed when tumour stage or the
degree of tumour regression to pre-treatment is considered. pTO tumours and TRG1 groups
overlap with no active cancer cells observed and as such could be expected to have a higher
number of immune cells as a proportion of all events, and there is a suggestion of this, with a
trend in the number of lymphocytes heading down with increasing stage and reduction in

treatment response, though this is by no means clear or conclusive (Figure 12).

Several limitations must be taken into account when interpreting this flow cytometry data. Firstly
a degree of selection bias is inevitable. Samples were collected from a varied group of patients
who had undergone a mix of pre-treatment regimens, though this is not inclusive of the full range
of patients who undergo resectional surgery. It was at times challenging to sample tumours that
had undergone a good or complete response to pre-treatment due to the limited malignant
material remaining. In such cases, a lack of tumour cells will mean a relative increased number of
immune cells and other stromal cells, affecting the ratio of events calculated as lymphocytes.
Additionally, as discussed earlier, the freeze-thaw process appears to increase the percentage of
events gated as lymphocytes so the pre-processing techniques used will also have a bearing.
Therefore any conclusions reached from this data must be taken as purely indicative. A clear
demonstration of the need for this is the lack of difference in patient over-all survival and PFS
among patients above or below the medium number of lymphocyte infiltrates identified by flow
cytometry (Figure 12), when it is known that lymphocyte infiltration identified by

immunohistochemistry can predict survival(205).

The advantage of flow cytometric analysis is that it allows extensive division of lymphocytes
beyond the markers accessible with IHC, to gain greater understanding of the function and activity

of the CD8+ compartment.
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Lymphocyte infiltration in human oesophageal adenocarcinoma.

A) Exemplar flow cytometry plot showing gating of lymphocytes in human
oesophageal adenocarcinoma and healthy donor peripheral blood mononuclear cells
(HD PBMC). B) Percent of all events gated as lymphocytes from OAC samples
analysed by flow cytometry by pre-treatment modality. C) Percent of all events gated
as lymphocytes from OAC samples analysed by flow cytometry, by tumour
pathological stage. D) Percent of all events gated as lymphocytes from OAC by pre-
treatment regimen and degree of tumour response. E) Kaplan-Meier survival curves
demonstrating overall survival of patients by degree of lymphocyte infiltration
relative to the median percentage of events gated as lymphocytes. Hazard ration
(95% confidence interval) for 2Median group 1.01 (0.22-4.49). All hazard ratios for
Kaplan-Meier graphs in this chapter are calculated using the logrank test unless

otherwise stated.
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3.24 Antigen experienced CD8+ lymphocyte infiltration

Flow cytometric analysis was undertaken to analyse the CD8+ lymphocyte component of resected
oesophageal adenocarcinomas. Fluorophore labelled antibodies were selected for use on the BD

FACS Canto Il flow cytometer, allowing identification of up to 6 antigens.

All samples were stained with antibodies for CD8a, the alpha isoform of the TCR co-receptor
expressed on cytotoxic T lymphocytes, and CD44, a cell-surface glycoprotein found on numerous
cell types including activated lymphocytes. Positivity for both markers allows identification of
cytotoxic CD8+ lymphocytes that are activated and have thus experienced MHC class | bound

antigen.

Lymphocytes were identified based upon size and granularity as described above, and single cells
selected by removing doublets identified based upon measurement of forward scatter width and
area measurements. A clearly definable population positive for both CD8a and CD44 was
measured in both PBMC samples obtained from healthy donors, and lymphocytes infiltrating into
oesophageal adenocarcinoma samples. The number of double positive, antigen experienced CD8+
T lymphocytes within the tumours can be calculated as a percentage of cells gated as lymphocytes

and singlets.

The percentage of antigen experienced CD8+ T lymphocytes is highest in patients pre-treated with
chemotherapy (mean 33.8%), and lowest within treatment naive tumours (25.5%), with those
treated with chemoradiotherapy at an intermediate level (30.7%). This picture of variation in CDS8,
CD44 double positive TILs based on pre-treatment regimen is lost when calculated as a proportion
of all flow cytometry events, though as discussed previously this figure is a lot more prone to

confounding variability compared to percentages of events gated as lymphocytes (Figure 13).

When analysed by pathological tumour stage at time of resection the percentage of lymphocytes
positive for CD8 and CD44 increases in a statistically significant manner with increasing
pathological stage from pT1 to pT3 (unpaired t test p=0.0083). pTO tumours, the group containing
no viable tumour cells was higher than pT1, as discussed previously there are challenges in taking
specimens from regressed tumours so samples are likely to be of the tumour bed with fibrosis
associated with necrotic tumour, rather than tumour seen in resected pT1-3 specimens. A higher

percentage of immune cells may not be unexpected given this microenvironment (Figure 13).
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Figure 13  CD8+CD44+ tumour infiltrating lymphocytes from human oesophageal

adenocarcinoma.

A) Exemplar flow cytometry plots showing gating of CD8+CD44+ lymphocytes in

human oesophageal adenocarcinoma and healthy donor peripheral blood

mononuclear cells. Lymphocyte population identified, singlets selected and CD8 and

CD44 dual positive population selected. B) Percent of lymphocyte singlets gated as
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CD8 and CD44 dual positive from OAC samples analysed by flow cytometry by pre-
treatment modality. C) Percent of lymphocyte singlets gated as CD8 and CD44 dual
positive by pre-treatment regimen and degree of tumour response. D) Kaplan-Meier
graph demonstrating overall survival of patients by percentage lymphocytes gated as
CD8 and CD44 dual positive, with respect to the median. Hazard ration (95%
confidence interval) for 2Median group 0.44 (0.10-1.92). E) Percent of all events
gated as CD8 and CD44 dual positive lymphocytes from OAC samples analysed by
pathological staging of tumour at time of resection. Statistical significance of
difference calculated using unpaired t-test. * denotes p value <0.05, **<0.01,
**%<0.001, ****<0.0001. Statistical significance will be calculated and labelled as

such throughout this chapter unless otherwise stated.

No clear pattern is observed for percentage of CD8 and CD44 positivity by degree of tumour

regression, either when observed by pre-treatment regimen or as a whole cohort.

Analysis of patient overall survival (OS) and progression free survival can be undertaken
separating individuals into those with high or low percentages of CD8+CD44+ lymphocytes when
compared to the median. The median is chosen for division of patients into groups not for any
pre-specified biological reason, but to allow unbiased explorative analysis. It is observed that
those with a high percentage of antigen experienced CD8+ TILs among lymphocyte infiltrates
show increased survival, with 2 year OS of 86% for those with greater than or equal the median

and 56% for less than median. Median follow-up of all individuals was 1.93 years (Figure 13).

There is no clear data within the literature on the effects of antigen experience among CD8+
infiltrates on disease control or survival in oesophageal cancer. CD44 is commonly used as a
marker to identify antigen experienced effector/memory lymphocytes compared to naive
lymphocytes, often in combination with a marker like CD62 Ligand/L-selectin which is reciprocally

expressed, though given the limited antibody panel used this was not included.

From a mechanistic perspective, such a finding is intuitive, as for immune control of progressing
cancers activated antigen specific cytotoxic T lymphocytes that have capacity to undertake killing
of tumour cells are required within the tumour microenvironment. This data does not provide
information about the ratio of such potentially cytotoxic lymphocytes, with inhibitory immune
cells, or their position within the tumour microenvironment with regard to the cancer cells, but a

correlation with percentage of lymphocytes does appear apparent with survival.
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3.2.5 PD-1 and CD39

3.2.5.1 PD-1

In addition to markers to identify antigen experienced CD8 T lymphocytes all patient samples

were stained with antibodies specific for PD-1 and CD39.

The activation and exhaustion marker PD-1 has been a key surface marker to understanding
lymphocyte dysfunction and exhaustion in response to chronic antigen exposure. PD-1 is
expressed to a moderate degree at the cell surface on CTL activation, and at a higher
concentration on chronic stimulation associated with exhaustion (94). The discovery that blocking
its activity through antagonistic antibodies, could reverse this dysfunction and cause meaningful
immune mediated tumour control, culminating in the widespread adoption of anti-PD-1

monoclonal antibody therapies has led to significant interest and research.

After numerous clinical studies investigating the benefit of PD-1/PD-L1 antagonism in
oesophageal adenocarcinoma, a place for immunotherapy is being elicited by using biomarker
based approaches to select patients. Studies such as the Checkmate 649 study which
demonstrated a benefit from first line chemo-immunotherapy in metastatic disease(192), and
Checkmate 577 (166), which showed a place for adjuvant nivolumab in resected tumours without
optimal response to neoadjuvant chemoradiotherapy, have highlighted the potential for
immunotherapy in this disease. These studies have shown reasonable responses, but even when
selecting patients with high PD-L1 expression, expected to have high lymphocyte infiltration, over

half of patients will show no response.

Disaggregated oesophageal adenocarcinoma samples were analysed by flow cytometry and
lymphocyte singlets were identified as previously stated. CD8+CD44+ lymphocytes were then
assessed for degree of PD-1 positivity, defined using PBMCs from healthy donors and FMO
controls. Analysis of this population showed a significant increase in PD-1 expression in antigen

experienced CD8 TILs when compared to PBMCs from healthy donors.

Compared to chemoradiotherapy and treatment naive tumours, samples post chemotherapy
possessed a higher percentage of total lymphocytes that are CD8+CD44+PD-1+ (means 23.9% vs
14.7% and 18.8% respectively). Conversely, the percentage of CD8+/CD44+ lymphocytes positive
for PD-1 was highest for treatment naive specimens (mean 66.8% ), when compared with those
treated with CRT (48.9%) and chemotherapy(66.1%). A low percentage of CD8+CD44+
lymphocytes from healthy donor PBMCs were positive for PD-1 (mean 8.5% of 4 donors) (Figure
14).
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Figure 14  PD-1 expression on CD8+CD44+ tumour infiltrating lymphocytes from human

oesophageal adenocarcinoma.

A) Exemplar flow cytometry plot of showing gating of PD-1 positivity among
CD8+CD44+ lymphocyte singlets from human oesophageal adenocarcinoma and
healthy donor peripheral blood mononuclear cells. Gating for CD8+CD44+
lymphocyte singlets as described above. B) Percent of CD8+CD44+ lymphocyte
singlets gated as positive for PD-1 from OAC samples analysed by flow cytometry by
pre-treatment modality and from PBMC collected from healthy donors. Significant
difference between percentage positive in treatment naive TILs vs HD PBMC
(p<0.0001). C) Percent of lymphocyte singlets gated as CD8+CD44+PD-1+ by
pathological tumour stage at resection. D) Kaplan-Meier graph demonstrating overall
survival and progression free survival of patients by percentage CD8+CD44+
lymphocyte singlets gated as PD-1 positive with respect to the median result. Hazard
ration (95% confidence interval) for 2Median group in overall survival analysis 0.31
(0.06-1.37) and for 2Median group in progression free survival analysis 0.89 (0.24-
3.36).

The intensity of staining for PD-1 was higher on TILs from tumour samples than that seen on PD-1

positive lymphocytes from healthy donors. It has been mentioned that PD-1 is expressed on T cell
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activation, but is expressed at a higher frequency on lymphocytes undergoing dysfunction due to
chronic antigen exposure. Additionally it has been noted in NSCLC that CD8+ TILs expressing high
levels of PD-1, can be considered a population enriched for tumour reactive lymphocytes,

associated with a distinct transcriptional and functional profile in keeping with impaired effector
functions, while also associated with increased response to immune checkpoint blockade(94), an

observation that may be relevant in OAC.

There is a trend towards higher PD-1 expression with increasing tumour stage from T1 to T3 at
resection. TO tumours showed an intermediate level of PD-1 positive CD8+ TILs and only one T4
tumour was analysed. This trend was a suggestion when the PD-1 positivity was calculated as a
percentage of CD8+CD44+ TlLs but became statistically significant for T1 compared to T3 tumours
when CD8+CD44+PD-1+ TILs were calculated as a percentage of all lymphocytes (mean 8.96% vs
25.1%, p=0.0198). No discernible trend was observed when PD-1 positivity among CD8+CD44+
lymphocytes, all lymphocytes or total events were analysed in the context of degree of tumour

regression (Figure 14).

Patient overall survival and progression free survival was assessed in the context of PD-1
expression either above or below the median value for CD8+CD44+ lymphocytes. It is observed
that overall survival is increased among patients with a higher percentage of PD-1 positivity (2-
year OS 80%) compared to those with a PD-1 positivity percentage below the median (2-year
0S62.5%). This is in spite of the findings described above where PD-1 expression was highest in
bulkier tumours, which we might expect to indicate more lymphocyte dysfunction, larger mass of
cancer and higher risk of negative patient outcomes. This could suggest a biological advantage to
higher numbers of PD-1 positive TILs rather than it being representative of advancing cancer

(Figure 14).

3.2.5.2 CD39

The ectonucleoside triphosphate diphosphohydrolase 1, CD39, is encoded by the ENTPD-1 gene
and is expressed by various immune and non-immune cells. This extracellular enzyme, in
combination with CD73, acts to bind and hydrolyse extracellular ATP (eATP) and convert this into
adenosine. As discussed it acts to promote an immune inhibitory environment, and its expression
on cytotoxic T lymphocytes has been associated with an exhausted phenotype, as well as

enriching for tumour reactive and tissue resident memory cell populations (122,129).

Antigen experienced CD8+ TILs from oesophageal adenocarcinomas display a clearly definable
population of CD39+ cells, not present in a corresponding population from healthy donor PBMCs

and defined using FMO samples. This population is present across samples regardless of pre-
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treatment, but is of highest frequency in treatment naive specimens (mean 60.1% of CD8+CD44+
lymphocytes positive for CD39), with those undergoing chemotherapy (mean 50.4%) also
expressing high levels of CD39 positivity, and CRT treated specimens the lowest (mean 40.1%). A
very low percentage of CD8+CD44+ lymphocytes from healthy donor PBMCs were positive for
CD39 (mean 1.99% from 4 separate donors). This is in keeping with results observed elsewhere
where estimates have ranged up to approximately 6% of CD8+ lymphocytes from HD PBMCs, a
number far below those seen in tumour infiltrating lymphocytes (129,131). There is unsurprisingly
a strongly statistically significant difference between these healthy donor PBMCs and treatment

naive TILs (p=0.0001) (Figure 15).

There is no clearly significant association with degree of tumour regression, though potentially
fewer CD39+ TILs are observed in progressing tumours. As with PD-1 positivity, there is a trend
towards higher CD8+CD44+CD39+ TILs as a percentage of all lymphocytes, with increasing
pathological tumour stage. This is not statistically significant based upon the current sample but is
distinct and is again in keeping with a potentially more dysfunctional TIL population within bulkier

tumours (Figure 15).

Overall survival and progression free survival are observed to be higher in patients whose
resection specimens contained a percentage of CD39+ cells among antigen experienced CD8+
lymphocyte infiltrates that was greater than the mean (2 year OS 93.8% and PFS 72.7% vs 48.1%
and 45% respectively), this is in a similar manner to the increased survival seen in PD-1 positivity

among this TIL population (Figure 15).
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Figure 15 CD39 expression on CD8+CD44+ tumour infiltrating lymphocytes from human

oesophageal adenocarcinoma.

A) Exemplar flow cytometry plot showing gating of CD39 positivity among
CD8+CD44+ lymphocyte singlets from human oesophageal adenocarcinoma and
healthy donor peripheral blood mononuclear cells. Gating for CD8+CD44+
lymphocyte singlets as described above. B) Percent of CD8+CD44+ lymphocyte
singlets gated as positive for CD39 from OAC samples analysed by flow cytometry by
pre-treatment modality and from PBMC collected from healthy donor. C) Percent of
lymphocyte singlets gated as CD8+CD44+CD39+ by pathological tumour stage at
resection. D) Kaplan-Meier graph demonstrating overall survival and progression free
survival of patients by percentage CD8+CD44+ lymphocyte singlets gated as CD39
positive with respect to the median percentage positive. Hazard ration (95%
confidence interval) for 2Median group in overall survival analysis 0.16 (0.04-0.70)

and for >Median group in progression free survival analysis 0.27 (0.07-1.01).

Given the potential features that CD39 positivity can be associated with, there could be numerous

hypotheses for improved survival. It is plausible that more tumour specific T lymphocytes would

equate to better control of tumours, tissue resident memory cells have been associated with
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responses to immunotherapies and tumour control, and potential association with PD-1 and
subsequently PD-L1 could suggest increased infiltration and less immune exclusion. Additionally
the propensity for some larger tumours to possess high numbers of CD39+ TILs suggests

differences in survival is not solely related to tumour stage at the time of surgery.

3.25.3 PD-1 and CD39 dual positivity

The presence of clearly defined PD-1 positive and CD39 positive populations among antigen
experienced CD8 TILs from oesophageal adenocarcinoma raises the question of whether these
populations overlap. With both markers being associated with lymphocyte activation, progressing

dysfunction and exhaustion an association between these groups was expected.

Analysis of early samples in this study revealed a clearly definable double positive population in
the majority of specimens which was sizable and often in excess of 25% of all antigen experienced
CD8+ TILs. By collating data from all samples collected it can be observed that the PD-1, CD39
double positive population accounts for a greater proportion of CD8+CD44+ TILs from tumours
naive to pre-treatment (mean 47.1%) and those exposed to chemotherapy (mean 37.2%)
compared to those treated with chemoradiotherapy (mean 26.8%). Conversely the
chemoradiotherapy group has the highest percentage of PD-1 and CD39 double negatives among
antigen experienced CD8+ TILs (mean 37.8%) (Figure 16). When PBMCs from healthy donors are
analysed, a mean of 0.6% of CD8+CD44+ lymphocytes were double positive for PD-1 and CD39

(from 4 separate donors).

There is a clear survival advantage among patients with high percentage of PD-1+CD39+
lymphocytes among their antigen experienced TILs and when calculated as a percentage of total
lymphocyte infiltrates. The advantage is less clear when progression free survival is calculated but

sill appreciable (Figure 16).

It is difficult to see a clear association between the degree of tumour regression and the
percentage of PD-1 CD39 double positive TILs, though TRG1 samples, demonstrating a complete
pathological response do appear to have a higher than average number of this phenotype. It is
difficult to make a clear assessment given the limited data points in some groups, with a range of
percentages of DP lymphocytes observed across tumour regression scores. On further analysis of
the data a clear association between degree of regression and survival is demonstrated, not
displayed, as would be expected given historic data, with no relapses or deaths in individuals
achieving a complete pathological response to neoadjuvant therapy, and the worst PFS and OS is

observed in patients with signs of tumour progression after treatment and T3 or T4 tumours at
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from human oesophageal adenocarcinoma.

Years

PD-1 and CD39 dual expression on CD8+CD44+ tumour infiltrating lymphocytes

A) Exemplar flow cytometry plots showing gating of PD-1 and CD39 dual positivity

among CD8+CD44+ lymphocyte singlets from human oesophageal adenocarcinoma
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and healthy donor peripheral blood mononuclear cells. Gating for CD8+CD44+
lymphocyte singlets as described above. B) Percent of CD8+CD44+ lymphocyte
singlets gated as positive or negative for PD-1 and CD39 from OAC samples analysed
by flow cytometry. Separate graphs for specimens from patients that have received
neoadjuvant chemotherapy, chemoradiotherapy or were treatment naive. C) Percent
of CD8+CD44+ lymphocyte singlets gated as positive for PD-1 and CD39 by pre-
treatment regimen and degree of tumour response. D) Kaplan-Meier graph
demonstrating overall survival of patients by percentage CD8+CD44+ lymphocyte
singlets, double positive for PD-1 and CD39, with respect to the median percentage
positive. Hazard ration (95% confidence interval) for >Median group 0.36 (0.08-1.57).
E) Overall survival of patients by percentage of all events gated as lymphocyte
singlets, double positive for PD-1 and CD39, with respect to the median percentage
positive. Hazard ration (95% confidence interval) for >Median group 0.12 (0.02-0.54)
(Calculated using Mantel-Haenszel method). F) Progression free survival and overall
survival of patients by percentage of all events gated as lymphocyte singlets double
positive for PD-1 and CD39 with respect to the median percentage positive for
patients pre-treated with chemotherapy alone. Hazard ration (95% confidence
interval) for 2Median group in overall survival analysis 0.10 (0.006-1.67) (Calculated
using Mantel-Haenszel method) and for 2Median group in progression free survival

analysis 0.26 (0.02-2.87).

Given the relatively small sample cohort here it can be difficult to elucidate if the survival benefit
seen is due to pre-treatment strategy, degree of response to therapy, pathological T stage at
surgery, among other patient factors. What can be observed however, is that analysis of the
chemotherapy treated group alone, the largest cohort available for survival analysis, shows that
individuals with a percentage of DP TILs greater than or equal to the median, had a greater PFS
and OS than those below the median. OS at 2 years was 100% with greater than or equal to the
median and 66.6% below the median. PFS at 2 years was similarly 100% and 53.3% respesctively.
Similar trends are observed when chemoradiotherapy pre-treated patients and treatment naive

patient samples are analysed, though the number included for analysis is lower (Figure 16).

The differences in overall and progression free survival detailed here are of real interest with a
high percentage of PD-1 CD39 double positive lymphocytes associated with improved patient
outcomes across all pre-treatment groups. The observation that this phenotype was abundant in
some treatment naive samples, a group we may expect to fare poorly given their suboptimal
therapy pre-surgery, but is still associated with better outcomes, also adds weight to this

association.
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In order to better understand the nature of this double positive group, further flow cytometric
analysis has been undertaken to characterise these cells further. Given the weight of evidence
delineating the role of PD-1 principally, but also CD39, in lymphocyte exhaustion, a focus has been
directed into the expression of surface markers of exhaustion, as well as the crucial T-box
transcription factors T-bet and eomesodemin (Eomes) which play important roles in regulating
cellular processes of early and late lymphocyte exhaustion respectively. It remains important to
note however that PD-1, CD39 and CD44 are all known to be expressed in effector, memory and
tissue resident memory CD8+ phenotypes, and while lymphocyte exhaustion is a widely studied
phenomenon observed among tumour infiltrating lymphocytes, it is not necessarily the only

process at play in this population.

3.2.6 Tbet and Eomes

To shed light onto the composition of the PD-1+CD39+ double positive (DP) population of antigen
experienced CD8+ lymphocytes, and in particular to compare them with the corresponding PD-1-
CD39- double negative population (DN), T-bet and Eomes were selected for assessment by flow

cytometry alongside the combination of extracellular markers discussed above, CD8a, CD44, PD-1

and CD39.

As discussed previously, T-bet controls normal effector cell differentiation in CD8+ and CD4+
lymphocytes as well as regulating the progenitor-exhausted phenotype by suppressing PD-1 and
other inhibitory co-receptors. Eomes conversely, has a role to play in facilitating memory cell
formation, and in exhaustion has been shown to signal transcription of the inhibitory receptors
suppressed by T-bet in the LCMV model of exhaustion (29). Observations in cancer have been
mixed, and highlighted a context specificity. In a murine cancer model described by Schietinger et
al. increased Eomes expression is not observed with a progressive exhausted phenotype, but

rather loss of T-bet and Eomes is observed(81).

Given that the DN population are all antigen experienced CD8+ lymphocytes we would expect this
population to be high in T-bet, but low in Eomes. The DP group however could display a range of
expression profiles of the transcription factors depending on the degree of exhaustion, and the

reciprocity of T-bet and Eomes in oesophageal cancer.

PBMC from healthy donors stained with the intracellular antibodies and FMO samples were used
to identify populations as T-bet high or low, and Eomes high or low. This is typically reported in
the literature rather than positive or negative, as particularly with T-bet, there is no definable
negative population. Given the reciprocal relationship of the two T-box transcription factors, T-

bet"e" Eomes'®" and a T-bet'°" Eomes"&" populations were outlined as detailed below. It would be
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expected that if the DP population were terminally exhausted due to their continued antigen

engagement, then this group may enrich for the T-bet'®¥ Eomes"€" phenotype.

It was observed however, that the PD-1+ CD39+ DP group (mean 22.15%), along with the PD-1-
CD39+ group (mean 17.85%) possessed a low abundance of T-bet*®” Eomes"" lymphocytes. A
higher frequency of this group was observed in the PD-1- CD39- DN group (mean 37.84%) and the
PD-1+ CD39- group (47.36%) (Figure 17).

The DP group demonstrated a high proportion of T-bet™&" Eomes'®" (mean 64.2%), higher than

the other groups including the DN population (mean 40.6%).

Direct comparisons of the DP and DN populations shows a statistically significant difference in the
proportion of CD8+CD44+ TILs shown to be Thet"&"Eomes'" with a higher percentage among the
DP group (p=0.0048). Based upon the literature of lymphocyte exhaustion, the possession of this
combination of T-box transcription factors would indicate early exhaustion, and counters a
hypothesis that the DP group is composed predominantly of a terminally differentiated exhausted
lymphocyte population. This is further reinforced with comparison of Thet***Eomes"&" events

between groups, where the DP group has a lower abundance (p=0.0193) (Figure 17).
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T-bet and Eomes expression by CD8+CD44+ tumour infiltrating lymphocytes from

human oesophageal adenocarcinoma.

A and B) Exemplar flow cytometry plots showing gating of T-bet (A) and Eomes (B)
positivity among CD8+CD44+ lymphocyte singlets from human oesophageal
adenocarcinoma and healthy donor peripheral blood mononuclear cells on full
staining and utilising an FMO. Gating for CD8+CD44+ lymphocyte singlets as
described above. C) Flow cytometry plots demonstrating difference in staining of T-
bet and Eomes among antigen experienced CD8+ T lymphocytes that are either PD-1
and CD39 DP or DN. Difference in proportion of events gated as Tbet™&"Eomes°" and
Tbet'*“Eomes"" displayed. D) Flow cytometry results of human oesophageal
adenocarcinoma samples showing percentage of CD8+CD44+ TILs either gated as
Tbet"&"Eomes'" (left) or Tbet'**Eomes"" (right) for different groups depending on
positivity for PD-1 and CD39. E) Comparison made of percentage of CD8+CD44+ TILS
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DN and DP populations calculated using a paired t-test, (Tbet™€"Eomes‘°" p=0.0048,
Tbet'**“Eomes"€p=0.0193).

3.2.7 Cell surface markers of exhaustion

Further flow cytometry panels were developed for use on the same equipment to assess surface
markers of exhaustion. The core markers of anti CD8a, CD44, PD-1 and CD39 antibodies were
maintained, with an additional 2 antibodies included in each panel. When selecting further
markers, particular note was made of the work by Bengsh et al. who undertook high dimensional
cytometry using CyTOF profiling of lymphocyte exhaustion from various contexts as well as RNA
seq and epigenetic analysis. A large number of clusters of exhausted lymphocytes were identified
using these single cell techniques, allowing detail about the various stages of dysfunction to be
appreciated, with the results then mapped onto data related to lymphocytes in human disease
including HIV, CMV and lung cancer (44). Surface markers were selected for investigation based
upon those most differentially expressed in severe viral illness and cancer, including the
archetypal exhaustion markers TIM3 and LAG3, as well as a panel adding TIGIT to TIM3, and a final
panel including CD38 and CD244 (2B4).

All antibodies were titrated as previously discussed to identify the optimal concentrations for
staining. Human oesophageal adenocarcinoma samples in liquid nitrogen were thawed and
analysed alongside HD PBMCs as previously described. Samples of PBMC from healthy donors
labelled with all antibodies but the marker of interest were used (FMO), to identify cells positive

for the marker of interest and allow calculation of the percentage positive (Figure 18).

3.2.7.1 TIM3 and LAG3

The T-cell immunoglobulin and mucin-domain containing-3 (TIM3) or Hepatitis A virus cellular
receptor 2 (HAVCR2) has been discussed as a marker of dysfunction, and for its inhibitory
mechanism on activated CTLs. TIM3 has been identified as being expressed on oesophageal
cancers previously, as well as being identified on the most exhausted TILs in other malignancies

(144).

TIM3 showed a generally low level of expression on antigen experienced CD8+ TILs from
oesophageal adenocarcinoma specimens (mean 5.1%). This was higher than that seen among
healthy donor controls, though not by a large margin (mean 3.6%), and given the small number of
different healthy donors analysed not of statistical significance using the unpaired t test (Figure

18).
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human oesophageal adenocarcinoma.
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among CD8+CD44+ lymphocyte singlets from human oesophageal adenocarcinoma
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and HD PBMCs on full staining and utilising an FMO. Gating for CD8+CD44+
lymphocyte singlets as described above. B and D) ) Flow cytometry results of human
oesophageal adenocarcinoma samples showing percentage of CD8+CD44+ TILs either
gated as positive for TIM3 or LAG3, results divided by neoadjuvant treatment or HD
PBMC control (left) and by different groups depending on positivity for PD-1 and
CD39 (right).

The percentage of CD8+CD44+ TILs positive for TIM3 was highest among individuals who had
received CRT (mean 7.1%) and lower among treatment naive patients (mean 4.8% ), and tumours

of patients treated with chemotherapy (4.2%) (Figure 18).

As may be expected given the nature of PD-1 and CD39 as being markers of activation and
exhaustion, TIM3 was expressed most upon the surface of cells in the DP group (mean 8.13%) and
lowest among the DN group (mean 1.61%). The difference here is of a high degree of statistical

significance, p<0.0001 (Figure 18).

Lymphocyte-activation gene 3 (LAG3), is another inhibitory receptor strongly associated with
lymphocyte dysfunction and exhaustion in multiple contexts. A higher degree of expression for
LAG3 (mean 7.9% of CD8+CD44+ TILs) was identified on tumour samples than for TIM3, and this
contrasted with a lower expression level on a corresponding HD PBMC samples (mean 0.75%).
Similarly the highest percentages were observed in patients who had received neoadjuvant CRT
(mean 8.6%) or were treatment naive (mean 11.1%) compared to those who had received
chemotherapy (mean 4.6%). Again, as might be expected, the highest percentage of CD8+CD44+
TILs positive for LAG3 in the DP group (mean 12.8%) when compared to the DN group (mean
1.28%), with a high degree of statistical significance p=0.0003, calculated with the paired t test
(Figure 18).

3.2.7.2 TIGIT, CD244 and CD38

As described above TIGIT, CD38 and CD244 cell surface expression was also assessed in the
sample population. Cells positive for these proteins were identified as previously with the use of

PBMC FMOs to gate a true positive and negative group.
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Figure 19 TIGIT, CD244 and CD38 expression by CD8+CD44+ tumour infiltrating lymphocytes

from human oesophageal adenocarcinoma.

A, C and E) Exemplar flow cytometry plots showing gating of TIGIT, CD244 and CD38

positivity respectively, among CD8+CD44+ lymphocyte singlets from human

oesophageal adenocarcinoma, and HD PBMCs on full staining and utilising an FMO.

Gating for CD8+CD44+ lymphocyte singlets as described above. B, D and F) ) Flow

cytometry results of human oesophageal adenocarcinoma samples showing

percentage of CD8+CD44+ TILs gated as positive for TIGIT, CD244 or CD38

respectively, results divided by neoadjuvant treatment or HD PBMC control (left) and

by different groups depending on positivity for PD-1 and CD39 (right).

T cell immunoglobulin and immunoreceptor tyrosine-base inhibitory motif [ITIM] domain (TIGIT)

expression was assessed on a number of tumour resection samples. TIGIT was expressed on a

large proportion of CD8+CD44+ TILs and HD PBMC (mean 46.9% and 49.6% respectively). Based

upon a small sample size, the highest percentage was among treatment naive (mean 57.9%) and

chemotherapy (mean 52.5%) pre-treated individuals, though with only 2 patients treated with

chemotherapy included in analysis this must be interpreted cautiously. It would appear that the
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lowest percentage of TIGIT positive is among CRT pre-treated CD8+CD44+ TILs (mean 35.8%)
(Figure 19).

The PD-1+ CD39- TIL group appeared to have the highest percentage of TIGIT positive CD8+CD44+
TILs (mean 59.0%) and the PD-1- CD39- DN group the lowest (mean 34.2%) (Figure 19). When
comparing the DP (mean 48.6%) with the DN group there is a statistically significant difference,

with a p value of 0.012 when assessed using the paired t test (Figure 20).

CD244, also known as Natural Killer Cell Receptor 2B4 is another marker of activation, often
highlighted as being of interest in lymphocyte dysfunction and exhaustion(44). CD244 is shown to
be highly expressed among CD8+ CD44+ TILs as well as HD PBMC (mean 65.9% and 69.5%
respectively). There are similarly high levels of expression across all pre-treatment regimens,
ranging from mean 56.7% in treatment naive to 71.3% for CRT treated patients, though again
there must be caveats about sample size (Figure 19). There is a high frequency of events positive
among all PD-1 and CD39 subgroups with only a small increase between DN and DP, from mean
53.3% to 73.0%, though this is statistically significant according to the paired t test (p=0.0019) due

to the larger sample size for this data set (Figure 20).

CD38 is a cell surface glycoprotein also known as cyclic ADP ribose hydrolase, and is found on the
cell surface of CD4 and CD8 lymphocytes and NK cells. It is a marker of activation as well as being

found to be enriched in exhausted lymphocytes (44).

This too is highly expressed among CD8+CD44+ TILs from oesophageal cancer (mean 53.6%), and
is demonstrated at moderate levels on HD PBMC (mean 26.3%). Similar expression levels are
observed across all pre-treatment regimens (means ranging from 47.8 to 61.1), though again this
is based upon relatively small sample set. The highest percentage positive for CD38 among the
PD-1/CD39 subsets was among the PD-1- CD39+ group (mean 63.5%) and the DP group (mean
65.1%) (Figure 19). A comparison between the DP and DN (mean 33.9%) CD8+CD44+ TILs reveals
a highly statistically significant difference (p<0.0001 paired t test) with the DP group revealing the

higher expression levels (Figure 20).

All 5 surface markers described here showed increased expression among PD-1 CD39 double
positive compared to double negative TILs. The increase in TIM3 and LAG3 suggests the possibility
of an increasingly terminally differentiated exhausted population in the DP group, though the fact
that they contributed a minority of TILs in this group would imply that this may be a minority
population. Relatively high levels of TIGIT, CD244 and CD38 were observed among corresponding
populations of HD PBMCs, raising questions about the validity of these markers for discriminating

tumour reactive lymphocyte populations. CD38 shows a highly significant variation between the
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DP and DN groups, and while this may be a reflection of the increased lymphocyte exhaustion
here, is likely to be a reflection of increased lymphocyte activation in the PD-1+ CD39+ DP

population (Figure 20).
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Figure 20 Exhaustion marker expression on DN and DP TILs in human oesophageal

adenocarcinoma.

Linked percentage of CD8+CD44+ tumour infiltrating lymphocytes from human
oesophageal adenocarcinoma specimens positive for surface markers associated with
dysfunctional phenotypes that are either PD-1 and CD39 double positive or double

negative. Comparisons between groups made using paired t-test.

3.2.8 Exhaustion marker expression and degree of PD-1 expression

It has been discussed that PD-1 expression is observed on TCR signalling and T cell activation. This

is typically at a low expression level of PD-1, and it is only after persistent TCR stimulation that
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high levels of PD-1 expression are seen, which are associated with the dysfunctional phenotype.
PD-1 high lymphocytes in chronic infection are associated with high levels of the transcription
factor Eomes, a terminally differentiated exhausted phenotype, poor responsiveness to immune

checkpoint blockade and reduced survival in some cohorts (57,68,88).

Daniela Thommen et al. described a PD-1 high population in human non-small cell lung cancer
specimens, as being functionally and transcriptionally distinct from PD-1 intermediate TILs as well
as PD-1 high CTLs from chronic infection. PD-1 high TILs were shown to possess increased
expression of surface markers of exhaustion, increased tumour reactivity, and decreased ability to
produce effector molecules such as IFN-y and IL-2. There was no correlation between the amount
of PD-1 expression and expression of T-bet and Eomes within these tumour infiltrating
lymphocytes. A high abundance of PD-1 high TILs also correlated with improved patient survival

and predicted response to immune checkpoint blockade (94).

A similar approach was adopted utilising the samples from the oesophageal adenocarcinoma
cohort to investigate the impact increasing PD-1 expression would have on exhaustion marker
expression. A gating strategy was designed to allow reproducible graduated level of PD-1
expression, and this was applied to the first 17 patient samples analysed. Degree of PD-1
expression was labelled from PD-1 + to PD-1 6+, and the percentage of events in each of these
gates positive for the different surface markers of exhaustion was calculated, provided there were

at least 10 events in the gate.

An increase in marker expression with increasing PD-1 expression was observed for CD39, TIM3,
LAG3 and TIGIT. This is as is to be expected given what is known about expression patterns for
these markers with PD-1 expression. There was no clear correlation for CD244 or CD38 in this
patient cohort. It had been expected they would rise too with increasing PD-1 expression given
the correlation seen with CD244 and CD38 and terminally exhausted phenotypes, but as already
discussed these markers are principally T lymphocyte activation markers rather than specific for

exhaustion (Figure 21).

Of note, the degree of expression of TIM3 and LAG3 at the higher levels of PD-1 expression, is
much lower than that seen in the NSCLC cohort. For example, in the highest PD-1 expression level,
TIM3 was expressed on an average of 9.642% of cells in the oesophageal cancer cohort, compared
to a mean of approximately 75% of cells in NSCLC, LAG3 was present on an average of 21.97% in
the oesophageal cancer patients compared to 50% in NSCLC (Figure 21) (94). While results
between studies cannot be accurately compared, this does demonstrate an example of the
heterogeneity that exists in lymphocyte dysfunction between cancers, likely due to the effects of

complex and dynamic tumour microenvironments. It also hints at a less significant role for
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terminally differentiated exhausted lymphocytes in oesophageal cancer, where the evidence

displayed in this chapter increasingly points to a small minority population.
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Figure 21  Cell surface exhaustion marker and T-box transcription factor expression in human

oesophageal adenocarcinoma by degree of PD-1 expression.
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A) Exemplar flow cytometry plots showing gating strategy used to identify degree of
PD-1 expression. The first positive gate is defined based upon PD-1 expression in
healthy donor PBMC analysed at the same time as tumour, and these measurements
used for subsequent gates. B) Percentage of events in each gate of PD-1 expression
level positive for cell surface markers of exhaustion. C) Percentage of events in each

gate of PD-1 expression level positive for T-bet (left) and Eomes (right).

Similar analysis of T-bet and Eomes expression in OAC CD8+ TILs graduated by the level of PD-1
expression does not show any significant change as we progress through the groups. This would
sit against the perceived wisdom of increasing PD-1 expression signifying an increasingly
terminally differentiated exhausted population, but as mentioned already, is in keeping with the
observations by Thommen et al. who have also reported a lack of correlation of both transcription
factors with degree of PD-1 expression in human TILs. This is in contrast to results obtained from
the chronic murine LCMV infection model, and implies processes apart from the classical model of
lymphocyte exhaustion at play in both NSCLC and the oesophageal adenocarcinomas analysed

here.

3.3 Discussion

It has been possible to utilise a flow cytometric approach to analyse the phenotype of the CD8+ T
lymphocyte compartment of immune infiltrates from human oesophageal adenocarcinoma. By
adopting an enzymatic and mechanical disaggregation technique followed by controlled freezing,
samples can be frozen, thawed and analysed at later time-points, without compromising the
lymphocyte surface marker expression profiles. Changes in the percentage of events identified as
lymphocytes morphologically can be considered to be secondary to cell death among the fragile
cancer or stromal cell populations rather than the immune cells of interest, the composition of

which appears stable.

Within the lymphocyte compartment, is a significant population that stains positively for CD8a
and CD44, representing a presumed cytotoxic T cell population that has experienced antigen
alongside appropriate co-stimulatory signals and is activated. This is highest in samples from
patients who have undergone pre-treatment with chemotherapy and radiotherapy. A higher than
median percentage of these antigen experienced CD8+ TlLs is associated with improved overall
survival, though this could well be as a result of this group containing a higher number of patients
from the optimally pre-treated cohorts, rather than the treatment naive patients. An association

of high CD8+CD44+ lymphocyte infiltrates with improved survival is intuitive and would suggest
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infiltration with activated, rather than bystander TILs that have potential for sustained tumour

killing.

A high percentage of CD8+CD44+ TILs from the oesophageal adenocarcinoma cohort were
positive for PD-1. This was highest in the tumours of patients pre-treated with chemotherapy as
well as treatment naive individuals, and a high proportion of CD8+ TILs positive for PD-1 was
positively correlated with survival. CD39 expression is similarly elevated in antigen experienced
CD8+ TILs compared to corresponding populations from healthy donors, was highest in treatment

naive and chemotherapy pre-treated individuals, and is also associated with improved survival.

Of particular note co-expression of PD-1 and CD39 was highest in tumours of treatment naive
individuals, and possession of a higher percentage of CD8+CD44+ lymphocytes displaying this
phenotype was associated with a marked increase in patient overall survival and progression free
survival. Tumours possessing high percentage of PD-1+CD39+ DP TlLs were observed in each pre-
treatment regimen, including a significant number in tumours of patients not treated with
neoadjuvant therapies. An abundance of DP TILs was associated with improved PFS and OS in all

groups including the potentially sub-optimally treated naive individuals.

While it would be unwise to infer a causal relationship, it is attractive to consider the link between
an abundant population that may well be enriched for tumour reactive clones (129), and patient
survival. PD-1 and CD39 co-expression is observed in examples of terminal exhaustion, and while
this implies a dysfunctional CTL pool with impaired effector function, it also suggests that to get to
this point, the CD8+ TILs have achieved appropriate TCR signalling and engagement with cognate
MHC-peptide in the context of productive co-stimulation, very possibly in response to tumour

associated antigens or neoantigens.

Closer inspection of the PD-1 and CD39 double positive (DP) population reveals a measurable
cohort of TILs expressing multiple exhaustion markers, significantly more so than is seen in the
double negative (DN) population. This could suggests a terminally differentiated exhausted
phenotype, in a portion of the DP group. TIM3 and LAG3 is expressed at modest levels in the DP
group, and while higher than in the DN group or HD PBMC controls, it is less than may be
expected if the DP group is comprised of a dominant terminally differentiated exhausted TIL

population.

Adding to the evidence that the DP group is not comprised solely of terminally differentiated
exhausted TlLs is the flow cytometric assessment of the expression levels of the T-box
transcription factors T-bet and Eomes in this context. Here we observe a DP population enriched
high

for a T-bet"®" Eomes'®" phenotype with low abundance of T-bet'®” Eomes"" when compared to
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the DN group. It is also observed that the percentage of these T-bet and Eomes groups does not
change significantly with increasing PD-1 expression, as might be expected if the population of
interest were behaving in line with the classical LCMV model of lymphocyte exhaustion. Instead
we see reasonably static proportions of TILS are T-bet"&" or Eomes"€", even potentially a fall in
Eomes and rise in T-bet with increasing PD-1 expression, a finding mirroring observations seen in

NSCLC (94).

So how to define the DP population? The data presented would suggest a heterogeneous
population, and could be explained by a dominant precursor exhausted population with a
minority terminally differentiated exhausted lymphocyte population, though this would not
account for the static transcription factor profiles observed with increasing PD-1 expression. It
may be that this population is principally comprised of other lymphocyte populations known to
express PD-1 and CD39, namely activated effector CD8+ lymphocytes, or tissue resident memory
(Trm) CD8+ lymphocytes. Mouse models of cancer and assessment of tumours from patients are
increasingly demonstrating a key role for Trm lymphocytes in tumour control, and patient survival,

as well as in augmenting responses to immune checkpoint blockade therapies (114,129,130).

In conclusion, human oesophageal adenocarcinomas demonstrate infiltration with a definable
population of PD-1 and CD39 double positive TILs that correlate with improved progression free
and overall survival. This population appears heterogeneous and while it may possess a small
minority population of terminally differentiated exhausted lymphocytes characterised by
possession of multiple surface markers of exhaustion, it would appear to be comprised
predominantly of a less exhausted cell type. This dominant group may conform to a precursor
exhausted lymphocyte phenotype as defined by chronic LCMV infection model, but may also be a
non-traditionally exhausted TIL population analogous to the tumour reactive TlLs described by
Thommen et al, or the TRM phenotype described by de Lara et al, Clarke et al and many others as

being potentially so important in containing progressing cancers (94,114,129,130).

To further characterise this PD-1+ CD39+ phenotype, a transcriptomic based approach has been
adopted as well as further utilisation of multi-parametric flow cytometry to allow
multidimensional assessment of this TIL population, in a bid to greater understand its composition
and factors that influence patient response to therapy and ultimately survival in oesophageal

adenocarcinoma.
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Chapter4 Transcriptomic assessment of exhausted
CD8+ T lymphocyte populations in human

oesophageal adenocarcinoma

4.1 Introduction

A high abundance of the PD-1 CD39 double positive (DP) antigen experienced CD8+ TILs has been
demonstrated to be associated with superior progression free and overall survival in the cohort of
resected oesophageal adenocarcinomas assessed in this study. Data presented thus far has
utilised a 6-fluorophore flow cytometry approach and has alluded to the DP population being a
heterogeneous collection of CD8+ T lymphocytes, comprising a majority portion of precursor
exhausted, CD8+ effector or tissue resident memory CD8+ lymphocytes as well as a minority

terminally differentiated exhausted population.

To characterise this group further a transcriptomic based approach was proposed allowing
multidimensional analysis to a degree not possible though flow cytometric analysis. Various RNA
sequencing approaches were considered including single cell and bulk sequencing techniques, as
well as different options for the material sequenced which could include whole tissues or sorted
cell populations. Ultimately a bulk RNA sequencing approach for FACS sorted populations of TILs
was selected, in order to take advantage of the depth of sequencing available to bulk techniques
with the ability to examine specific, defined populations of lymphocytes extracted from human
tumour samples. In order to understand the character of this DP population, it was decided that it
should be sequenced alongside the PD-1 CD39 double negative (DN) population, as well as the
minority population of potentially terminally differentiated exhausted lymphocytes, in order to
allow for comparison and appreciation of differentially expressed genes in each group, and

enriched gene sets generated from previously published data.

To successfully complete analysis on these target populations from primary patient tissues a
sensitive technique was required and an RNA sequencing pipeline was developed and tested

before being applied to oesophageal adenocarcinoma samples.

Described here are the results obtained from successful transcriptomic assessment of sorted
populations of OAC TlILs, analysed with the intention of undertaking deep phenotypic

characterisation of PD-1+ CD39+ antigen experienced CD8+ TILs from primary patient samples.
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The aim of this phase of the project was to use a bulk RNA sequencing approach to assess the
transcriptomic phenotype of the PD-1 and CD39 double positive population of antigen
experienced CD8+ tumour infiltrating lymphocytes. The transcriptomic profile of this population
was to be compared with the PD-1 and CD39 double negative group as well as a similarly PD-1 and
CD39 positive group, which is also expressing the exhaustion markers TIM3 and LAG3. It was
planned to use this information to characterise this population of interest using gene set
enrichment analysis techniques, with regards to lymphocyte exhaustion and other dysfunctional
lymphocyte populations. It is hoped the insights gained into the functionality of this population
will aid understanding as to how and why it can influence patient outcomes in this difficult to

treat cancer.

4.2 Results

To understand the characteristics of the PD-1 and CD39 double positive group of tumour
infiltrating lymphocytes from human oesophageal adenocarcinoma further, transcriptomic
assessment was planned using RNA sequencing. The principle output was intended to be analysis
of differential gene expression (DGE) with a secondary target of undertaking gene set enrichment
analysis to compare the expression profile of the population of interest, with gene sets published
in the literature describing known phenotypes. Given this a bulk RNA sequencing technique would
be appropriate to gather sufficient depth of sequencing, with the population of interest being
collected via FACS sorting. A target of 30 million reads per sample was the intended output. As
comparators for the population of interest, sequencing data was gathered for the double negative
population, as well as potentially terminally exhausted populations containing multiple co-
inhibitory receptors, to allow comparison up and down the gradient of dysfunction and

exhaustion.

With this in mind preliminary work was planned to assess potential methods for acquiring this
sequencing data. A key consideration at the outset of this experimental work stream, was the fact
that analysis will be undertaken using small numbers of cells collected via FACS. The samples
received from surgery are small, and the nature of their collection means that larger volumes
cannot be obtained. A high sensitivity approach would need to be adopted and methods were

assessed and optimised prior to utilising patient derived tissue.

4.2.1 RNA sequencing pipeline optimisation

A cell sorting strategy was developed, identifying and isolating the cell populations of interest,

utilising FACS sorting with the core antibodies detailed in chapter 3, targeting CD8a, CD44, PD-1
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and CD39, and additionally antibodies specific for TIM3 and LAG3. This allowed collection of key
cell populations into appropriate medium for storage prior to RNA extraction. The populations
collected included a PD-1 CD39 double positive population (DP) which was also TIM3 and LAG3
negative, a population we denoted as an early terminally exhausted PD-1+ CD39+ LAG3+ TIM3-
population (EExh), a population denoted as a late terminally exhausted PD-1+ CD39+ LAG3+
TIM3+ population (LExh), and a PD-1- CD39- double negative population (DN). Additionally, a
sample of the non-lymphocyte cellular material was collected (population 5) and stored in
controlled freezing solution in liquid nitrogen. Given the open ended nature of this project, it was
considered prudent at the outset to collect a sample of the tumour cells, should they be needed
as a source of patient specific tumour antigens for future experimental work. Cell sorting and
storage techniques were optimised prior to their use on clinical samples of interest, and
calculations of expected yields for each cell population was estimated. It was noted that for the
most infrequent populations, the EExh and LExh groups, potentially very few cells were likely to
be recovered, numbering into the several hundred, and this influenced decision making regarding
further RNA sequencing techniques. Details of the yields for each experimental group sorted in

the preliminary experiments are detailed in chapter 2.
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Figure 22  Gating strategy for FACS sorting of lymphocyte populations of interest.
Depiction of gating strategy for Fluorescence-activated cell sorting using BD FACS
Aria. Exemplar oesophageal adenocarcinoma sample displayed. Populations 1-3 (P1-

3) all singlet lymphocyte populations CD8,CD44,PD-1,CD39 positive and then LAG3-
TIM3- (DP), LAG3+ TIM3- (EExh) and LAG3+ TIM3+ (LExh) respectively. Population 4 is

99



Chapter 4

CD8 and CDA44 positive, but PD-1 and CD39 negative. Population 5 (P5) non-
lymphocyte tumour cells stored for future experimental work to be used as potential

antigen supply.

With a need to extract sufficient RNA for sequencing from small numbers of sorted lymphocytes
in mind, a range of sensitive RNA extraction techniques were evaluated, including a number of
commercially available spin column based kits as well as a phenol-chloroform RNA extraction
method. The results of these experiments are detailed in chapter 2. Ultimately the Zymo Direct-
zol™ RNA Microprep Kit (213) was selected for use, given the relatively high yields achieved, and
the ease of storing sorted cells in TRIzol™, a trade name for guanidinium thiocyanate, prior to RNA

extraction.

In order to produce complementary DNA (cDNA) of sufficient quality for RNA sequencing from the
low concentrations of RNA available, a highly sensitive sequencing technique was required. The
single cell RNA sequencing SmartSeq2 protocol was selected (197), with extracted RNA used as
input material rather than whole cells, to allow for bulk cDNA library production from low
numbers of cells. This technique was optimised using RNA extracted from counted and then
sorted HD PBMCs, with high quality cDNA produced. Trials using sorted OAC TlLs were then
undertaken before cDNA was produced from sorted TIL populations of interest extracted from
resected human OAC samples. The details of this experimental set up and analysis is detailed in

chapter 2.

Sample cDNA was cleaved and labelled utilising the NexteraXT tagmentation reaction from
Illumina and final multiplexed libraries were sequenced using the lllumina NextSeq550 platform.
Data output from this process was transferred to the high-performance computing facility for
data alignment and de-multiplexing, before further transfer to the R software environment for

downstream analysis. Details in chapter 2 and Appendix D.

The culmination of the RNA sequencing pathway development and optimisation, was the
sequencing of three groups of sorted TlLs from 3 separate patients as a preliminary analysis, to

test the process and develop downstream analysis skills and strategies.

4.2.2 Preliminary data analysis

Analysis of the data generated from the first RNA sequencing assessment was completed allowing
development of a bioinformatics pipeline and to demonstrate feasibility of the procedure from

resection of tumour sample through to data processing. The data analysis pipeline will be
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discussed here and the same process was deployed on subsequently collected samples. Exemplar

script for all analysis is included in Appendix D.

The number of DNA fragments aligned to each gene for every sample were collated into a single
data matrix and loaded into the statistical environment R for analysis alongside a table containing
metadata required for analysis. An example of the read count matrix and metadata sheet are

included in Appendix E.

The primary output for this RNA sequencing experiment was to undertake differential gene
expression analysis and use this information to look at specific genes of interest as well as to
undertake pathway and gene ontology analysis. The second primary output from the data
generated was to facilitate gene set enrichment analysis, in order to investigate if differences in
gene expression between the populations of interest are similar to those seen in published series
of lymphocyte exhaustion and dysfunction, and to aid in detailed identification of key

populations.

The first stage of analysis utilised the DESeq2 package, a statistical tool developed for use within
the R environment to test for differential gene expression in RNAseq experiments and other high

dimensional data techniques, through use of negative binomial generalised linear models (214).

The matrix containing the read count information is transformed into a DESeqgDataSet and the
factor for comparison is defined, the population type (DN, DP, EExh or LExh) and any batch effects
can be factored into the experimental design, for instance the sequencing run. Following this
unless specifically stated, as in the case of data processed for GSEA, pre-filtering is undertaken
removing genes from the data set with low expression levels. Assessment of the strictness of
filtering required for optimal results has been undertaken and it has been decided to remove
genes where there are less than 5 normalised counts in 5 separate samples for full datasets, and 5
normalised counts in 3 separate samples for the initial trial dataset. Pre-filtering acts to remove
rows with very few reads and thus reduce memory size of the object being analysed and the
computing power required for this. In doing so it also limits the number of analyses undertaken,
reducing the false discovery rate of results incorrectly deemed significant, improving accuracy and

significance of estimations made.

Differential expression analysis was completed using the DESeq2 function in the DESeq2 package.
This function uses negative binomial generalized linear models to estimate dispersion and
logarithmic fold changes incorporating data-driven prior distributions (214). A results table can be
produced from this output by defining the groups intended for comparison, for example to

compare DN to DP populations. Here Log fold change shrinkage is undertaken for ease of
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visualisation and ranking, and the ashr method has been used for this project (215). The results
tables produced at this point will produce Log2 fold change calculations, Wald test p values and
adjusted p values. This can be used for identification of significantly differentially expressed
genes, or utilised for further analysis such as enrichment of gene ontology labels, pathway

analysis, or with packages such as the QIAGEN Ingenuity pathway analysis software.

Additionally at this point in the analysis pathway, a matrix can be produced displaying normalised
counts for all genes listed for each sample, using the DESeq2 package. This is the basis of input
into the Broad Institute software to allow completion of gene set enrichment analysis, a
technique for assessing if an a priori defined set of genes are enriched in a specific group

compared to another, and an intended primary output for the data collected (216,217).

Finally read count data can was transformed to remove dependence of the variance on the mean.
Here variance stabilizing transformation (VST) (218) is undertaken as is regularized logarithm
(rlog) calculation (214). These transformations both produce transformed data on the log2 scale
which has been normalised with respect to library size. It can be of use to visualise this

transformed data as PCA plots or heatmaps.

This analysis pipeline was used to undertake assessment of the read count data collected
following sequencing of the cDNA libraries produced from the first 3 patients. Filtering of poorly
expressed genes, produced an appropriate number of genes differentially expressed with a p
value <0.05, as shown in the histogram of p values (Figure 23.A), suggesting an acceptable false

discovery rate.

Differences in terms of gene expression between the samples was visualised using a principle
component analysis (PCA) plot, which showed that the samples broadly clustered according to
phenotype, rather than patient ID. This is reassuring, even with a degree of heterogeneity in the
samples in terms of pre-treatment regimen and response to therapy. This would suggest
differences in phenotype based upon the markers used for sorting, is greater than any differences

seen as a result of neoadjuvant therapy or inter-patient variability (Figure 23.B).
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Figure 23  Analysis of preliminary dataset showing DEG profiling and GSEA.
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A) Histogram of the range of p values for differential gene expression analysis using
DESeq2. Frequency is the number of genes with each p value. B) Principle
Component Analysis (PCA) plot for gene expression by condition, with Double
Positive (DP) group labelled red, Early Exhausted (EExh) in green and Late Exhausted
(LExh) in blue. C) Heatmap showing 467 differentially expressed genes between DP
and LExh phenotypes in trial dataset, 212 show increased expression in DP and 255
show reduced expression. EExh population show intermediate expression pattern.
Data normalised and transformed with variance stabilizing transformation (VST) and
displayed on a log2 scale. Each row represents a gene, and order has been
determined by unsupervised clustering. D) Gene expression plots for selected genes
showing normalised counts for each sample from the trial sequencing experiment in
each phenotype. Genes selected are CD8 T lymphocyte effector molecules tumour
necrosis factor alpha (TNF alpha), interferon gamma (IFN gamma) and granzyme B
(GZMB). E) Heatmap showing expression of genes of interest to lymphocyte
exhaustion in samples from trial sequencing. Data normalised and transformed with
VST and displayed on a log2 scale. F) Example gene set enrichment plot for assessing
enrichment of a gene set detailing genes with increased expression in Day 15 Effector
vs Day 30 Exhausted CDS8T cells from Clone 13 LCMV infection enrichment, in the
LExh vs DP groups. Gene set published in the assessment of lymphocyte exhaustion
gene expression profiles by Doering et al. G) Histogram showing Normalised
Enrichment Score (NES) for top 10 enriched gene sets when GSEA is undertaken

comparing LExh phenotype vs DP, with regards to the lymphocyte exhaustion gene
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sets detailed by Doering et al (43). Asterisks represent calculation of nominal p value.

* = p<0.05, ** = p<0.01, *** = p<0.001.

A total of 467 genes were identified as being significantly differentially expressed when the LExh
group was compared to the DP group, defined by possessing a wald test p value <0.05. 212 genes
showed increased expression in the DP group and 255 in the LExh group. This included a host of
genes involved in immunological processes and included the Tbx21 gene encoding T-bet, with
reduced expression in the LExh group. These significantly differentially expressed genes can be
visualised as a heatmap (Figure 23.C), individually with expression counts for each sample

observed (Figure 23.C), or as a heatmap showing pre-defined genes (Figure 23.E).

Successful normalisation of counts and completion of GSEA, utilising software and techniques
developed by the Broad Institute, was an important test for this process. This was highlighted as a
key output prior to starting this investigation. The successful comparison of the samples
sequenced using a collection of gene sets of a comparable phenotype, exhausted lymphocytes
analysed by Doering et al, provided a proof of principle for this final and crucial step. The results
of this GSEA showed enrichment of gene sets related to LCMV mediated lymphocyte exhaustion
in the LExh when compared to the DP groups (Figure 23.F and G). This result, in keeping with what
may be expected based on published data elsewhere gave confidence in the decision to invest

into expansion of this data set.

4.2.3 Expansion of data set

Following the success of the trial RNAseq experiment, a power calculation was undertaken to
identify the optimal number of replicates to generate reliable and meaningful results. The Scotty
web based power calculation tool (219), developed by researchers at the University of Utah, was
used, modelling the number of samples required for to detect at least 50% of the expressed genes
that are differentially expressed by a 2 fold change with a p value <0.01, based on the trial data
set produced in this project. This predicted that the minimal sample size required was 6
replicates, though 10 replicates would produce optimal results. It was aimed to multiplex samples
for sequencing allowing approximately 30 million reads per sample, with a target for an excess of
5 million mapped reads per sample, and ideally around 5-15 million mapped reads per sample to
allow differential gene expression analysis of highly expressed genes and downstream analysis

approaches such as GSEA and GO analysis.

Initial plans were to sequence 8 collections of all 4 sample groups from treatment naive patients
and 8 sets from patients treated with chemotherapy. This would allow a detailed analysis and

characterisation of the TIL groups in the treatment naive setting as well as following
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chemotherapy, and could thus potentially shed light on to the differential responses to
immunotherapy observed in oesophageal cancer following pre-treatment with cytotoxic

chemotherapy.

Difficulties were experienced on upscaling the sample number, however, and despite success in
cDNA library preparation previously from a similarly low number of sorted cell, persistent low
cDNA yields were obtained. During the trial RNAseq experiment, cDNA libraries had been
prepared from as few at 125 sorted cells, and this approach was initially adopted in the expanded
sample collection phase, in order to increase the potential number of tumour samples available
for analysis. Inconsistent quantities of cDNA were obtained from the numbers of cells sorted,

despite successful cDNA production from positive controls.

Troubleshooting was undertaken, with assessment from sample preparation, FACS sorting,
sample storage, RNA extraction, RNA storage and cDNA production using SmartSeq2 all
investigated. Particular note was made to the sort efficiency of the BD FACS Aria Il machines used
for the sorting of sample TIL populations with analysis of sort efficiency of the machines measured
and alternatives used, RNA extraction methods with new reagents and spin columns used, as well
as additional positive and negative controls, and the assessment of the SmartSeq2 process where

fresh reagents were used.

By increasing the number of cells sorted a sufficient number of samples were obtained to expect
successful downstream analysis in order to produce DEGs via DESeq2 and GSEA, though these
issues did limit the number of samples available for analysis. A final target was set for at least 6
samples in each analysis group, though in total more than this were collected for all except the

LExh group.

4.2.4 Data analysis of full data set

Analysis of the full data set included read counts for 6 treatment naive patients and 3
chemotherapy pre-treated patients. The treament naive samples include 5 DN samples, 6 DP
samples, 5 EExh samples and 4 LExh samples. The Chemotherapy group included 2 DN samples, 3
DP samples, 2 EExh and 2 LExh samples. Significant difficulties were experienced in increasing the
number of samples but the final numbers are expected to allow a sufficiently detailed analysis

with a degree of statistical robustness.

A total of 230,579,845 reads were mapped to gene identifiers, with an average of 7,951,029
mapped reads per sample and a range from 2,492,780 — 23,261,804 mapped reads per sample.

This was above the absolute minimum acceptable read number of 5 million reads per sample, but
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below 10-15 million mapped reads per sample that had been hoped for. Quality control metrics
for sequencing runs was considered satisfactory to proceed to downstream analysis. Given these

outcomes, all samples sequenced were used for analysis.

The results obtained from analysis of these samples will be collated into 2 datasets. The first
includes only the treatment naive samples and is used for initial analysis. The second will include
all samples, naive and chemotherapy pre-treated and look for concordance with the initial
findings. The data from the CRT pre-treated patient is being excluded from the final analysis in

order to maintain a degree of patient homogeneity.

4.2.5 Comparison of treatment naive and chemotherapy treated samples from expanded

data set

It had been described that sequencing data has been collected for a small number of patient
samples pre-treated with chemotherapy and a larger group that are treatment naive. By
combining these data sets we can increase the number of samples included, and if they are
phenotypically identical potentially increase the potential to find, and the power of, significant

results.

It is hypothesised, that the characteristics of the cell populations of interest in this project, are
conserved between pre-treatment regimes, though the abundance of each group varies with

treatment.

As described above, read count data for all treatment samples was uploaded into the statistical
environment R for analysis. This data underwent pre-filtering, normalisation, transformation and
differential expression analysis for comparison of the DP with the DN group. This was undertaken
for treatment naive samples alone, chemotherapy exposed samples alone, and as a combined

cohort, allowing comparison for similarities and differences in the results obtained.

Analysis of treatment naive samples alone revealed a total of 261 significantly differentially
expressed genes (DEGs) defined by an adjusted p value of less than 0.05. 18 genes were shown to
have significantly over expressed by the same metric, and 243 had reduced expression in the DP
group compared to the DN. This can be visualised in the volcano plot (Figure 24). While the
heatmap shows a high degree of heterogeneity between samples in terms of gene expression and
read depth, some of this is accounted for with normalisation and transformation techniques.
Identical calculation of DEGs for chemotherapy pre-treated samples revealed a far larger number

of DEGs, likely including many false positives, making direct comparison challenging.
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Downstream analysis was undertaken to assess for GO term enrichment both using a list based
approach to via the web based portal for assessment gene ontology and pathway enrichment,
available at Toppgene, and with a GSEA based approach utilising the technology developed by the
Broad Institute. Additionally, Log,fold change figures calculated by DESeq2 were inputted into the
QIAGEN Ingenuity Pathway Analysis (IPA) software. By compiling information on relative
differential expression levels of numerous genes, not just those labelled as significant by the wald
testing in DESeq2, it can be observed if this information coalesces around certain pathways
related to upstream regulators, specific biological pathways or downstream functions and
phenotypes. Finally GSEA was undertaken to assess GO term and Reactome pathway enrichment

between the populations of interest.

The results of this analysis showed a high degree of similarity between the results obtained using
treatment naive samples and those previously exposed to chemotherapy. As an example, of the
top 20 enriched GO terms in DP vs DN analysis among treatment naive samples (Figure 24.D), 18
were enriched in the DP group of the small cohort of chemotherapy treated samples, which
included just 2 DN and 3 DP samples. The majority of these top 20 results were enriched in the
top 200 results in the chemotherapy only group, and those not included in this crossover were
gene sets related to cardiac muscle development and myeloid dendritic cell activation, likely false
positive results. Similarly, all of the top 20 enriched reactome pathways in the DP group among
naive samples (Figure 24.E), were found enriched in the DP group in chemotherapy pre-treated
samples only. Similar correlations between results obtained from comparisons between DP and
DN populations in both treatment groups using the other data analysis techniques outlined

above.
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Figure 24  Differential gene expression analysis and GSEA comparing DP with DN populations

in treatment naive samples.

A) Volcano plot displaying 261 differentially expressed genes with a p value <0.05, 28
with increased expression in the DP group and 243 increased in the DN group. B)

Histogram showing the range of p values for differential gene expression analysis
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using DESeq2 comparing DP and DN treatment naive samples. Frequency is the
number of genes with each p value. C) Heatmap showing VST normalised gene
counts of 263 differentially expressed genes. D) Top 20 GO terms enriched in the DP
vs DN group on analysis by GSEA using the Broad Institute software. Bars related to
Normalised Enrichment Score (NES) and points related to nominal p value. All results
showed FDR <25%. E) Top 20 Reactome pathways enriched in the DP vs DN group on
analysis by GSEA using the Broad Institute software. Bars related to Normalised
Enrichment Score (NES) and points related to nominal p value. The top four results
showed FDR <25%. F) Exemplar GSEA enrichment plots for GO terms related to T cell

activation and T cell receptor complex expression.

The high degree of overlap with the naive samples observed when analysing results from the
chemotherapy pre-treated samples alone provided confidence that the populations isolated are
comparable regardless of pre-treatment and that combining read counts from these two groups

can add power to the results, without confounding the outcomes.

4.2.6 Comparison of DP and DN populations from all treatment naive and chemotherapy

pre-treated samples.

4.2.6.1 Gene ontology term and Reactome pathway analysis with GSEA

Read counts obtained for all treatment naive and chemotherapy treated samples were combined
and DGE analysis was undertaken as previously described. A total of 485 significantly DEGs with
an adjusted p value of less than 0.05 were identified, 66 genes showed increased expression in
the DP group, and 419 in the DN group. Assessment of these differentially expressed genes,
reassuringly showed PDCD1, the gene encoding PD-1 over expressed in the DP group. Over
expressed in the DN group were a number of immune active molecules including NFKB1, encoding
a subunit of the NFKB transcription factor. As described already, while assessing individually
differentially expressed genes is interesting, it is difficult to gain an impression of function in doing
so. Normalised read counts for each sample, and Log2fold change results for each gene were

calculated using the DESeq2 package and used for GSEA and IPA assessment.

GSEA was utilised to assess for enrichment of GO terms and Reactome pathways in all samples
and showed results comparable to the analysis of just treatment naive patients. GO analysis
revealed 432 of the 3126 gene sets enriched in the DP group did so with a p value of <0.05. 228
had a p value <0.01 and 225 a FDR < 25%. This total was a greater number of statistically
significant results than when just the naive patient samples where used, around double the

number, not a larger order of magnitude. The higher number with a significant FDR suggests that
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the increased number of samples is reducing the likelihood that significant results are false
positives. Among the top 10 most enriched gene sets were those related to TCR complex
molecules, chemokine activity, alpha/beta T cell differentiation, T cell activation and positive
regulation of T cell activation, lymphocyte chemotaxis and positive regulation of leukocyte cell-
cell adhesion. Other high ranking gene sets include numerous results for leukocyte and T cell
proliferation, chemotaxis, adhesion, positive selection and migration signals. Also among those
with a low FDR and high enrichment were gene sets related to production of IL-2, IL-10, IL-12 and

IFN-y (Figure 25.C).

These GO results were supported by GSEA analysing enrichment of gene sets describing Reactome
pathways when all DP and DN samples are compared. 483 gene sets enriched in the DP group, 54
with a p value <0.05 and 25 with a p value <0.01. 9 gene sets had an FDR <25%. Within the 20
most significantly enriched gene sets were pathways related to PD-1 signalling and CD28 co-
stimulatory signalling and chemokine receptors binding chemokines. Also included in this list are
IL-10, IL-12, and IFN gamma signalling pathways, as well as downstream TCR signalling (Figure

25.C).

Combining these GSEA results suggests a DP population enriched for lymphocyte activation,
proliferation and migration, with regards to the DN group, as well as showing evidence of

increased TCR and CD28 signalling as well as PD-1 signalling.
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Comparison of DP and DN populations from all post chemotherapy and treatment

naive patient samples.

A) Volcano plot displaying 485 differentially expressed genes with a p value <0.05, 66
with increased expression in the DP group and 419 increased in the DN group. B)
Gene set enrichment plots assessing enrichment of PD-1 signalling and co-stimulation
by the CD28 family in the DP vs DN populations. C) Summary of GSEA of top enriched
GO terms and Reactome pathways in DP vs DN populations. Normalised enrichment
score (NES) (bars) show degree of enrichment and p value <0.05 suggest statistical
significance (points). Positive NES indicates enrichment in DP population with
negative value indicating enrichment in DN population. First 10 results related to
Gene ontology terms, with first 5 the most enriched in the DP group and the next 5
the maximally enriched in the DN group. The next 10 are related to Reactome
pathways with the first 5 the maximally enriched gene sets in the DP and the next 5
the most enriched pathways in the DN group. D) Selected IPA analysis showing most
relevant significantly enriched pathways related to cellular functional processes,
upstream regulatory molecules and canonical pathways. Functions with a Z-score
greater than 2 (orange bars) show enrichment in the DP phenotype, whereas those

with a score less than -2 (blue bars) show enrichment in the DN group. Significant Z-
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scores demonstrated by bars crossing of the dotted line (Z-score >2 or <-2) and p

value below the dashed line (p<0.05).

When the GO gene sets enriched in the DN group compared to the DP group are scrutinised, the
picture is less clear cut. This may well be a result of a more heterogeneous population here. 4571
gene sets were enriched in the DN group, 303 had a p value of < 0.05 and 80 a p value of <0.01,
with 4 showing an FDR <25%. The top 20 enriched GO terms represented a greater variety of
systems than those in the DP group and is likely affected by false positives. While gene sets
related to immunoglobulin receptor signalling where observed, there was also gene sets related
to diseases of impaired glucose tolerance, supraventricular tachycardia and muscular dystrophy. It
is difficult to see clear reproducible patterns. This is similar to the results seen in analysis of the
treatment naive patients only, but more marked here. Reactome pathway based GSEA showed a
similar picture with 44 of 458 enriched gene sets possessing a p value <0.05, 23 with a p value
<0.01, and 18 an FDR <25%. Within the most enriched gene sets are pathways related to FCy
receptor immunoglobulin binding, but also those related to the complement cascade, and
multiple pathways related to the extracellular matrix and molecules such a keratin and collagen

(Figure 25.C).

Of note, when similar techniques have been used to evaluate GO term enrichment in CD39- vs
CD39+ in chronic infection, it was not possible to classify the CD39 negative group while the

positive group enriched for gene sets related to mitosis and cell cycle processes (126).

4.2.6.2 Ingenuity Pathway Analysis

Log2fold change data was calculated for a combined chemotherapy pre-treated and naive data
set with regards to comparison of DP and DN groups, calculated using the DESeq2 package, and
was inputted into the IPA software. Results were analogous with those observed for the
treatment naive group alone, with significant enrichment of functional annotations related to
apoptosis and necrosis in the DP group, and cell survival and viability in the DN group. Analysis of
upstream regulatory and canonical pathways demonstrated upregulation of TGF beta receptor 2
effects and PTEN signalling in the DP group. VEGF and IL-4 dependent pathways are again over
expressed in the DN group as are canonical VEGF and IL-15 signalling gene sets, as well as CXCR4
and IL-2 signalling pathways. Considering the upstream regulators identified as enriched through
IPA analysis and GSEA in the DP group, a combination of TGF-p, IL-2 and IL-15 signalling does not
necessarily point towards activated effector CD8+ function, however as has already been alluded
to, when viewed through the lens of a tissue resident memory cell phenotype these cytokines all
play a role in TRM development and maintenance (134,220) (Figure 25.D). In addition, enriched in

the DP group though not considered significant due to a Z-scores of 1.8 and 1.2 respectively, were
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signatures related to signalling of RUNX3 and 1d3, key transcription factors in TRM development

and maintenance in peripheral tissues (134).

There is some discord between the results from IPA analysis with those Reactome and GO term
analysis derived from GSEA, particularly regarding cell cycling, survival and proliferation, which
were observed in the initial analysis of treatment naive samples and remains in this expanded
dataset. The IPA analysis suggests an increase in general cell survival signatures in the DP group
and apoptosis in the DN group (Figure 25.D), while GSEA shows increased leukocyte and
lymphocyte specific survival and proliferation signatures in the DP group (Figure 25.D). This may
not necessarily be cause for concern, and may be a reflection of the heterogeneity of the DN
population compared to the DP population producing a wider variety of cell signals, and the more
general survival signatures observed in the DN group with IPA compared to the more specific

lymphocyte survival signatures seen in the DP population with GSEA.

4.2.6.3 GSEA phenotypic assessment indicating tissue resident memory lymphocyte

phenotype and potential immunotherapy resistance

Further GSEA analysis using gene sets curated from published data was undertaken.

Given that these populations of interest are defined by their expression, or lack of, cell surface
PD-1 and CD39, GSEA was undertaken to assess for enrichment of signatures related to
lymphocyte exhaustion. The DP and DN groups where compared using gene sets derived from
LCMV models and also from tumour infiltrating lymphocytes detailed in a range of publications.
Of particular interest, when using gene sets describing exhausted and activated human TILs
derived from large single cell data atlases described by Andreatta et al, the DP group enriched for
effector memory, terminally exhausted and precursor exhausted phenotypes, when compared to
the DN group. The strongest enrichment was for the precursor exhausted phenotype (NES 2.59,
p=0.0) (221). Interpretation of this is not easy, but could suggest populations of all of these

subsets of lymphocytes at levels greater than that seen in the comparator group.

Data from work by Paulino Tallén de Lara et al, examining the ability of a population of PD-1+
CD39+CD8+ lymphocytes to control breast cancer metastases in a mouse model, showed
enrichment of gene sets related to effector CD8+ T cells and tissue-resident memory CD8+ T cell
activity (130) The experimental populations compared where a PD-1+CD39+ double positive
population of CD44+CD8+ lymphocytes when compared to the rest of the CD44+CD8+ T cells, a
highly analogous if not identical experimental model to this study. The DP and DN OAC TIL
samples were analysed using the same gene sets as those use by Tallon de Lara et al, and a similar

pattern of enrichment was observed. The DP group was enriched for the effector vs memory
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CD8+ upregulated gene set published by Goldrath et al. (NES 1.697 p=0.00) and for a gene set

comprising genes upregulated in a tissue resident memory cell population described by Savas et

al. (NES 1.759, p=0.00) (141,222).
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Figure 26 GSEA comparison of DP and DN phenotypes
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GSEA enrichment plots displaying enrichment of gene sets describing key CD8+ T

lymphocyte phenotypes in the PD-1 and CD39 double positive group of antigen

experienced TILs when compared to the double negative group. A) Enrichment for

Effector CD8+ T lymphocyte gene set as described by Goldrath et al.(222) B)

Enrichment for the tissue resident memory CD8+ T lymphocyte gene set as described

by Savas et al.(141) C). Enrichment for the CD69+ tissue resident memory phenotype

as described by Kumar et al.(136) D) Enrichment for the CD8_B phenotype described
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by Sade-Feldman et al. as being associated with markers of exhaustion and resistance

to treatment with immune checkpoint blockade(69).

To further confirm the picture that the DP group is composed of cells of an effector-memory or
TRM phenotype, using data from a more recently published analysis of the core transcriptional
signature of CD69+ TRM cells, a gene set was produced from the 250 most differentially
expressed genes in lung TRM cells. This gene set was also shown to be significantly enriched in the

DP group when compared to DN (NES 1.592, p=0.00) (136).

Additionally by utilising gene sets produced from published data related to responses to immune
checkpoint blockade, it was observed that the DP group was strongly enriched in gene sets from
single-cell expression clusters associated with reduced responses to these therapies in melanoma.
In their paper Moshe Sade-Feldman et al. identified the population of CD8 TILs, labelled CD8_B, as
being associated with increased cellular markers of exhaustion, including PD-1 and CD39 and also
associated with reduced response to checkpoint blockade (69). This gene set was strongly
enriched in the oesophageal adenocarcinoma TIL DP population when compared to the DN group

(NES 2.398, p=0.00).

These attempts to clarify the phenotype of the DP population with respect to the DN group,
suggests mixed population, potentially composed of portions of precursor exhausted lymphocytes
and terminally differentially exhausted lymphocytes, though also containing a significant
population of effector-memory lineage cells including TRMs. Comparing this DP population to

samples further along the lymphocyte exhaustion gradient will allow further clarity to be

obtained.
4.2.7 Comparing the LExh and DP phenotype from all analysed samples.
4.2.7.1 Ingenuity Pathway Analysis

An identical data analysis pipeline to that described above, was implemented for assessing the
relative differences between the transcriptomic profiles of the LExh population and the DP
population in treatment naive samples alone and then in the combined naive and chemotherapy
pre-treated samples. The purpose of undertaking this was to investigate if the LExh population, in
possession of multiple surface markers of exhaustion did indeed possess a transcriptomic profile
in keeping with that of a terminally differentiated exhausted phenotype, to confirm if this is
shared with the DP group, or is the DP group more in keeping with a precursor exhausted or other

non-exhausted phenotype.
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Gene counts were subject to the same pre-filtering as for the DP vs DN comparison and DGE
counts created. As for previous analyses, the treatment naive cohort was investigated for trends
and themes, and then analysis was repeated using the full data set to add power and confidence

to results obtained through increased sample numbers.

For the treatment naive samples alone, when comparing the LExh with DP groups a total of 429
genes were significantly differentially expressed with a p-value <0.05, with 100 showing increased
expression in the LExh group and 329 in the DP group. A similar number of DEGs were identified
using all samples with 578 showing a p-value <0.05, 386 over expressed in the DP group and 192
in the LExh group, with a high degree of overlap between groups, with over 30% of the DEGs from

the analysis of naive samples, seen in the combined analysis.

The list of genes significantly differentially expressed were again used to identify GO terms with
increased or decreased expression. As previously, given the limitations of assessing for GO term
enrichment using lists of differentially expressed genes, there were no clear patterns that

emerged from this analysis.

Log.fold change data was inputted into the IPA software to assess canonical states, functions and
upstream regulators that are enriched in each test group. By using the same experimental
conditions as previously discussed, a log2fold change of greater than 0.5 or less than -0.5 required
for gene inclusion, 1699 genes were included for analysis. Signatures related to cell survival,
viability, movement and migration, were enriched towards the DP group. Within the LExh group
there was a corresponding trend towards signatures related to cell death and organismal death,

though enrichment of apoptotic markers was not of statistical significance (Figure 26).

Canonical pathway analysis revealed a similarly small number of significantly enriched results,
however of interest, the T cell exhaustion pathway was enriched towards the LExh group, though
not significantly so, as was the T cell receptor signalling pathway. This could well suggest a more
exhausted group occurring as a result of increased TCR signalling, fitting with the overarching
hypothesis of the LExh group representing a terminally differentiated exhausted phenotype.
CXCR4 and CDKS5 signalling were increased in the DP group. As was Notch and Integrin signalling
which could be highly relevant given the suggestion in earlier analysis that the DP group may
contain a significant TRM population (Figure 26). Notch is a key transcription factor in TRM

establishment and CD103 a key integrin often defining TRM populations (134).
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Figure 27 Comparison of the LExh and DP populations with Qiagen IPA analysis.

A) Selected results of analysis of treatment naive samples with the QIAGEN IPA
analysis software showing most relevant significantly enriched pathways related to
cellular functional processes and upstream regulatory molecules. Functions with a Z-
score greater than 2 (orange bars) show enrichment in the LExh phenotype, whereas
those with a score less than -2 (blue bars) show enrichment in the DP group.
Significant Z-scores demonstrated by bars crossing of the dotted line (Z-score >2 or <-
2) and p value below the dashed line (p<0.05). B) Selected results of analysis of the
combined group of treatment naive and chemotherapy pre-treated samples with the
QIAGEN IPA analysis software showing most relevant significantly enriched pathways

related to cellular functional processes and upstream regulatory molecules.

Potentially the most interesting method for interrogating the IPA results is the effects of upstream
regulators that is observed. In this analysis a number of key transcription factors are enriched in
the DP group, including a collection that provide proliferative signalling to CD8+ lymphocytes
including the NFKB complex and NFAT. Additionally, in keeping with comments related to TRM
populations, downstream effects of the STAT3 and STAT4 molecules are shown to be enriched in
the DP group, transcription factors shown to play key roles in differentiation and maintenance of

populations of T memory cells(134,140) (Figure 26).

Of real interest is the effects of TCF7, the gene that encodes for the key transcription factor in the
precursor exhausted lymphocyte phenotype, TCF-1, which is enriched in the DP population
(Figure 26). Additionally, by amending the experimental parameters and including more genes for
analysis, downstream effects of Eomes and TOX transcription factors can be observed significantly
enriched in the LExh group, again, canonical transcription factors for terminally differentiated

exhausted phenotype (34,89).

By expanding the data set to include the samples from patients pre-treated with chemotherapy,
broadly similar results are observed from IPA analysis. By using a cut-off of plus or minus 1.5
log2fold change for inclusion allowed optimal parameters for analysis, it is observed that
processes associated with cell death and apoptosis are again enriched in the LExh population, as
were transcriptional profiles in keeping with signalling by ENTPD1, the CD39 gene, unsurprising
given increased CD39 expression is associated with the presence of multiple exhaustion markers,
as well IL-2 signalling (Figure 26). A surprise inclusion among upstream regulators enriched in the
LExh group is the t-box transcription factor T-bet, labelled by its gene name Tbx21 (Figure 26). On
the surface this appears at odds with a description of the LExh group as a more terminally

differentiated exhausted population, where we would expect Eomes to dominate at the expense

120



Chapter 4

of reduced T-bet. However this is in keeping with observations of dysfunctional TILs in lung cancer
as well as other tumour models, where both T-bet and Eomes are maintained with progression to

a more exhausted-like state (94).

Enriched in the DP group on IPA analysis of the combined naive and chemotherapy treated group,
are features related to cell movement and migration which are shared with the results from
analysis of treatment naive samples only. Also shared between the two analyses are effects of
upstream regulators including, IFN-y and TGF-p signalling, and the regulators of transcription AKT,

NFKB and STAT3 (Figure 26).

4.2.7.2 Gene ontology term and Reactome pathway analysis with GSEA

Further comparisons were made between these two groups using GSEA. Again GO term and
Reactome pathway enrichment was examined in comparisons of the LExh and DP groups.
Assessing all GO terms in the MSigDM collection, of the 15,473 gene sets, 8,562 remained after
filtering and 3,945 were enriched in the LExh population with 4,617 in the DP group. In the LExh
group 127 gene sets were enriched with a nominal p value <0.05 and 28 <0.01. No gene sets had a
FDR<25%. Among these significant results were terms related to negative control of cell cycling,
particularly negative regulation of G1 to S phase, though positive regulation of G2 to M phase was
noted. Additionally negative regulation of TNF signalling was observed (Figure 27.A). Repeating
this analysis including all samples for analysis revealed 7697 gene sets that passed filtering, 4028
enriched in the LExh group, 319 of these had a p value <0.05 and 114 a p value <0.01. This again
included a large number of gene sets related to cell cycle checkpoints, particularly negative

regulation of cell cycling, though positive regulation was also observed (Figure 27.B).

GSEA assessment of GO terms enriched in the DP group revealed, 149 had a nominal p value
<0.05, 47 with <0.01 and 6 gene sets had an FDR<25% when treatment naive samples alone were
assessed. Here there was enrichment of terms related to chemotaxis and cell migration, as well as
positive effects of type 1 interferon signalling (Figure 27.A). Analysis of the full data set showed
that among the 3669 gene sets enriched in the DP group, 424 possessed a p value <0.05 and 169 a
p value <0.01. Among the most enriched, processes related to immunoglobulin signalling are
again represented, as are gene sets related to chemotaxis and migration of cells generally as well

as immune cells and leukocytes specifically (Figure 27.B).
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Figure 28 GSEA comparing the Lexh and DP populations using GO terms and Reactome

pathways.

A) Selected results from analysis of treatment naive samples comparing LExh and DP
groups with respect to GO terms and Reactome pathways from the MSigDB using
GSEA. Functions with a normalised enrichment score (NES) greater than 1 (orange
bars) show enrichment in the LExh phenotype, where as those with a score less than
-1 (blue bars) show enrichment in the DP group. Significant NES demonstrated by
bars crossing of the dotted line (Z-score >1 or <-1) and p value below the dashed line
(p<0.05). B) Selected results of analysis of the combined group of treatment naive
and chemotherapy pre-treated samples for enrichment of GO terms and Reactome

pathways when LExh and DP groups were compared by GSEA.

The analysis of Reactome pathway enrichment in naive samples revealed 1036 gene sets passing
filtering, with 633 being enriched in the LExh group, 73 with a p value <0.05, 20 <0.01 and none
with a FDR <25%. The significantly enriched group included pathways related to cell cycle
checkpoints, again pointing to a degree of restraint of mitosis, and in contrast to the GO
assessments of the same population, type 1 interferon signalling (Figure 27.A). Downstream TCR
signalling gene sets were enriched, potentially implying increased antigen exposure and signalling,
as were PD-1 signalling, suggesting increased PD-1 engagement in the terminally differentiated
exhausted group, though this final result did not reach statistical significance. This correlates with
the IPA analysis of the same data set which demonstrated evidence of increased TCR signalling
and lymphocyte exhaustion pathways in the LExh group. Reactome pathway enrichment analysis
of the full data set revealed 595 gene sets are enriched in the LExh group, 142 with a p value
<0.05 and 65 with p value < 0.01. Significant enrichment was observed for elements related to
mitotic cell cycling, particularly M phase and S phase, as well as cell cycle checkpoints.
Additionally, the LExh group enriched for gene sets related to type 1 interferon signalling, PTEN
regulation, IL-1, IL-2, IL-17 and IL-37 signalling as well. TCR signalling showed significant

enrichment in the LExh group, as did gene sets related to programmed cell death (Figure 27.B).

The DP group from naive samples was enriched for 403 Reactome pathway gene sets, of which 41
were significantly so with a p value <0.05, and 20 with p <0.01. 9 had an FDR less than 25%. This
included terms related to IL-6 signalling, in keeping with the IPA analysis of the same groups, as
well as pathways related to cell motility and cell to cell interactions (Figure 27.A). 346 Reactome
gene sets were enriched in the DP group of the full data set, on comparison with all LExh groups.
This included 70 with a p value <0.05 and 49 with p value <0.01. The most statistically significant
results related to interaction with the extracellular matrix, IL-4, IL-6, IL-10 and IL-12 signalling as

well as TGF- signalling (Figure 27.A).
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4.2.7.3 GSEA phenotypic assessment

As described previously GSEA can also be used to assess for enrichment of gene sets describing
specific phenotypes in experimental populations. This has been completed with regards to
comparison of the LExh and DP groups using gene sets derived from various CD8+ lymphocyte

exhaustion models, as well as CD8+ effector, memory and Trm phenotypes.

Gene sets produced detailing the transcriptional differences between the canonical exhaustion
model of LCMV clone 13 infection were used to interrogate differences between the LExh and DP
groups, as were gene sets derived from the transcriptomic profiles of exhausted TILs derived from

large single cell atlases (41,43,221).

Highly enriched in the LExh group was the gene set detailing the terminally exhausted group
described by Andreatta et al (221) (NES 1.805 and p=0.013) which was identified through analysis
of TILs from human cancers, predominantly melanomas. Also highly enriched in this group was
the precursor exhausted population (NES 1.58 and p=0.026) from the same source publication.
This may represent the strong crossover of genes shared between these gene sets, though may
also suggest that the DP group is not dominated by TILs of a precursor exhausted phenotype, but
in fact is formed of a dominant population lymphocytes of an alternative lineage. As has been

shown, the evidence has increasingly suggested a Trm dominant DP group.

Alongside this, also highly enriched in the LExh group were gene sets related to an effector vs
memory phenotype described by Goldrath et al(222) (NES 1.7 and p=0.0) and Wherry et al (41)
(NES 1.62 p=0.0) (Figure 28). This could be in keeping with the LExh population being a terminally
differentiated exhausted population arising from persistently stimulated effector lymphocytes,
with the DP population a Trm population arising from memory cells. Alternatively, both DP and
LExh populations could be Trv lymphocytes, the later in keeping with a Trm population with a
phenotype more analogous with exhausted lymphocytes with possession of multiple inhibitory
receptors such as TIM3, but not functionally exhausted. Such PD-1 high, TIM3+ Tgm cells have
been described in a variety of tumour types now including in lung cancer by Clarke et al, where

they have been associated with reactivity to immune checkpoint blockade (114).
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Figure 29 GSEA comparison of LExh and DP phenotypes.

GSEA enrichment plots detailing enrichment of gene sets detailing differentially
expressed genes in terminally exhausted CD8+ TlLs derived from human tumours (41)
and effector vs memory CD8+ lymphocytes (222) when LExh samples were compared
with DP samples from a combined data set comprising all treatment naive and

chemotherapy pre-treated patient samples.

4.2.8 Comparison of all experimental phenotypes from combined treatment naive and

chemotherapy pre-treated samples.
4.2.8.1 Gene set variation analysis

The benefits of utilising a GSEA based strategy for comparing two phenotypes with respect to
gene sets of interest has been demonstrated thus far, though this does not allow comparison of
more than two groups. Gene set variation analysis (GSVA) is a related approach that allows
unsupervised estimation of the relative enrichment of a gene set of interest across all samples of
a data set, not just between two populations (223). Each sample is apportioned an enrichment

score for each gene set analysed, which can then be incorporated into downstream analysis.

Utilising this approach for analysis of data collected in this project made it possible to compare all
4 experimental phenotypes. Gene sets including those detailing GO terms, Reactome pathways,
and phenotype descriptions, were selected for use in GSVA based upon their significance in GSEA
assessment of two phenotypes earlier in the experimental work stream. Gene sets were divided
into those describing cell states and activated signalling pathways, as well as specific cellular

phenotypes.
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The first group of gene sets investigated related to cellular states that were shown to be
significantly enriched in earlier GSEA. These were mostly GO terms and we see interesting trends
among gene sets related to T cell processes. These are not wholly clear when results from
individual samples are visualised, but come to clarity when mean enrichment scores are
calculated for each sample group. Specifically it is observed that for T cell proliferation, migration
and chemotaxis signatures have the most positive enrichment in the DP group, with lesser
positive enrichment in the EExh and LExh groups, and negative enrichment in the DN group
(Figure 29.B).T cell activation also follows a similar pattern but with a neutral enrichment in the
DP group, a slightly negative enrichment in EExh and LExh groups and strong negative enrichment
in the DN group (Figure 29.B). These results are in keeping with earlier GSEA results where the DP
group is enriched for T cell activation and proliferation signatures when compared to the DN

group, and enriched for migration signatures when compared to the LExh group.

Reactome pathways related to cytokine signalling demonstrated as having significant enrichment
in earlier analyses were also explored by the same method. Here we have seen a gradient from
negative enrichment in the DN group, through neutral enrichment scores in the DP group to
positive enrichment in EExh and LExh groups for PD-1 signalling, TCR signalling, IL-2 family
signalling and IL-12 signalling (Figure 29.C). This is not surprising for PD-1 signalling, given that the
DN is defined by the absence of PD-1 by flow cytometry, and we know that PD-1 expression is
increased with expression of multiple markers of exhaustion. The increase in TCR signalling is of
interest and fits with a hypothesis of increased TCR interaction with cognate peptide-MHC
complexes driving progression towards lymphocyte exhaustion and dysfunction. IL-2 and IL-12
both act to mediate increased cytotoxicity in CD8+ T lymphocytes and this result suggests that
while the LExh groups are becoming dysfunctional, they remain exposed to these stimulatory

signals.

A high level of enrichment for IL-10 signalling gene sets is observed in the DP, with lesser
enrichment in the EExh and LExh groups and negative enrichment in the DN group (Figure 29.C).
This anti-inflammatory cytokine is known to play a role in priming tissue resident memory cells,
with reduced exposure resulting in lower numbers of functional CD103+ Tgwm cells in vitro and in
animal models, both directly and through the effects of increase TGF-$ (134,224). Combined IL-4
and IL-13 signalling was observed as similarly maximally enriched in the DP group (Figure 29.C).
This result is somewhat difficult to interpret with IL-4 and IL-13 key mediators of type 2
inflammation, playing key roles in Thelper-2 and eosinophil activation. These cytokines may play a
role in CD4+ Tgrm function, but there is no clear association with CD8+ Trm function. This gene set is
least enriched in the LExh group, as might be expected given the lack of role for IL-4 and IL-13 in

mediation of an exhausted phenotype.
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Figure 30 GSVA analysis of GO terms and Reactome pathways of interest.

A) GSVA enrichment score for each chemotherapy pre-treated and naive sample
following normalisation using DESeq2 pathway and VST. Selected GO terms displayed
related to lymphocyte cellular states. B) Mean GSVA enrichment scores for each
sample population described in A. C) Mean GSVA enrichment scores for each sample
population relating to Reactome pathways describing signalling pathways of interest

for all chemotherapy pre-treated and naive samples.

GSVA based analysis has also been undertaken using gene sets related the specific phenotypes,
derived from published data sets that were shown to be significantly enriched in sorted TIL

populations through earlier GSEA assessment.

The study groups were initially designated based upon the assumption that they would show
increasing terminal differentiated exhausted phenotype, and assessment of gene sets describing a
terminally exhausted gene expression signature, as detailed by Miller et al and Andreatta et al

(70,221) were most enriched in the LExh and EExh groups, decreasing to show negative
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enrichment in the DN group (Figure 30). Surprisingly, while the precursor exhausted gene set from
the first of these publications demonstrated maximal enrichment in the DP group, the latter
showed similar enrichment pattern to the terminally exhausted phenotype, though to a lesser
degree. This could be explained by the hypothesis increasingly demonstrated, that the DP group is
predominantly composed of TILs of a Trm lineage, rather than those aligning with the classical

exhausted phenotype first described in LCMV model.

A similar progressive enrichment through the study groups towards a terminally exhausted

phenotype was demonstrated with a gene set defined by Sade-Feldman et al in their exploration
of transcriptomic profiles in keeping with response or resistance to immune checkpoint blockade
in human cancers (69) (Figure 30). Labelled as CD8_B, this expression profile is associated with an

increased expression of markers of exhaustion and resistance to immunotherapy.

In earlier analyses it has been demonstrated that the DP population is enriched in signatures
related to a tissue resident memory (Trm) phenotype when compared to the DN population. This
pattern is demonstrated again here, but continues with higher degrees of enrichment still
observed in the EExh and LExh populations (Figure 30). This may suggest that all PD-1 and CD39
positive TIL populations contain a significant Trym derived component, with those that go on to
form the LExh group predominantly derived from this fraction. Such an assumption would be in
keeping with previously described data Clarke et al. and others showing the importance of a TIM3
and PD-1 positive Trm population which is functionally active and associated with, in this instance,

an improved responses to immune checkpoint blockade (114).

Finally, all PD-1 and CD39 positive populations appear enriched for gene signatures relating to an
effector vs memory phenotype. Though the effector transcriptional profile described by Miller et
al(70) does not significantly differentially enrich, the effector vs memory (221,222) phenotypes
showed increased enrichment in all of these groups, and increased with expression of multiple
surface markers of exhaustion, demonstrating a potential developmental origin in the effector
compartment for these populations of interest (Figure 30). Similar to some earlier results, these
mixed findings for groups maximally enriched in an effector phenotype demonstrate the difficulty
in deploying these analyses, and again point to a degree of heterogeneity in the composition of
these experimental groups with a mix of lymphocytes derived from effector and memory CD8+

lineages.
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Figure 31 GSVA analysis using gene sets for phenotypes of interest.

A) GSVA enrichment score for each chemotherapy pre-treated and naive sample
following normalisation using DESeq2 pathway and VST. Selected gene sets chosen
based upon significance in earlier GSEA analysis. Highlighted in brackets are the
source publication for each gene set (69,70,136,141,221,222). B) Mean GSVA

enrichment scores for each sample population described in A.

4.2.8.2 Key effector molecule and transcription factor expression

There was a hesitancy early in the RNA sequencing analysis to look closely at individual gene
expression levels given the relatively small number of biological replicates, the moderate number
of read counts planned for this experiment, and the principle outcome prior to starting was to

allow GSEA. However with a body of analysis suggesting a dominant TRM population within the
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DP group it is possible to look at normalised gene counts for key transcripts, in order to see if they

could shed further light on the identity of this population.
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Figure 32 Normalised gene expression for effector molecules and TRM associated markers.

Log2 variance stabilised distributed gene expression for core CD8+ lymphocyte
effector molecules IFN-y, TNF-a, Granzyme B and Perforin, as well as transcription

factors Blimp1, Notchl, Nr4al and TRM surface marker CD103.

Normalised gene counts were calculated using the DESeq2 package and variance stabilizing
transformation, which have then displayed as Log2 values (Figure 31). It can be seen that IFN-y
and TNF-a transcription is highest in the DP group and while IFN-y remains high in the EExh and
LExh groups, TNF-a transcription does fall off somewhat with increased surface markers of
exhaustion. Granzyme B and Peforin transcription appears to increase with progression through
the study groups, potentially suggesting increased secretory activity into the immunological
synapse (Figure 31). These findings support Trm cells being a key component of both the DP and
EExh/LExh populations, with expression of these molecules observed in the literature in Trm both
at the mRNA and at the protein level (134,202), where they behave more in keeping with an

effector phenotype, rather than as a traditionally dysfunctional exhausted lymphocyte.

A closer assessment of transcription levels of other molecules crucial to Tsm development and
maintenance was undertaken. The transcription factors Blimp-1 and Notch are required for Trm
differentiation, while Nr4al is necessary for Trm and T central memory cell maintenance
(138,140). The surface marker CD103, encoded for by the ITGAE gene is a key marker of TRMs and
it is demonstrated here that transcription is increased in the DP, EExh and LExh groups, compared

to the DN group.
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Statistical significance has not been calculated for these experiments due to the small sample
sizes here and the effects of transformation on the absolute numbers calculated. Such
calculations however do provide a guide for what may be expected from future experiments to

assess protein level expression of some of these molecules of interest.

4.3 Discussion

Data presented here demonstrates it is feasible to undertake bulk RNA sequencing on TIL
populations of low abundance sorted from disaggregated human oesophageal adenocarcinoma,
and that functional and phenotypic assessments can be made from this. It has been demonstrated
that FACS can be used to sort as few as several hundred lymphocytes into a preservative TRIzol
solution, the RNA of which can be extracted using commercially available spin columns and cDNA
libraries can be produced from this inevitably low yield using the highly sensitive single cell RNA

sequencing protocol SmartSeq2.

The results produced from samples processed in the initial trial of RNA sequencing showed
clustering on PCA analysis by phenotype, and not by patient or by random distribution, providing
confidence that the technique described has successfully captured the transcriptome of the cells
of interest. Results of GSEA completed on this trial cohort were broadly in keeping with published
data describing analogous populations to those sorted also adding confidence that these results

are descriptive of the cell group of interest.

While experimental difficulties hampered progress in expanding the number of sorted samples
available for analysis, the final number collected, particularly when chemotherapy pre-treated
and naive samples were combined, exceeded the pre-defined number of biological replicates

required to explore phenotypic profiles with confidence.

Analysis of the full data set has shown the DP group, PD-1+CD39+ and TIM3-LAG3- antigen
experienced CD8 TlLs, to be enriched in signatures indicating T cell activation, proliferation and
differentiation with regards to the DN PD-1-CD39- lymphocytes. It is also enriched for these

processes on comparison to PD-1+ CD39+ TILs bearing multiple surface markers of exhaustion.

Progression from a DN, through DP to the EExh and LExh groups was associated with increasing
enrichment for PD-1 signalling as might be expected, as well as TCR signalling, suggesting elevated
levels of TCR engagement with cognate peptide-MHC in these groups. Increasing enrichment for
IFN-y, IL-2 and IL-12 signalling is observed in the same distribution suggesting increased

stimulation towards activated CD8+ T lymphocyte behaviour.
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Gene sets describing specific CD8+ lymphocyte phenotypes have been used to compare the
experimental groups sequenced and there is a suggestion that Trm lymphocytes may comprise a
dominant proportion of not only the DP group, but also the EExh and LExh groups. This would fit
with an emerging view of CD8+ Tgrm TILs as a heterogeneous population including lymphocytes
more in keeping with an effector phenotype and others which may appear to have more in

common with terminally differentiated exhausted lymphocytes.

A DP Tgrm population that is functional and tumour reactive would fit with a hypothesis that an
abundance of this population would be associated with improved progression free and overall

survival.

Additionally, a population of PD-1+ TIM3+ CD103+ CD8+ TILs has been described in some cancers
as being highly functional and tumour reactive, an abundance of which is associated with
improved response to immune checkpoint blockade (114). Such a population would map closely
onto what is known about the LExh group, a population we know to be in low abundance in these
human tumours. It could well be that the relative lack of this group, is responsible for the
generally poor responses to PD-1 blockade that patients with oesophageal cancers experience in

the clinic.
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Chapter 5 Functional assessment of exhausted CD8+ T
lymphocyte populations in human

oesophageal adenocarcinoma

5.1 Introduction

A population of antigen experienced CD8+ TILs possessing positivity for PD-1 and CD39 has been
identified infiltrating human adenocarcinoma, an abundance of which may be associated with
improved progression free and overall survival. With comparison to the PD-1 and CD39 negative
population, this group has been characterised, through flow cytometry, as possessing a
heterogeneous transcription factor profile with both T-bet'*" Eomes"" and T-bet"&" Eomes‘"
cells present, and is strongly associated with expression of multiple other cell surface markers of

activation and exhaustion.

This DP group is shown through transcriptomic assessment to be enriched for gene sets
associated with lymphocyte migration and chemotaxis, as well as increased proliferation, when
compared to the LExh group, and even greater enrichment when compared to the DN population.
There is a suggestion of increased IFN-y transcription by the DP group compared to the DN group

as well as increased production of other cytokines.

With regards to functional phenotypes the DP group enriches for gene sets related to precursor
exhausted phenotype, but is also strongly enriched for tissue resident memory cell gene sets, as

are the EExh and LExh groups.

Taken as a whole this could suggest that the DP population is formed of a heterogeneous
population of TILs, potentially containing a dominant group of precursor exhausted lymphocytes
or Trm, and a minority population of terminally differentiated lymphocytes or Trm possessing a
terminally exhausted like phenotype. There are also likely to be a number of bystander
lymphocytes, though this is difficult to prove in the absence of information regarding their target

antigens.

This chapter describes the results of further flow cytometry based assays to answer questions
related to the functionality of the DP population. Multi-parametric flow cytometry utilising up to
12 fluorophores has been undertaken to combine the antibody panels utilised in chapter 1 and

explore the double positive population with regards to the T-bet and Eomes transcription factors
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alongside additional surface markers of exhaustion and intracellular staining for effector

molecules, in an attempt to tease out the heterogeneity of the DP population.

Stimulation assays, culturing the TIL populations in autologous tumour digest, with or without
additional stimulation by either CD3 and CD28 stimulating antibodies or the mitogens PMA and
lonomycin, have been undertaken. This aims to investigate the ability of these populations to

produce effector molecules including IFN-y, TNF-a, Granzyme B and Perforin.

Similarly, assays utilising sorted populations of DP and DN TILs to assess proliferation using the
intracellular stain CFSE have been undertaken to assess possession of an ability to proliferative in

a conducive environment.

Finally, and with a view on future work, flow cytometry has also been undertaken on a limited
sample of OAC tumours, to assess expression of CD3 and CD4 to ensure that the population
defined as antigen experienced CD8+ lymphocytes is indeed this, and not another cell type such
as a CD4+ lymphocyte or NK cell, both of which can express CD8 positivity. Expression of PD-1 and
CD39 on non-CD8+ lymphocytes is also assessed to guide future evaluation of the DP group in
human tumours. In addition the expression of the canonical marker for tissue resident memory
cells (Trm) CD103 has been assessed, as has the CD57 an NK and T cell marker frequently observed
in some Tgrm populations, in order to clarify the nature of the dominant cell type in the DP

population of interest.

The aim of this chapter was to assess the functional capacity of the PD-1 and CD39 double
positive population of antigen experienced CD8+ TILs from human oesophageal adenocarcinoma
in order to corroborate transcriptomic results obtained in chapter 4. Additionally this chapter has
aimed to draw together results relating to the phenotype of this population of interest, including
those regarding, key transcription factors, cell surface markers of exhaustion and tissue residency

as well as CD3 and CDA4.

5.2 Results

5.2.1 Multi-parametric flow cytometric assessment of the DP population

An antibody panel containing 12 fluorophore labelled antibodies was developed for use on a 4
laser BD Fortessa flow cytometer, with the aim to combine the data presented in chapter 3. This
was tested and antibody concentrations were titrated. The panel included the core antibodies

used in earlier work, targeting CD8a, CD44, PD-1 and CD39, alongside antibodies staining the
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transcription factors T-bet and Eomes as well as the markers of exhaustion TIM3 and LAG3.

Additionally, intracellular staining for IFN-y, TNF-a, Granzyme B and Perforin was included.

A representative collection of samples analysed previously were assessed, including 6 treatment
naive samples and 3 chemotherapy pre-treated samples. A similar number of events were
morphologically classed as lymphocytes, through similarity with concurrently assessed HD PBMC
samples, in this cohort as was observed in the full sample cohort analysed using the 6 colour flow
cytometry panel (means 26.4% vs 19.7%, range 16.2-44.5% vs 3.6-47.5% respectively). Likewise a
similar number of this lymphocyte population was identified as CD8+ CD44+ as identified in the
full data set (means 23.4 vs 29.8%, range 2.8-44.7% vs 7.3-71% respectively). As expected from a
predominantly chemotherapy naive cohort based upon earlier findings, the antigen experienced
CD8 TILs assessed showed varying degrees of PD-1 and CD39 positivity, with the largest group
being the PD-1+ CD39+ DP population. Results from the chemotherapy treated samples were

distributed throughout the samples, and not clustered together.

5.2.1.1 T-bet and Eomes expression

It has been suggested that the DP group is comprised of a heterogeneous population of CD8 TILs
and may be comprised of both precursor exhausted and terminally differentiated exhausted
lymphocytes as shown by the mix of T-bet"€" Eomes'** and T-bet">" Eomes"&" lymphocytes in

earlier analysis.

Multi-parametric flow cytometry data displayed here, shows the proportions of lymphocytes with
these transcription factor profiles varied based upon the degree of expression of surface markers
of exhaustion TIM3 and LAG3. The CD8+ CD44+ populations defined and described in earlier
chapters labelled Double Negative (DN, PD-1- CD39-), Double Positive (DP, PD-1+ CD39+ LAG3-
TIM3-), Early Exhausted (EExh, PD-1+ CD39+ LAG3+ TIM3-), and Late Exhausted (LExh, PD-1+

CD39+ LAG3+ TIM3+) were utilised again in this evaluation.

Upon this analysis a clearly dominant population suggestive of precursor exhausted or terminally
differentiated exhausted lymphocytes based upon T-box transcription factor profile and the

exhaustion markers TIM3 and LAG3 was not seen (Figure 32).

The DN group showed a similar proportion of cells gated as T-bet"" Eomes'®" in this analysis as in
the initial analysis (mean 39 vs 40.6%), though a higher proportion were labelled as Tbet"*"

Eomes"®" (mean 59.8 vs 37.9%) (Figure 32. E and D respectively).

The use of the extended flow cytometry panel allows the division of the PD-1+ CD39+ group into

sub populations based upon TIM3 and LAG3 expression. Assessing the levels of the two T-box
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transcription factors of interest across these populations, it is observed that there is a fall in the
percentage T-bet"8" Eomes'®" with progression through these groups (mean percentage DP
60.04%, EExh 36.41%, LExh 31.96%) (Figure 32.D), a picture that could be in keeping with a falling
proportion of precursor exhausted lymphocytes and a move towards a terminally exhausted
phenotype. This reinforces the gene set variation analysis results presented in chapter 4 where by
the population most enriched for the progenitor exhausted gene set described by Miller et al was
the DP population and the population most enriched for the terminal exhaustion gene sets

described by Miller et al and Andreatta et al was the LExh group (70,221).

T-bet"8" Eomes™" TILs were low in the DN group (mean 39.0%) (Figure 32.D) which would suggest
an absence of precursor exhausted TILs, though this does not necessarily imply an abundance of
terminally differentiated exhausted lymphocytes, given the complex mechanisms by which these

T-box transcription factors are involved in lymphocyte development.
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Figure 33  Expression of T-bet and Eomes in PD-1 and CD39 expressing antigen experienced

lymphocyte populations.
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Results obtained from 9 OAC samples, 6 treatment naive and 3 chemotherapy pre-
treated. All gating strategies as detailed in chapters 3 and 4. Mean value and
standard deviation displayed for all figures. A) Percentage of all recorded events
gated a lymphocytes based on morphology from OAC samples, and HD PBMC
samples used as controls. B) Percentage of CD8+CD44+ cells among events gated as
lymphocytes in both OAC samples and HD PBMC. C) Percentage of CD8+CD44+
lymphocytes gated as positive or negative for PD-1 and CD39. D and E) Percentage of
populations of interest gated as either Thet"€" Eomes'®" or Thet'*" Eomes"&". Parent
populations are all CD8+ CD44+, DN group is PD-1- CD39- TIM3- LAG3-. DP, EExh and
LExh groups are all PD-1+ CD39+, and TIM3- LAG3-, TIM3- LAG3+ and TIM3+ LAG3+
respectively. This labelling will be applied throughout this chapter. Statistical
significance of difference calculated using paired t-test. * denotes p value <0.05,
**<0.01, ***<0.001, ****<0.0001. Significance of all figures in this chapter is

calculated as such unless otherwise specified.

The differences in percentage of Thet"&" Eomes'®" TILs between the DP group and all other
experimental groups were considered statistically significant as defined by a p value<0.05
calculated with the paired t test (DN vs DP p=0.0094, DP vs EExh p=0.0253, DP vs LExh p= 0.0079)
(Figure 32.D). All statistical evaluations of statistical significance in this chapter will be calculated

using the paired t test unless otherwise specified.

A T-bet'*" Eomes"" profile in keeping with terminally differentiated exhausted lymphocytes, was
identified in all experimental groups (means DN 59.44%, DP 39.22%, EExh 51.44%, LExh 48.11%),
but was lowest in the DP group (Figure 32.E). This could potentially suggest a lack of terminally
exhausted lymphocytes in this group, with increasing degrees of dysfunction with progress to the

EExh and LExh populations.

Statistically significant differences were observed between the DN and DP groups, p=0.0098
(Figure 32.E). While this is of interest, the contrast in T-bet and Eomes expression between the DP
and LExh groups is not as clear as may be expected if these groups were to contain homogenous
populations of precursor exhausted and terminally differentiated exhausted lymphocytes as
defined by the classical LCMV model (88). This lack of concordance to the classical transcription
factor profile of lymphocyte exhaustion could well suggest a degree of heterogeneity within these

groups.
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5.2.1.2 Characterisation of T-bet"€" Eomes'°" and T-bet'°” Eomes"&" populations

To further dissect the DP populations heterogeneity, expression of TIM3 and LAG3 as well as the
important CD8+ lymphocyte effector molecules, IFN-y, TNF-0, Granzyme B and Perforin was
assessed in antigen experienced PD-1+ CD39+ CD8+ lymphocytes gated as T-bet"8" Eomes‘*" and
T-bet'*" Eomes"®", It has been speculated that the DP group may be comprised of a majority
precursor exhausted population and a minority terminally exhausted population. Such
phenotypes are canonically described through the profile of T-box transcription factors as well as
differential expression of surface markers of exhaustion. Here we observed an increased TIM3
and LAG3 staining in the T-bet'*" Eomes"®" vs T-bet"" Eomes" (means, TIM3 20.44 vs 13.04 p
value = 0.0096 , LAG3 33.51 vs 21.67 p value = 0.046), with the differences reaching a degree of
statistical significance (Figure 33). The observation that there were a measurable number of cells
positive for TIM3 and LAG3 in the T-bet™&" Eomes'* group and a majority negative for these
surface markers in the T-bet*°” Eomes"8" group would suggest that using T-bet and Eomes

expression cannot be used to describe the OAC TIL populations of interest along the lines of

classical lymphocyte exhaustion.

Assessment of staining for IFN-y and TNF-a in the different T-bet and Eomes populations showed
no statistically significant difference though there was a suggestion of an increase expression in T-
bet'> Eomes"&" vs T-bet"&" Eomes'®" (means, IFN-y 0.57% vs 0.26%, TNF-o. 7.11% vs 2.43%)
(Figure 33). Perforin staining also showed no significant difference between the groups of
interest, though a suggestion of higher expression in the T-bet*" Eomes"" group (means 15.11%
vs 12.20%) was observed. Granzyme B however did show significantly different expression
between the T-bet'®" Eomes"&" vs T-bet"8" Eomes'®" populations (means 55.36% vs 37.20 p value
=0.026) (Figure 33). The similarities between groups defined by T-bet and Eomes supports the

notion that this is not the optimal means of further identifying the nature of the DP population.
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TIM3 and LAG3 displayed, as well as intracellular staining for Granzyme B, Perforin,

IFN-y and TNF-a.

5.2.1.3 Expression of CD8+ lymphocyte effector molecules

The populations of interest, DN, DP, EExh and LExh were further evaluated using this extended
antibody panel to assess expression of effector molecules, IFN-y, TNF-0, Granzyme B and Perforin.
Increased levels of IFN-y, TNF-a and Perforin were identified in EExh and LExh groups when

compared to the DP group, with Granzyme B expressed at high levels in all groups (Figure 34).

Generally low levels of IFN-y and TNF-a were observed in the DP populations with increasing
percentages positive for the cytokines with progression through the EExh to LExh phenotypes. The
differences between the DP groups and the EExh and LExh groups were statistically significant for
both IFN-y and TNF-a (means, IFN-y DP vs EExh 0.25 vs 2.77% p=0.017, DP vs LExh 0.25 vs 5.83%
p=0.014. TNF-a DP vs EExh 0.91 vs 16.92% p=0.0034, DP vs LExh 0.91 vs 20.81% p=0.002). Low
levels of TNF-a staining were observed in the DN group (mean 0.72%), similar to the DP group,
while higher levels of IFN-y staining was observed in the DN group (mean 2.89%), a similar level to

the EExh group (Figure 34).
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Figure 35 Effector molecule expression by populations of interest from antigen experienced

CD8+ lymphocytes.

Results obtained from 9 OAC samples, 6 treatment naive and 3 chemotherapy pre-
treated. All gating strategies as detailed in chapters 1 and 2. Mean value and
standard deviation displayed for all figures. A-D) ) Percentage of populations of
interest gated as IFNy, TNFa, Granzyme B and Perforin respectively. Parent

populations are all CD8+ CD44.

Uniform staining for Granzyme B was observed across all experimental populations (means DN
52.83%, DP 44.13%, EExh 52.73% and LExh 44.19%). This result was unexpected as it is not in
keeping with the transcriptomic data displayed in chapter 4 where an increase in Granzyme B
expression is observed with progression though these experimental groups, mirroring results

described by de Lara et al(130). In addition the terminally differentiated exhausted Tgm subgroups
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described are associated with increasing Granzyme B expression when compared to more
precursor exhausted Trm and other non-Trm populations(114,141). The reason for the uniformly
high Granzyme B staining shown here are unclear, but may well relate to the concentration of
antibody used in this experiment. While positive gating was determined using fluorescence minus
one (FMO) controls, the high levels of staining across all experimental groups may suggest over

saturation with antibody. As such these results must be interpreted with caution.

Perforin positivity was highest for the EExh and LExh groups (means 49.61% and 51.80%
respectively), with both DN and DP groups showing low levels of staining (means 10.97% and
5.64% respectively). Statistically significant differences were observed between the DP groups and
both the EExh and LExh groups (p value <0.0001 and 0.0002 respectively) for Perforin staining
(Figure 34).

Taken collectively these results demonstrate maintained levels of Granzyme B across all
experimental groups, while Perforin, IFN-y and TNF-a are all observed at higher levels in EExh and
LExh groups compared to DP groups. This does not wholly correlate with RNA sequencing data
described in chapter 4 where, for example IFN-y production is highest in the DP, Exh and LExh
groups. The reasons for this could be as result of experimental errors or issues, but given
correlations observed between the transcriptomic data and flow cytometry data elsewhere, this
could also represent the difference between transcriptional activity and the amount of protein
within a cell of interest, either due to being retained in a cellular compartment such as a granule,

or due to post translational regulatory processes.

Returning to the question of the composition of the PD-1+ CD39+ TIL populations identified in this
study. A terminally differentiated exhausted population would be expected to demonstrate
reduced ability to produce IFN-y and TNF-a (39,41,88) and the persistence of this as defined here
by flow cytometry and also by transcriptomic assessment, suggests maintained function. Such an
observation is a hallmark of some Trm populations that possess TIM3 and PD-1 positivity but also
remain highly functional and able to engage and kill cancer cells (114). This adds greater weight to

the assumption that the DP, EExh and LExh are comprised predominantly of Trm subsets

5.2.2 CD8+ Lymphocyte stimulation assays

A protocol was developed to allow for assessment of the ability of CD8+ lymphocyte populations
of interest to produce cytokines or cytolytic granule products on stimulation either by autologous
tumour, by stimulatory anti-CD3 and CD28 antibodies or the mitogens Phorbol 12-myristate 13-
acetate (PMA) and lonomycin. Staining for CD107a was also undertaken simultaneously to assess

for evidence of degranulation.
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OAC TlLs in disaggregated tumour were stimulated for 4 hours in medium in the presence of the
protein transport inhibitor Brefeldin A (BFA) and anti-CD107a antibodies. Cultures were then
fixed, permeabilized and stained for core lymphocyte surface markers and intracellular effector

molecules.

These experiments were repeated on 6 samples, 3 treatment naive and 3 pre-treated with
chemotherapy. It was observed that the proportions of PD-1 and CD39 positive TILs in this
experimental cohort was representative of the full data set, and that the proportions of CD8+
CD44+ TILs positive for these markers was not altered by culture with stimulatory antibodies or

PMA/lonomycin when compared to cells incubated in culture medium alone (Figure 35.B and C).

5.2.2.1 Stimulation of degranulation

Samples were incubated with anti-CD107a antibody, to allow identification of immune cell
activation and degranulation. This protein is usually present within the lipid bilayer of lytic
granules and moves to the cell surface on fusion of the granules with the cytoplasmic membrane
(225,226). CD107a staining was observed at higher concentrations in stimulated TILs and HD
PBMC samples than in unstimulated controls. A distinctly higher level of staining was observed in
a subpopulation of TILs cultured in tumour, presumably representing ongoing degranulation in
the presence of cognate peptide-MHC exposure. It was observed that among antigen experienced
CD8+ T lymphocytes, surface CD107a expression was higher in PD-1+ CD39+ and PD-1+ CD39-
groups compared to the PD-1- CD39+ and PD-1- CD39- groups. This was the case for samples
stimulated by autologous tumour alone, CD3 and CD28 antibodies, and PMA/lonomycin (Figure
35.D and E). A high percentage of CD107a positive TILs in the PMA/lonomycin stimulated PD-
1+CD39+ suggests a maintained ability to degranulate in this population and a lack of total
lymphocyte dysfunction. Increased positivity among TILs stimulated through co-culture with
autologous tumour alone suggests preserved functionality within the tumour microenvironment

and potentially, tumour reactivity.

CD107a has been widely used as a surrogate marker for lymphocyte degranulation and from
analysis of CD8+ TILs from mouse models it has been observed that degranulation increases with
progression from CD39 negative populations through intermediate to high levels of CD39
expression and associated increases in PD-1 expression (131). Such findings reinforce
observations in this project that PD-1+ CD39+ OAC TIL populations maintain cytolytic capabilities

and can engage and kill tumour cells and potentially impact patient survival.
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Figure 36  Degranulation of CD8+ lymphocyte populations on stimulation by autologous
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tumour alone, anti-CD3/CD28 antibodies or PMA/lonomycin.

A) Exemplar flow cytometry plots showing gating strategy for degranulation assay
with top row showing results from an OAC tumour with the lymphocyte population
identified using a PBMC sample, then singlets selected using FSC-A and FSC-W, CD8+
CD44+ population identified and then subdivided based upon PD-1 and CD39
positivity. Second row shows the degree of CD107a staining and gates for a PD-1-

CD39- population of OAC TIL (left) and HD PBMC with (centre) and without (right)
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addition of staining antibody. B) Percentage of CD8+ CD44+ OAC TlILs gated as
positive for PD-1 and CD39 in baseline degranulation assays, stimulated with
autologous tumour alone. Circles represent treatment naive samples and triangles
chemotherapy pre-treated. Comparison made with all samples from 6 colour flow
cytometry dataset described in chapter 3. C) Mean and standard deviation for
percentages of CD8+ CD44+ OAC TlLs at baseline after incubation in culture medium
with autologous tumour alone, and after stimulation with anti-CD3 and CD28
antibodies or PMA/lonomycin. Limited variability between proportions of each group
based upon treatment. D) Mean and standard deviation for percentage of CD8+
CD44+ OAC TILs of varying PD-1 and CD39 expression, that are gated as highly
positive for CD107a.

5.2.2.2 Stimulation of effector molecule production

Concurrent to assessment of degranulation in the OAC samples, intracellular staining for the
cytokines IFN-y and TNF-a as well as the granule products Granzyme B and Perforin was
undertaken. Unlike in the earlier multi-parametric flow cytometry assessment describing these
molecules, analysis here was undertaken following culture in the presence of Brefeldin A in order
to block export of molecules through the cell surface, and allow detection of these typically

secreted cellular products.

Low levels of IFN-y and TNF-a staining was observed in all categories of PD-1 and CD39 positivity
after culture with autologous tumour cells alone and in the presence of anti-CD3 and CD28
antibodies. Expression of both of these molecules is increased in samples incubated in the
presence of PMA and lonomycin, and is highest in the PD-1- CD39- and PD-1+ CD39- groups
(Figure 36.B). This chemical stimulation, which leads to activation of intracellular signalling
pathways bypassing the TCR, suggests that these phenotypes, and especially the double negative
and PD-1+ only groups, do maintain an ability to produce IFN-y and TNF-a cytokines, but do not
do so freely within the tumour microenvironment when stimulated by tumour and presumably
their target peptides, a process which is ongoing as demonstrated by the presence of
degranulation. The fall in ability to produce cytokines with increasing CD39 expression may well
represent a degree of dysfunction creeping into these lymphocyte populations as may be
expected with the presence of increasing expression of surface markers of exhaustion and
exhausted transcriptomic profiles as already discussed, though this may not necessarily be

expected in exhausted-like Trm populations.
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Figure 37 Production of key cytokines and cytolytic granule products by CD8+ lymphocyte
populations on stimulation by autologous tumour, anti-CD3/CD28 antibodies or

PMA/lonomycin.

A) Exemplar flow cytometry plots showing gating for positivity of IFN-y, TNF-q,
Granzyme B and Perforin by PD-1- CD39-, CD8+ CD44+ lymphocytes from OAC

tumours stimulated by PMA/lonomycin (top row) and HD PBMCs with (middle row)
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or without (bottom row) intracellular staining antibodies. B) Mean and standard
deviation for percentage of CD8+ CD44+ OAC TILs of varying PD-1 and CD39
expression, that are gated as positive for IFN-y, TNF-a, Granzyme B and Perforin
following stimulation at baseline by autologous tumour cells only, anti-CD3 and CD28

antibodies or PMA/lonomycin.

Similar to the results observed for active degranulation, this decreasing ability to produce
cytokines in CD39+ CD8+ TlLs is consistent with published data in mouse models where IFN-y and

TNF-a expression correlates inversely with CD39 expression by TILs (131).

The cytolytic granule products Granzyme B and Perforin were similarly assessed for expression on
stimulation, and consistent levels of both of these proteins were observed regardless of
stimulation technique. Perforin staining showed highest levels in PD-1- CD39- and PD-1- CD39+
groups with lower levels in the PD-1+ CD39- group and negligible numbers of PD-1+ CD39+ TlLs
positive. It must be commented that the percentage of all groups positive was low with all means

less than 2%.

Granzyme B staining revealed higher percentages of TILs positive across all groups with means
typically from 20-40% of CD8+CD44+ TILs. Here, the lowest percentages positive for Granzyme B
staining were observed in PD-1+ CD39+ as well as PD-1- CD39+ TlLs, with higher expression in
CD39- groups. The limited variability between baseline stimulation and PMA/lonomycin
stimulation suggests each group is producing these effector molecules to the best of their
functional capacity, rather than being limited by adequate TCR stimulation. This is not to suggest
that all groups are receiving optimal TCR stimulation, rather that cytolytic granules are being

readily produced in populations, though potentially to lesser degree in CD39 expressing TILs.

5.2.3 CD8+ lymphocyte proliferation assay

Transcriptomic analysis in this project has suggested a differential picture of proliferative
processes among the PD-1 and CD39 positive compared to negative CD8+ lymphocyte populations
in oesophageal adenocarcinoma. The DP group was enriched for gene signatures related to
lymphocyte proliferation compared to the DN, with the EExh and LExh populations a more
intermediate picture (Figure 29). Such observations would suggest increased cell division and
proliferative potential in the activated Trm or potentially precursor exhausted dominant

population in the DP group, with this tailing off in the more terminally exhausted populations.

To investigate this further a lymphocyte proliferation assay was developed, with the aim to

compare the DP and DN populations of TILs collected from OAC tumour specimens. Given the

147



Chapter 5

small numbers of the EExh and LExh populations, these were not factored into this experimental
work stream. Shown here is provisional data suggesting maintained proliferative potential in PD-1

and CD39 positive OAC TILs.

5.2.3.1 CD8+ proliferation assay development and testing

Several strategies for assessing lymphocyte proliferation were considered and an assay utilising
the carboxyfluorescein succinimidyl ester (CFSE) dye was chosen. CFSE is a fluorescent molecule
that binds covalently with intracellular lysine residues and is not readily transferred out of stained
cells into neighbours. As stained cells undergo proliferation the concentration CFSE is
approximately halved in each daughter cell and this can be assessed through standard flow
cytometric analysis. Up to 7-8 cycles of proliferation can be observed with this process, a number
limited by the toxicity to cells of high concentrations of CFSE and the sensitivity of flow cytometry

equipment to detect low concentrations (204).

PBMC samples from healthy donors were used for experimental set up and validation. Decreasing
numbers of counted and then FACS sorted lymphocytes were stained with varying concentrations
of CFSE and cultured for between 1 and 6 days until conditions were optimised. Lymphocytes
were cultured using a protocol for TIL culture optimised by collaborators, in a medium containing
IL-2 as well as plate bound anti-CD3 antibody and anti-CD28 antibody plus human AB serum. CD8+
lymphocytes were identified through staining with an anti-CD8a antibody conjugated to an APC
fluorophore, selected for its minimal spectral overlap with CFSE detected through the FIT-C
channel. The protocol was optimised, as detailed in chapter 2, to detect proliferating cells from a

little as 1,000 sorted lymphocytes.

5.2.3.2 Proliferation assay of sorted OAC TILs

Disaggregated OAC tumours were thawed and prepared for FACS as previously optimised for
sorting prior to transcriptomic assessment. Antigen experienced CD8+ TILs of the DN or DP groups
were sorted into culture medium, of note the DP group was gated as TIM3 and LAG3 negative, to
allow direct comparison with earlier transcriptomic assessment. Alongside the OAC TILs collected
through FACS sorting, HD PBMC lymphocytes gated as CD8+, CD44+, PD-1- and CD39- were also
retrieved. This population was used as controls and also to act as a comparison with regards to
the degree of proliferation of the populations of interest. After staining and the allotted 24hours
incubation, a further sample of HD PBMCs were stained with antibodies and CFSE to act as control

CFSE positive cells prior to incubation and proliferation to indicate maximum staining.
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Figure 38 CFSE assay examining proliferative capacity of OAC TIL populations of interest.

A) Exemplar flow cytometry plots showing sorted DN OAC TIL population cultured for
24 hours after CFSE staining (left), and HD PBMC samples stained with CFSE and
analysed immediatedly, not cultured (right). B and C) Exemplar histograms showing
CFSE staining of CD8+ cells (B), and CD8+ CFSE+ cells (C) following 24 hours culture of
sorted OAC TILs from a treatment naive patient. Results from culture of PD-1+ CD39+
(DP) population (red line), PD-1- CD39- (DN) population (blue line) and control

population (orange line) of non-cultured HD PBMCs. Legend displays cell count for
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each group and geometric mean FIT-C describing the mean fluorescence intensity for
CFSE staining. D and E) Mean Fluorescence Intensity (MFI) of CFSE staining for CD8+
(D) and CD8+ CFSE+ (E) cells from DP (red) and DN (blue) populations sorted from
human OAC samples and HD PBMC DN cells (black).

A total of 5 samples were thawed and sorted, with recovered TILs cultured and analysed for
proliferative capacity, 4 samples were treatment naive, and 1 had been pre-treated with
combination chemotherapy prior to resection. A mean of 3,101 cells were recovered from each
population, and after culturing, staining and preparation for flow cytometric assessment a mean
of 143.1 CD8+ events were recorded. Median fluorescence intensity for each sample was
calculated to give an indication of the degree of proliferation observed, with lower figures
suggesting more proliferation. These figures were compared with MFI readings for simultaneously

sorted, stained and cultured HD PBMCs and also with freshly stained, non-cultured PBMCs.

No statistically significant differences were observed between the DP and DN groups, though
from an admittedly small sample size. Analysis of all CD8+ events was used for these calculations
as it was likely more indicative of proliferation as a whole than following removal of CFSE- cells. A
similar mean MFI was observed between the DP and DN groups, with 202.6 and 165.1
respectively for the CD8+ cells, and 703.4 and 764.0 respectively for the CD8+ CFSE+ cells (Figure
37).

There was no statistically significant difference between the MFI figures for the DP or DN groups
when compared to those of the HD PBMC DN cells cultured concurrently, though there was an
appreciable reduction in MFI figures in the OAC TILs compared to controls, which recorded

averaged MFI values of 372.3 for the all CD8+ (Figure 37).

These observations describe the proliferative capacity of our populations of interest and do
suggest that this is highly maintained in both the DP and DN OAC TIL groups. While there are
limitations in terms of the number of TILs available for sorting, and subsequent staining, culture
and flow cytometric analysis, assessment of cultures using higher numbers of sorted PBMCs
showed efficacy for the assay. It must be stressed that these results do not imply that the DP and
DN populations are proliferating equally within the tumour, rather that when stimulated by likely
supra-physiological concentrations of IL-2 and antibody stimulation of CD3 and CD28 these
populations are able to divide rapidly. This is a scenario that would not be expected to be the case
in a terminally differentiated exhausted population which is regularly described as lacking
proliferative potential(37), though proliferative ability would be expected in a precursor

exhausted population. Unfortunately due to the constraints of the limited number of cells
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available from the EExh and LExh groups within the human OAC tumours available, similar

assessment of a presumed terminally differentiated exhausted population has not been possible.

What can be inferred from this experiment, when trying to explain a potential survival benefit
from having high numbers of PD-1+ CD39+ antigen experienced CD8+ TILs within a tumour, is that
this potentially tumour reactive population have the ability to rapidly expand under conducive

conditions and possibly enact active anti-cancer responses.

5.24 Assessment of the CD4+ compartment of the OAC TILs

Thus far the CD4+ compartment of human OAC TILs has only been alluded to in this project, and
has been considered out of its remit. However, it must be acknowledged that these lymphocytes
are of real importance in mediating effective anti-cancer effects, both in terms of the co-
stimulatory support provided by CD4+ T helper cells and the inhibitory effects of FOXP3+

regulatory T cells.

To gain a clearer impression of the degree of CD4+ lymphocyte infiltration in the study sample
population, and to gauge how this compares to published data sets, the multi-parametric flow
cytometry panel utilised in earlier experiments was modified to include staining antibodies for
CD3 and CD4. In addition to gaining information on the absolute numbers of CD4+ T lymphocytes
within the tumours studied, this data was also intended to confirm that the CD8a+ CD44+ positive
population that have been labelled as antigen experienced CD8+ T lymphocytes, are in fact
cytotoxic T lymphocytes, and not CD8+CD4+ lymphocyte precursors or certain Natural Killer cell

populations which are known to express CD8 but not CD3.

A total of 7 OAC digest samples were analysed using a modified 10 antibody flow cytometry panel.
This consisted of 5 treatment naive patient samples, and tumours from 2 patients pre-treated
with chemotherapy. As per previous experiments the optimum concentrations of all antibodies
used were titrated prior to use, and positivity for each marker was identified through use of FMO
samples. Lymphocytes were identified morphologically as previously discussed, and a clearly

identifiable CD3+ population was identifiable from this population (Figure 38.A).

The presence of CD3 is a hallmark of T lymphocytes, not expressed by B lymphocytes, and the CD3
positive events identified have been assessed with regards to CD8 and CD4 positivity. It has been
shown that in the OAC TILs assessed, there were, as might be expected, dominant populations
that were either CD8 or CD4 positive, indicating classical cytotoxic T lymphocytes and T helper
cells respectively. There was a mean of 39.16% of CD3+ cells positive for CD8 with a range of 14.9-

64.2% in this cohort, with CD4+ lymphocytes a mean of 54.46% of CD3+ events and a range of
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28.1-80.5% (Figure 38.B). In previous studies of OAC TILs it has been documented that T helper

lymphocytes outnumber cytotoxic lymphocytes, and these findings are broadly in keeping with

this(205).
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Figure39 CD3, CD4 and CD8 positivity of OAC TILs.
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A) Exemplar flow cytometry plots showing gating strategy for identifying CD3+, CD4+
and CD8+ lymphocytes. Top row is analysis of an OAC tumour, bottom row is analysis
from a healthy donor PBMC sample. Lymphocytes identified morphologically with
FSC-A and SSC-A (far left), and singlets identified using FSC-A and FSC-W (left). CD3+
cells gated (right) and CD4+ or CD8+ lymphocytes gated (far right). B) Percentage of
cells gated as lymphocytes base on morphology and CD3 positivity, classified as
either CD8-CD4-, CD8+CD4-, CD8-CD4+ or CD8+CD4+, from 7 human OAC samples. C)
Percentage of cells identified as lymphocytes based on morphology gated as either
CD8-CD4-, CD8+CD4-, CD8-CD4+ or CD8+CD4+, that are CD3+. D) Percentage of cells
identified as lymphocytes based on morphology gated as CD8+ CD44+ that are CD3+
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from human OAC samples and HD PBMCs. Mean and standard deviation represented

for each group in graphs B-D.

This analysis also reveals a minority population of CD8-CD4- events gated as CD3+, with mean of
5.3% and range of 3.1-8.23% (Figure 38). This population represents a potentially heterogeneous
population comprised of NKT cells, mucosal-associated T cells, and v T cells. There were almost
no CD3+ cells gated as CD8+ and CD4+ in the samples analysed (mean 1.12% and range 0.39-1.7%)
(Figure 38), a frequency in keeping with the proportion of such cells in peripheral blood of healthy

individuals, a population that remains incompletely characterised(227).

This data suggests that the cells identified as morphologically in keeping with lymphocytes and
also CD3+ positive, are principally CD8+ or CD4+ with a minority population not conforming to

these classical populations.

By analysing this data using the same gates but in a different order, it can be seen that almost all
the CD8+CD4-, CD8-CD4+ and CD8+CD4+ cells gated as lymphocytes, are positive for CD3 (means
95.46%, 97.56% and 89.81% respectively). A minority of CD8-CD4- cells with lymphocyte
morphology, mean22.28%, were CD3+ (Figure 38). This suggests that the three populations with
positivity for CD8 and CD4 are composed almost exclusively of cells of lymphocyte origin. Of those
gated as CD8 and CD4 negative, some are likely of T lymphocyte origin as demonstrated by their
CD3 positivity, the rest are likely to include other immune cells that share size and shape with T
lymphocytes, including B lymphocytes, but presumably also tumour and stromal cells which show
morphological overlap with lymphocytes but possess no additional immune cell markers or

functions.

This data has been used to allay any concerns that the cells described regularly in earlier chapters
as antigen experienced CD8+ lymphocytes, based on CD8a and CD44 staining, are in fact
lymphocytes. Analysis of all events gated as lymphocytes based on size and granularity, and
showing CD8 and CD44 positivity showed a population almost exclusively comprised of CD3+ cells
with mean of 97.8% and 97.35% in the human OAC samples analysed and in HD PBMC samples
respectively. This adds confidence to the assumptions made throughout this project that the TILs
identified as antigen experienced CD8+ are in fact predominantly cytotoxic lymphocytes and that
this population is not a more heterogeneous group comprising multiple other immune cell

subtypes.

When considering how the data collected during this project could be expanded and incorporated
into clinical decision making, techniques for readily identifying populations of CD8+, PD-1+, CD39+

lymphocytes would be required. As discussed previously, CD39 is not solely expressed on CD8+
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lymphocytes, and is often described as being expressed at higher concentrations on CD4+

lymphocytes. This would suggest that techniques such as using immunohistochemistry single

staining for CD39 would be insufficient to gain an impression of the number of antigen

experienced CD8+ TILs of the DP phenotype, for use in a manner analogous with PD-1/PD-L1

staining currently used in clinical practice.
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A) Exemplar flow cytometry plot showing gating strategy. CD3+ lymphocytes are

separated based upon CD8 and CD4 positivity (left), with CD8+CD4- population

(centre) and CD4+CD8- populations (right) gated depending upon PD-1 and CD39

positivity. B) Mean and standard deviation of percentages of CD3+CD8+CD4- (left),

CD3+CD8-CD4+ (centre) and CD3+CD8-CD4- (right) TlLs that are gated as positive for
PD-1, CD39 or PD-1 and CD39. Data based upon observations from analysis of 7 OAC

tumour samples.

This expectation was investigated further by assessing the proportion of cells positive for PD-1

and CD39 among CD3+CD8&+ and CD3+CD4+ TlLs. Significant proportions of the CD8+ and CD4+
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lymphocytes stained positively for CD39 (CD8+ mean 52.5 range 27.0-90.0%, CD4+ mean 67.17%
range 41.9-86.0%). In this sample the minority CD4-CD8- TIL population also express high CD39
expression (mean 47.33% and range 24.1-67.1%) (Figure 39). These observations rule out the use
of CD39 staining as a single assessment to provide information on the character of CD8+ TIL

infiltration.

PD-1 and CD39 dual positivity is similarly highly observed in the CD3+CD4+ and the CD3+CD8-CD4-
TIL populations (means 40.88% and 13.65% respectively with ranges 9.48-69.3% and 0.72-27.3%)
compared to the CD3+CD8+ population (mean 32.12% and range 9.33-87.90%) (Figure 39).

5.2.5 Assessment for expression of markers of tissue resident memory phenotype

One telling observation from the transcriptomic assessment of the TIL populations of interest
detailed in chapter 4 is the presence of enrichment for a tissue resident memory phenotype.
Tissue resident memory (Tgrm) cells arise from the memory T lymphocyte compartment and are
characterised as non-circulating immune cells that reside within peripheral, non-lymphoid tissues,

and play a key role in anti-infection and anti-tumour immune responses (143).

Trm cells within tumours often show an exhausted like phenotype, though they can derive from a
variety of lymphocyte origins including naive T cells, memory T lymphocytes and also T effector
cells suggesting a possibly different developmental pathway to classical exhausted lymphocytes
from chronic viral infections (133,139,202). Experiments in murine models have previously shown
PD-1+ CD39+ TILs to be enriched for Trm transcriptional profiles, an assumption supported in this
project (130). To confirm if the PD-1+ CD39+ (DP) TIL population in human OAC is of Trm origin,
the subset of samples analysed for CD4 and CD3 expression, was also stained for CD103, a
classical Trm marker. These samples were also stained with an anti-CD57 antibody, selected due to
recent data suggesting the relevance of CD57 in tumour specific epithelial derived Trm groups
(142). CD57 has also been shown to have an association with positive outcomes after resectional

surgery for OAC when identified at high levels within the tumour by immunohistochemistry (183).

The differences in CD103 expression between the PD-1- CD39- population and the PD-1+ CD39+
population within the antigen experienced TILs was clear. The PD-1- CD39- (DN) group showed a
low percentage of CD103 staining (mean 27.47% range 12.3-80.1) while the PD-1+ CD39+ group
showed repeatedly high CD103 positivity (mean 90.91% range 75.2-98.8%) (Figure 40). The
difference between these two groups was highly statistically significant when assessed by the
paired t test (p=0.0007). The PD-1+ CD39- and PD-1- CD39+ groups demonstrated a stepwise
increase in the percentage positive for CD103 (means 53.51% and 72.66% respectively) (Figure
40.B).
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CD103 and CD57 positivity in human OAC TiLs.
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A) Exemplar flow cytometry plots showing gating for CD103 positivity (left), CD57

positivity (centre) and CD103/CD57 dual positivity. Samples shown are both antigen

experienced CD8+ lymphocytes, with top row PD-1-CD39- lymphocytes from HD

PBMC, and bottom row PD-1+ CD39+ OAC TlLs. B) Mean and standard deviation for
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percentage of parent gate positive for CD103 (left), CD57 (centre) or CD103+CD57-
(right). Parent populations are all CD8+CD44+ lymphocytes and either PD-1- CD39-,
PD-1+ CD39-, PD-1- CD39+ or PD-1+ CD39+. C) Mean and standard deviation for
percentage of parent gate positive for CD103 (left), CD57 (centre) or CD103+CD57-
(right). Parent populations were all CD8+CD44+ lymphocytes and either PD-1- CD39-
(DN), PD-1+ CD39+ LAG3- TIM3- (DP), PD-1+ CD39+ LAG3+ TIM3- (EExh) or PD-1+
CD39+ LAG3+ TIM3+ (LExh).

Examining the same parent populations with regards to CD57 staining, an opposite picture was
observed, with stepwise decrease in percentage positive from PD-1- CD39- to PD-1+ CD39+
populations (means 36.77% and 17.33% respectively, with ranges 8.7-56.1 and 6.5-29.0%) (Figure
40.B).

This suggests a CD103+CD57- dominant group within the PD-1+ CD39+ DP population. By
assessing the percentage of parent groups that are positive for this phenotype it is observed that

this steadily increases to a mean of 74.63% in the DP group (Figure 40.B).

With a slight modification of this gating strategy, by including TIM3 and LAG3 positivity, CD103
expression among the DN, DP, EExh and LExh populations sorted and sequenced in experiments
described in chapter 4, was assessed. A largely analogous picture can be observed as when gating
for PD-1 and CD39 alone. CD103 increases significantly from DN to DP groups, but then falls
somewhat with progression from DP to the EExh and then LExh groups (means 91.23%, 85.49%
and 81.62% respectively) (Figure 40.C). Similarly, with CD57 positivity in these experimental
groups, a drop in percentage positivity is observed between the DN and DP group with followed
by a rise in the EExh and then further drop in the LExh group (means 36.77%, 16.03%, 33.3% and
18.07% respectively). The CD103+ CD57- population was highest in the DP group but remained
high in the EExh and LExh groups too (means 22.6%, 76.09%, 54.64% and 63.55% respectively)
(Figure 40.C).

The results from the flow cytometry assessment of this limited cohort of tumour samples suggests
that the DP population as defined previously, is highly enriched for CD103+CD57- lymphocytes,
suggesting a tissue resident memory cell population that may correspond to populations of Tgm
cells observed in other cancer models to exert enhanced functional capacity and bring about
disease control (142). It also adds weight to the assumption that the EExh and LExh populations
assessed are also dominated by exhausted-like TRM lymphocytes arising from a memory origin,

rather than classically terminally exhausted T lymphocytes.
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53 Discussion

This chapter presents additional flow cytometric and functional data further examining the PD-1+
CD39+ DP population identified in chapter 3 as being associated with improved disease free

survival, adding to the transcriptomic profiling undertaken in chapter 4.

The DP population has been shown to possess a transcriptional profile enriched for a Trm
phenotype, and data presented here shows this group to be highly comprised of CD8 TILs bearing
the canonical Trm surface marker CD103. This group is predominantly CD57 negative, suggesting
shared phenotype with the CD103+CD57- CD8 Tgrym cell type described in hepatocellular carcinoma
(HCC) as being associated with high functional capacity and improved tumour control(142). The
Trm cells studied in this investigation are all HBV specific, though chosen for their ability to
recognise pathogenic peptides, be they infection or cancer, ensuring the investigation did not
focus on bystander TlLs. It can be assumed that they correspond with TILs targeting neoantigens
in this context. Interestingly, the investigation into these Trm subsets in HCC observed relatively
low abundance of PD-1"&" CD39+ TIM3+ Tgw cells displaying a terminally exhausted-like character,

an observation mirrored here in assessment of OAC tumours.

Further examination of the DP group reveals cells of varying t-box transcription factor profiles.
The majority are T-bet"®" Eomes'", which could suggest dominance of a precursor exhausted
phenotype. With progression to the EExh and LExh groups reduced T-bet"&" Eomes'* and
increased percentages of T-bet'®” Eomes"®" are observed indicating a move towards more
terminally differentiated exhausted phenotype in these groups. Such findings support data
collected in chapter 4 where transcriptomic analysis demonstrated enrichment for these
terminally exhausted gene sets in these groups. The percentages T-bet"&" Eomes'" and T-bet""
Eomes"&" do not appear to come anywhere close to comprising of the entirety of the DP or LExh
groups, suggesting these populations are not comprised solely of precursor exhausted or

terminally differentiated exhausted lymphocytes, leaving room for the TRM populations described

above.

Examination of the differences between TILs gated as T-bet"&" Eomes'°” and T-bet'®" Eomes"e" has
shown that the latter group does possess an increased percentage of lymphocytes positive for the
markers of terminal exhaustion LAG3 and TIM3, though the increment is modest and not what
may have been expected were this transcription factor profile characteristic of terminal
exhaustion, as may have been expected. This T-bet'®” Eomes"&" population also demonstrated an
increased percentage of Granzyme B positive lymphocytes and a suggestion of increased Perforin

positive cells, though IFN-y and TNF-a positivity was not significantly different.

158



Chapter 5

Assessment of the concentrations of these effector molecules in the various lymphocyte groups
examined elsewhere in this study revealed low levels of IFN-y, TNF-a and Perforin in the DP group
with higher levels of all three of these molecules observed in the EExh and LExh groups. This is
contrary to the gene count data produced in chapter 4 where IFN-y production was maintained in
the DP group, and could represent reduced secretion in this group. It has been described in the
literature that Trm cells, including those expressing TIM3 that would correspond to the LEXh
group, maintain cytokine production and cytolytic granule formation, explaining these

observations.

Considering the functional ability of the DP population, data presented here suggests that this
group maintains an ability to proliferate rapidly if provided with the appropriate environment and
signalling. The conditions provided to TILs in this chapters proliferation assay were clearly supra-
physiological in terms of IL-2 and stimulation of CD3 and CD28, but have shown that there is
capacity for cellular division, something that may not have been the case in a population

comprised completely of dysfunctional exhausted lymphocytes.

Additionally, this population has been demonstrated to possess an ability to produce IFN-y and
TNF-0 under mitogen stimulation, though to a lesser extent than observed for the DN population.
This was more than the number of DP TILs staining positive for IFN-y and TNF-a on stimulation via
CD3 and CD28 or autologous tumour alone which were minimal. From the same experimental
results it is observed that there is reduced Granzyme B and Perforin staining, with Perforin
staining almost completely absent in the DP group when cultured with protein transport blocked,

and this does not appear to vary greatly with the stimulatory signalling the cells are exposed to.

The observations regarding effector molecule production and maintained proliferative capacity
overlap further with known Trm characteristics and would fit with the DP population being
comprised mostly of this class of TILs. CD8+ Trm are known to maintain relatively stable
populations in normal tissue but possess and ability to expand rapidly on activation. They are also
characterised by high numbers of transcripts for IFN-y and TNF-a as well as high protein
expression of Granzyme B, all observations made in chapter 4 and chapter 5 of this study

(228,229).

In summary the results described in this chapter further reinforce the hypothesis that some
human OAC tumours possess an abundance of infiltrating PD-1 and CD39 positive antigen
experienced CD8 lymphocytes, which are associated with increased progression free and overall
survival, and are predominantly of Trm subtype, while also possessing features in keeping with

precursor exhausted lymphocytes.
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Chapter 6 Discussion

6.1 Oesophageal adenocarcinoma — an area of unmet need

Oesophageal adenocarcinoma represents an area of significant unmet need in terms of improved
treatment options for early stage and advanced disease. The incidence of distal oesophageal and
gastro-oesophageal cancers has risen rapidly in Western populations in recent decades (149).
With a minority of patients candidates for curative surgery at diagnosis, and more than half of
these destined to relapse later, strategies to improve outcomes here and in the setting of
metastatic disease are greatly needed (208). Adoption of immune checkpoint inhibitors, which
have shown such significant improvements in survival in advanced melanoma and non-small cell
lung cancer, is starting to have an influence in oesophageal cancer. This is both in the curative and
the palliative settings, though improvements in outcomes remain modest with a only a minority
of patients benefiting (166,192). OAC often possess a tumour microenvironment potentially
receptive to immune activation by checkpoint blockade, this includes the presence of a high
tumour mutational burden, frequent high degrees of immune cell infiltration and enrichment of
immune cell gene signatures (230). Despite these factors responses remain poor, with the lack of

CD8+ T lymphocytes receptive to such manipulation a potentially crucial factor.

By understanding the composition and nature of the CD8+ T lymphocyte compartment it is hoped
that it will be possible to predict those individuals whose tumours are more likely to relapse and
as such should be treated with more aggressive therapeutic approaches, and those which are
more receptive to manipulation by immune checkpoint blockade. Additionally by assessing the
differences in the composition of these populations of immune cells in the tumours of patients
exposed to neoadjuvant therapies and those not, it may be possible to understand further the
mechanisms behind the differential responses to immunotherapy seen in the first and second line

setting for metastatic disease.

An understanding of the nature of CD8+ lymphocyte dysfunction in cancer has evolved over
recent years with persistent antigen exposure resulting in lymphocyte exhaustion becoming a
dominant hypothesis to explain the lack of effective anticancer responses observed in highly
infiltrated tumours. Lymphocyte exhaustion has been understood in the context of data accrued
from the murine viral infection LCMV and subsequent cancer models, where activated CD8+
lymphocytes circulate from secondary lymphoid organs to the site of a tumour, are subject to
persistent antigen exposure leading to a loss of proliferative capacity, ability to secrete cytokines

and cytolytic granules and eventual cell death (39,44). More recent investigation has pointed
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towards populations of tissue resident memory cells, maintained in peripheries and arising from a
memory lineage, as being key effectors of anti-tumour immune responses, and particularly
important in immune responses initiated as a result of immune checkpoint blockade (134,202).
The precise features of both of these models of lymphocyte responses to cancer and
immunotherapy are described as being tissue context specific, with different characteristics
observed between human and murine cancers as well as varying between the organs and
histologies involved. There is evolving evidence of a Trm population observed in oesophageal
squamous cell carcinomas and associated with improved survival (145), but characterisation of

lymphocyte dysfunction, and Trm positivity, in oesophageal adenocarcinomas remains incomplete.

This work has aimed to investigate the CD8+ T lymphocyte compartment of resected human
oesophageal adenocarcinoma with respect to the presence of features of lymphocyte exhaustion
and dysfunction with a view to building upon our understanding of the mechanisms behind the

resistance of many such cancers to treatment, particularly with immune checkpoint blockade.

On identification of an often abundant antigen experienced PD-1 and CD39 positive T lymphocyte
population within these resected cancers, this project aimed to characterise this group and assess

their effector functions.

6.2 Key Findings

The results described here demonstrate that human oesophageal adenocarcinoma is variably
infiltrated with a population of PD-1 and CD39 positive antigen experienced T lymphocytes that
conform to a tissue resident memory cell phenotype and their abundance may correlate with

improved disease control and survival.

It has been shown using flow cytometry based approaches, that CD8+ cells are present in tumour
digests across a range of tumour stages and degrees of responses to neoadjuvant therapies.
Higher percentages of events corresponding morphologically to lymphocytes are CD8+ and CD44+
in higher stage T3 tumours and those previously exposed to neoadjuvant chemotherapy, though
not enough data points were available to comment upon variation related to degree of tumour
regression. This population represents a group we can confidently ascribe to being comprised
overwhelmingly of antigen experienced CD8+ T lymphocytes based upon the high degree of CD3

positivity and the negligible numbers of CD8+CD4+ lymphocytes observed in OAC tumour digests.

The presence of these antigen experienced CD8+ lymphocytes appears to be associated with
increased survival, but this observation is far more marked when abundance of PD-1+ and CD39+

antigen experienced TlLs is assessed. PD-1 is highly expressed here in CD8+ TILs from OAC
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tumours, particularly in treatment naive and chemotherapy pre-treated specimens, as is CD39
positivity in similar patients. A frequency of this PD-1 or CD39 positive phenotype above the

median is associated with better progression free survival in this cohort.

Of note, when PD-1 and CD39 double positive (DP) cells are calculated as a percentage of antigen
experienced CD8+ TlLs, they are in highest abundance in tumours of patients who are treatment
naive at surgery, suggesting an impact on the numbers of this lymphocyte compartment from
cytotoxic chemotherapies. Overall survival is markedly improved when high frequencies of this DP
group are observed with respect to total numbers of antigen experienced CD8+ lymphocytes, and
particularly when calculated as a proportion of all lymphocytes. This is especially surprising as this
DP population, while of variable frequency across individuals, is highest in treatment naive
samples, a group we would consider sub-optimally prepared for surgery when we are considering
curative therapies, yet is also associated with improved outcomes. Such an observation raises
several important questions, firstly is this reproducible in a larger patient cohort or an artefact
caused by the limited sample population available in this study? Secondly, if a high abundance of
DP TILs is associated with improved survival and they are reduced by chemotherapies, are there
some patients who will do better if chemotherapies are omitted completely prior to resection,
and likewise is there a group that requires even more intensive neoadjuvant therapies prior to
completion surgery? And finally, is this population a cancer specific population, as might be
speculated from previously published data on CD39+ TILs, and can increased knowledge about the
abundance and characteristics of this population shed light onto patient outcomes in the

metastatic setting, and particularly responses to immune checkpoint blockade?

With these questions in mind, the composition and function of the DP population has been
investigated with a mixed approach of flow cytometric immune profiling, bulk transcriptomic
assessment, and functional analysis. Flow cytometry has shown that the DP group is potentially
heterogeneous, but with a majority population of cells that could correspond to a precursor
exhausted phenotype as implied by a majority possessing a T-bet"&" Eomes'°" transcription factor
profile. Additionally, while the DP group possessed a higher frequency of TILs positive for the
exhaustion markers TIM3 and LAG3, as well as TIGIT, 2B4 and the marker of lymphocyte
activation CD38, this was not at frequencies that may be expected were this group predominantly
terminally exhausted. The DP population is also seen to be composed of TILs with a range of levels
of PD-1 expression, with those at the higher end of this spectrum increasingly positive for

additional surface markers of exhaustion.

Multi-parametric flow cytometry data interrogating a subset of samples with a view on assessing

T-bet and Eomes expression in the experimental groups, alongside TIM3 and LAG3 expression has

163



Chapter 6

suggested that the DP and LExh groups do not conform to precursor exhausted and terminally
differentiated exhausted phenotypes as may have been expected, but represent more

heterogeneous cell groupings. Indeed when the T-bet'®” Eomes"&"

group is assessed it is by no
means wholly comprised of TILs possessing multiple markers of exhaustion which would suggest
that while there may be processes underway that are akin to lymphocyte exhaustion, it is not

representative of the classical picture developed from the LCMV model.

Interpreting this data together, it has been speculated that the DP population is heterogeneous,
and comprised of lymphocytes conforming to an exhausted phenotype given PD-1 and CD39 both
being strongly correlated with this type of CD8+ lymphocyte dysfunction (126), though it may also
contain other PD-1 and CD39 positive CD8+ T cell populations such as tissue resident memory

cells (129).

To further understand the composition and nature of the DP population, a transcriptomic
approach has been adopted to allow comparison with the PD-1- CD39- group and lymphocytes
possessing additional positivity for TIM3 and LAG3. This has revealed the DP group, when
compared to the DN, to be enriched for signatures related to lymphocyte activation and
proliferation, as well as TCR signalling, CD28 co-stimulation and PD-1 signalling. There was also
evidence for enrichment of downstream effects of IL-2, IFN-y, IL-10, and IL-12 signalling. Such
results suggest the DP group to be active and proliferating, responding to stimulatory cytokines,

and the effects of TCR complex engagement.

The possibility of this DP group being a Trm population is supported by enrichment of gene sets for
Trm described in breast cancer by Savas et al (141) and in lung cancer by kumar et al (136). It is
further reinforced by enrichment for IL-10 signalling as well as downstream effects of RUNX3 and
Id3 transcription factors which are known to drive development and maintenance of the Trm

phenotype (134,138,140).

Comparisons of the DP and LExh groups showed the DP group to be enriched for signatures of cell
survival, and migration. There was enrichment for the transcription factor of precursor exhausted
lymphocytes TCF1, as well the Trm transcription factor Notch as well as STAT3 and STAT4 which

play roles in memory cell differentiation and maintenance.

Conversely the LExh group demonstrated a tendency towards cell death and restriction of mitosis,
and was enriched for the effects of the transcription factors initiating a terminally differentiated
exhausted phenotype TOX and Eomes. There was again enrichment for the downstream effects of

TCR engagement suggesting persistent antigen exposure, as well as PD-1 signalling. The LExh
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group was enriched for gene sets describing Trm phenotypes, as well as for signatures relating to

terminally differentiated and precursor exhausted expression profiles.

When the transcriptomic data set was analysed as a whole there was evidence of increasing
enrichment for gene sets related to TCR, PD-1, IFN-y, and IL-12 signalling with progression from
DN, through DP and EExh to LExh groups. Similarly there was observed a trend towards increasing
enrichment for gene sets describing terminally exhausted, Trv and some precursor exhausted
lymphocyte populations, with progression through experimental groups. Most enriched in the DP
group included gene sets for T cell activation, proliferation and migration, as well as for some

progenitor exhausted lymphocyte populations.

The DP, EExh and LExh groups showed persistent transcription of genes encoding for IFN-y, TNF-a,
Granzyme B and Perforin. There was also increasing transcriptional activity for the canonical Trm

marker CD103.

Considering the functional analyses completed in chapter 5 in light of the transcriptomic
assessment we can observe the DP population maintains capacity to proliferate when subject to a
high degree of cytokine stimulation. Additionally they possess an ability to produce IFN-y and TNF-
o cytokines on mitogenic stimulation, all be it at a lower level than the DN group, but not on
stimulation by autologous tumour alone. Maintained Granzyme B production is in keeping with
transcriptomic data while reduced Perforin production does not quite fit with the transcriptomic
picture. Of note the DP group retains a higher capacity to degranulate than the DN group, on

stimulation by autologous cancer cells, stimulatory antibodies or mitogens.

Finally assessment of expression levels among the experimental groups of interest, for the
integrin and Trm marker CD103, as well as CD57 an NK and lymphocyte marker upregulated in
some epithelial Trm populations, was assessed. This showed that the DP group was almost
exclusively CD103 positive, with a mean of 91.2% cells expressing this marker, and this fell slightly
through the EExh to LExh groups to a mean of 81.6%. The DN group contained only a modest
number of cells expressing CD103. CD57 expression was lowest in the DP and LExh groups,

resulting in a majority of TILS in the DP group being labelled as CD103+ CD57-.

6.3 Interpretation of results

The results summarised above point to a PD-1 CD39 double positive lymphocyte population in
human OAC tumours, comprising cells of varying TIM3 and LAG3 expression, which can be

variously described as precursor exhausted, terminally exhausted or Tgm lymphocytes.
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This PD-1 and CD39 double positive population does not conform to a classically exhausted
phenotype as described within the context of the LCMV model, and this is demonstrated both by
the heterogeneous T-bet and Eomes transcription factor profile of this population, the low
abundance of additional cell surface markers of exhaustion, and by the transcriptomic profiles of

this population.

Instead, this PD-1 and CD39 double positive population can be more accurately described as a
tissue resident memory cell population, subsets of which have been demonstrated to play crucial

roles in immune control of human cancers.

Trm cells are reported as deriving from memory precursor cells and are subsequently retained in
the periphery (139), and as such sit outside of the classical view of lymphocyte exhaustion where
by effector cells are subjected to sustained antigen exposure and are driven into a precursor and
then terminally differentiated exhausted state (34). However, as the understanding of Trm biology
has developed in recent years, it is becoming apparent that Tgm in tumours are comprised of a
heterogeneous collection of states (140), including those that while they possess core Trm
transcriptional profiles and cell surface integrins suggesting Trm Origin, also possess shared
characteristics with exhausted lymphocytes (114,142). Milner et al have published data
suggesting that tumour specific TILs are enriched for core tissue residency gene expression
signatures and that Trm heterogeneity in TILs corresponds to the heterogeneity described in
infection (140). They describe an Id3 high population of Tgm in murine tumours that are
multipotent and respond to immune checkpoint blockade and that are consistent with precursor
or progenitor exhausted lymphocytes. Likewise, evidence presented by Clarke et al and others
describe the presence of Trm populations that correspond to terminally differentiated exhausted
lymphocyte population and possess PD-1 and TIM3 expression as well as CD39 and CD103
positivity (114,129).
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Figure 42  Similarities between tissue resident memory cell and classically exhausted

lymphocyte populations of interest.

Schematic displaying development and characteristics of precursor exhausted-like
and terminally differentiated exhausted-like tissue resident memory lymphocytes,
and their similarities with classical precursor exhausted and terminally differentiated
exhausted lymphocytes. It is proposed that the DP and LExh populations investigated
in human oesophageal adenocarcinomas correspond with the pre-cursor exhausted-
like and terminally differentiated-like Trm populations displayed here. Created with

BioRender.com.

The data summarised above supports an assumption that human oesophageal adenocarcinomas
are variably, but often highly, infiltrated by an antigen experienced CD8+ lymphocyte population
that is PD-1 and CD39+, but TIM3 and LAG3 negative, and comprised predominantly of tissue
resident memory cells. This population is consistent with those described by Milner et al. as being
Id3"Me" Trm that share many transcriptional and protein level similarities with a precursor
exhausted population (140). The DP population would also correspond to a similar CD103+ CD57-
population has been described by Cheng et al among HBV specific TILs extracted from
hepatocellular carcinomas, that remain highly functional, and are associated with improved

survival (142).
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The human OAC samples analysed here also demonstrate a population of CD8+ TILs that possess
multiple inhibitory markers including TIM3 and LAG3, described as late exhausted (LExh) that is of
very low abundance. There is evidence that this group corresponds with a PD-1"&" TIM3+
terminally exhausted-like Trm population described in a range of scenarios as being in possession
of multiple inhibitory markers suggesting terminal exhaustion, but maintaining core Tgrm
expression profiles, as well as an ability to proliferate, produce effector molecules and kill cancer
cells (114,140,142). This phenotype is associated with improved outcomes on treatment with

anti-PD-1 therapies.

Aligning the experimental groups characterised in this project with Trm phenotypes described in
recently published studies, allows consideration of the mechanism by which an abundance of PD-
1 and CD39 double positive TILs may be associated with improved overall survival. This population
of tumour reactive and functional lymphocytes has been associated with improved survival
elsewhere and it can be considered that the same is true in oesophageal adenocarcinoma
(114,140,202). Certainly it can be hypothesised that a relative lack of these TILs that possess the
potential for tumour reactivity and an ability to rapidly proliferate and undertake effector
functions, within a tumour would be associated with reduced tumour control and poorer

prognosis.

As to why better responses to immunotherapy are observed following priming with previous or
concurrent chemotherapy it is difficult to find a clear answer from the data presented. It can be
speculated that the LExh population which is of low abundance in the analysed OAC tumours, and
appears to correspond with the CD103+PD-1+TIM3+ population described by Clarke et al as
associated with improved responses to anti-PD-1 therapy in lung cancer, is responsible for
immunotherapy induced tumour regression in oesophageal cancer too. The current data set is
comprised of a limited number of patient samples and as such has limited granularity, but it
appears that TIM3 expression is highest in CD8+ TILs after pre-treatment with
chemoradiotherapy. While chemotherapy treated samples appear to have a similar percentage of
TIM3 positive TILs to treatment naive samples, it can be postulated that the priming with
chemotherapy or chemoradiotherapy, increases the relative abundance of these terminally
exhausted-like Trm within the tumour microenvironment, creating a scenario more responsive to

immune checkpoint blockade.

6.4 Limitations

This project has focused on intrinsic CD8+ T lymphocyte factors that influence dysfunction in

human oesophageal adenocarcinoma, however lymphocytes exist within and rely upon a complex

168



Chapter 6

immune microenvironment in order to survive, proliferate and undertake effector functions.
Investigation of other components of this environment, including CD4+ T lymphocytes, has not
been within the remit of this project but are of course of huge significance when interrogating

CD8+ T lymphocyte responses.

When considering the specific limitations of this project, it must be conceded that the patient
sample size available for analysis is small. Despite this project being undertaken on the site of a
tertiary referral hospital acting as the principle location for resection of upper gastrointestinal
tumours for a large region, the numbers of patients operated on and also recruited to the
overarching studies, was relatively small each year. Recruitment was also hampered by the
coronavirus disease 2019 pandemic halting access to non-essential clinical trials. The nature of the
methods used for analysis, principally flow cytometric based analysis of manually disaggregated

tumour samples, meant that up-scaling analysis pipelines would always be a challenge.

The limited number of patients recruited, as well as time constraints on this study and
experimental issues, have limited the number of samples available for some work-streams. In
particular, the transcriptomic analyses detailed in chapter 4. For this body of work, power
calculations had set the minimum number of biological replicates to allow DEG assessment and
GSEA, at 6, with 10 an ideal number. It had therefore been planned to undertake RNA sequencing
of all 4 experimental groups on samples from 8 treatment naive patients, and then up to 8
chemotherapy pre-treated patients to allow detailed comparison between treatment groups. This
was ultimately not possible but in excess of 6 samples were collected for each experimental
group, and adequate power achieved to allow gene set based analysis to be completed with

confidence.

The nature of the tissue available for analysis also resulted in a relatively narrow focus for this
project. There were limited samples of normal adjacent tissue available for comparative analysis,
and no tumour draining lymph node specimens available, with the latter being important for
patient diagnostic staging and prognostication at the time of surgery. Such access to nodal tissue
would require additional consent and ethical approval. At the outset of this study the focus was
upon the presence of lymphocyte exhaustion and as such access to adjacent tissue was not
considered essential, as focus has shifted towards tissue resident memory cells as a crucial CD8+
subgroup in oesophageal adenocarcinomas there has been an appreciation that looking at
analogous populations in normal, organ matched tissue would have been very informative, in the
same way as healthy non-cancerous lung tissue was used by Clarke et al in their work much cited

throughout this project (114,202).
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A final consideration regarding sample availability related to the size of the tumour sample
accessed. These varied but were often small, typically fragments of an 8mm punch biopsy on
arrival at the research laboratory. Given the priority not to interfere with routine pathological
assessments post resection, research samples were limited and sampling undertaken from the
centre of each tumour to allow assessment of resection margins. Given this, the amount of
disaggregated tumour cells accessed and available for experimentation was limited. For some
experimental work streams, such as routine flow cytometric analysis, this was certainly sufficient
to provide accurate results. For others such as transcriptomic assessment, high sensitivity
approaches were chosen to account for the limited number of cells available for experimentation.
However for some experiments, particularly the cell proliferation assays measured after staining
with CFSE, the limited cell number did have a bearing on the validity of results. There were real
challenges in completing these experiments on such limited cell numbers, making numerical
quantification of proliferation between groups very difficult, though the results presented do

provide a real suggestion of the proliferative capacity of the cell populations of interest.

Despite these limitations, it is considered that the data presented here is robust, with clear flow
cytometric data, sufficient depth of sequencing and biological replicates for gene set based
enrichment analysis techniques, and representative functional data particularly cell stimulation
and degranulation assays, that correspond with the published literature and transcriptomic
analysis. This has allowed the characterisation of the DP and LExh populations of interest
described in this work as precursor and terminally exhausted-like Trm populations, with a clear

mechanism for the improved patient outcomes associated with their abundance.

6.5 Future research

As described above this project has identified exhausted-like Trm populations as potential
effectors of anti-cancer immune responses in human oesophageal adenocarcinoma, leading to
multiple potential future strands for this research project. These results raise a number of
important questions worthy of future investigation. Firstly, would these findings remain were the
number of samples accessible for analysis to be increased? Secondly, what are the developmental
origins of the Trm populations of interest, and how could conditions be manipulated to enhance
these populations if they do prove to play an important role in anti-tumour responses. Thirdly, are
these Trm populations enriched for cancer specific CTLs that can undertake effective killing of
cancer cells and are the terminally exhausted-like Trm cells responsible for reactivation after
immune checkpoint blockade. Could these TILs be manipulated either in vivo or ex-vivo as a
future therapeutic strategy to control this aggressive cancer. Finally, what are the effects of

neoadjuvant treatments on these populations of interest, and are their relative abundances and
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therefore potential to bring about tumour control, influenced by exposure to cytotoxic

chemotherapy and, or, radiation.

Moving forward it would be of interest to look for evidence of these Trm populations in further
patient samples, but also to assess the ability of this cell type to control disease, in particular in
the context of immune checkpoint blockade. There would be potential to repeat the current
experimental analysis, such as flow cytometry assessment and even RNA sequencing on more
patient samples. If this was to be undertaken, it would be interesting to again prioritise treatment
naive patients, allowing the greatest window into the emerging biology of these cancers. With
increasing use of immune checkpoint blockade in the adjuvant and metastatic setting for
treatment of oesophageal cancer since conclusion of experimental work on this project, there is
also scope to assess the effects that PD-1 blockade has upon the cell populations of interest

within in human cancers.

There is scope to look at data sets and samples collected by collaborators, and explore if
observations made here are repeated elsewhere. Single cell RNA sequencing analysis has been
undertaken by close collaborators on resected oesophageal adenocarcinoma samples, and there
is significant interest in exploring these data libraries for the presence of a dominant Trm
population, as well as gathering information on the potential subtypes of these cells. The added
detail about individual cells, may also provide further evidence of the developmental origins of
the tumour infiltrating Trm populations, an issue that remains up for debate in the wider field of
cancer immunology, where the precise pathway for differentiation of tumour specific Trm is not

wholly accepted.

Additionally, other members of the wider research group, are using tissue microarrays for
microscopic analysis of collections of multiple tumour samples from analogous sources as those
studied here. As has been discussed there are challenges to using simple immunohistochemistry
techniques to identify and classify the PD-1 CD39 double positive group, given the number of
stains required to identify them, but with increasing adoption of multiplex immunohistochemistry
protocols, it would be possible, following optimisation, to assess for the Trm populations of

interest in multiple samples using the wealth of historic histology samples.

To address questions of tumour reactivity among the populations of interest studied here remains
a real challenge. In the absence of knowledge about the target peptide for these TiLs,
assumptions are reliant upon extrapolations from viral models or cancers with known dominant
neoantigens or tumour associated antigens, molecules such at MART in melanoma or the E6 and
E7 antigens presented by HPV associated tumours. It would be of great interest to utilise

collaborations with university colleagues who are uncovering peptidomic profiles of cancer cells,
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including those working on historic oesophageal adenocarcinoma samples, in order to test the
reactivity of this population for potential immunogenic peptides. Such analysis would be a
significant undertaking, and highly experimental, however were it able to confirm that the Tgrm
populations observed are highly enriched for cancer cells presenting neoantigens, this would
confirm these as cell types of significant interest when characterising anti-cancer immune

responses.

6.6 Concluding summary

It is demonstrated here that human oesophageal adenocarcinomas are infiltrated to a varying
degree with CD8+ tissue resident memory lymphocyte populations that display precursor
exhausted-like and terminally exhausted-like phenotypes. These TILs are likely enriched for
tumour reactive clones and while the former, precursor-like group, appears associated with
improved patient outcomes in this study as well as published data sets, the latter is often
described as being responsive to immune checkpoint blockade. It has been shown that an
abundance of PD-1+ CD39+ TILs appears to be associated with improved patient progression free
and overall survival in the study cohort. It is also demonstrated that this double positive group are
dominated by CD103+ antigen experienced lymphocytes, with a maintained proliferative potential
and an ability to produce effector molecules under conducive stimulation. Additionally this group
is enriched for transcriptional signatures in keeping with lymphocyte activation, proliferation and
migration, as TCR and CD28 signalling, as well as gene sets enriched for Trm and precursor
exhausted expression profiles. Meanwhile the PD-1+CD39+ population also contains a minority
population of TIM3 and LAG3 positive TILs, that are consistent with a terminally exhausted-like
Trm population, showing increased IFN-y and TNF-a production at both the transcriptional and
protein level, as well as similarly maintained Granzyme B and Perforin production. These
terminally exhausted-like Trm cells are highly enriched for signatures of TCR engagement
suggesting interaction with cognate peptide-MHC. They are also enriched for gene sets describing
both terminal exhaustion from viral models and human cancers, as well as core tissue resident

memory cell transcriptional profiles.

This knowledge adds to a growing appreciation of the role of Trm populations in controlling
cancers in a range of settings, including other cancers of the upper gastrointestinal tract, but
whose specific phenotype is context specific. These Trm lymphocyte populations are understood
to play a vital role in immune activation after immune checkpoint blockade and their
characterisation in oesophageal adenocarcinoma, adds to our appreciation of the mechanisms

behind the variable responses observed to such treatments.
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Classification and staging of human

oesophagogastric cancer

A.1 Siewert system of classification for adenocarcinomas of the

oesophagogastric junction

Siewert group

Siewert description

Practical description

Type | tumour

Adenocarcinoma of the distal
oesophagus which usually
arises from an area with
specialized intestinal
metaplasia of the oesophagus
(i.e. Barrett’s oesophagus) and
which may infiltrate the
oesophagogastric junction

from above.

Tumour centre located
between 5 and 1 cm proximal
to the anatomical cardia
(surgical approach as
oesophageal or OG junctional

cancer).

Type Il tumour

True carcinoma of the cardia
arising from the cardiac
epithelium or short segments
with intestinal metaplasia at
the oesophagogastric junction;
this entity is also often
referred to as ‘junctional

carcinoma’.

Tumour centre located
between 1cm proximal and 2
cm distal to the anatomical
cardia (surgical approach as
oesophageal or OG junctional

cancer).

Type lll tumour

Subcardial gastric carcinoma
which infiltrates the
oesophagogastric junction and

distal oesophagus from below.

Tumour centre located
between 2cm and 5cm distal
to the anatomical cardia
(surgical approach typically as

gastric cancer).

Table 5 Siewert classification of oesophagogastric adenocarcinomas.

Classification of oesophagogastric adenocarcinomas with respect to the anatomical

cardia, as defined by Siewert and Stein (158). Included are the description of each
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tumour classification as defined in the original publication, and the commonly

accepted practical description.

A.2 TNM cancer staging categories for cancer of the oesophagus and

oesophagogastric junction

T category
TX Tumour cannot be assessed
TO No evidence of primary tumour
Tis High-grade dysplasia, defined as malignant cells confined by the basement
membrane
T1 Tumour invades the lamina propria, muscularis mucosae, or submucosa
Tla Tumour invades the lamina propria or muscularis mucosae
Tib Tumour invades the submucosa
T2 Tumour invades the muscularis propria
T3 Tumour invades adventitia
T4 Tumour invades adjacent structures
T4a Tumour invades the pleura, pericardium, azygos vein, diaphragm, or peritoneum
Tab Tumour invades other adjacent structures, such as aorta, vertebral body, or trachea
N category
NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastasis
N1 Metastasis in 1-2 regional lymph nodes
N2 Metastasis in 3—6 regional lymph nodes
N3 Metastasis in 7 or more regional lymph nodes
M category
MO No distant metastasis
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M1 Distant metastasis
Table 6 Cancer staging for cancer of the oesophagus and oesophagogastric junction.
Tumour, Lymph node and Metastasis (TNM) scoring detailed by the 8" edition of the
American Joint Committee on Cancer (AJCC) staging of epithelial cancers of the
oesophagus and oesophagogastric junction, applicable to both squamous cell and
adenocarcinomas (159).
A.3 Mandard tumour regression score
Tumour regression score | Description
TRG1 No residual cancer cells
TRG2 Rare residual cancer cells
TRG3 Fibrosis outgrowing residual cancer cells
TRG4 Residual cancer cells outgrowing fibrosis
TRG5 Absence of regressive changes
Table 7 Classification of tumour regression using the Mandard scoring system.

Description of tumour regression following neoadjuvant therapies as described by

tumour regression scoring detailed by Mandard and colleagues (207).
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Appendix B List of flow cytometry antibodies
Antibody Fluorophore Clone Isotype Supplier Amount
(L) per
100uL
Anti-human 2B4 PerCP/Cy5.5 C1.7 Mouse IgG1, K |BioLegend |1.25
(CD244)
Anti-human CD103 PE Ber-ACT8 |Mouse IgG1, K |BioLegend |5
(Integrin akE)
Anti-human CD107a PE/Cy7 H4A3 Mouse IgG1, K |BioLegend 5
(LAMP-1)
Anti-human CD3 Bv421 OKT3 Mouse IgG2a, k |BioLegend |5
Anti-human CD38 PE/Cy7 HIT2 Mouse IgG1, K |BioLegend |1.25
Anti-human CD39 APC Al Mouse IgG1, K |BioLegend 2.5
Anti-human CD39 FITC Al Mouse IgG1, K |BioLegend |2.5
Anti-human CD4 BV711 OKT4 Mouse IgG2b, k |BioLegend |5
Anti-human CD44 Pacific Blue BJ18 Mouse IgG1, K |BioLegend |2.5
Anti-human/mouse BV510 IM7 Rat IgG1, k BiolLegend 2.5
CD44
Anti-human CD57 APC HNK-1 Mouse IgM, Kk |BioLegend |5
Anti-human CD8a FITC HIT8a Mouse IgG1, K |BioLegend |2.5
Anti-human CD8a APC/Cy7 RPA-T8 Mouse IgG1, K |eBioscience |5
Anti-human CD8a APC HIT8a Mouse IgG1, K |BioLegend |5
Anti-human EOMES PE/Cy7 wD1928 Mouse IgG1, K |eBioscience |2.5
Anti-human/mouse Bv421 QA18A28 |RatlgGl, k BiolLegend 2.5
Granzyme B
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Anti-human IFN APC 4S.B3 Mouse IgG1, K |BioLegend |5
gamma

Anti-human LAG3 PerCP/eFluor710 [3DS223H Mouse I1gG1, K |eBioscience |5
(CD233)

Anti-human LAG3 BV650 11C3C65 |Mouse IgGl, K |BioLegend |5
(CD233)

Anti-human PD-1 PE EH12.2H7 |Mouse IgG1, K |BiolLegend 2.5
(CD279)

Anti-human PD-1 BV785 EH12.2H7 |[Mouse IgG1, K |BioLegend |[2.5
(CD279)

Anti-human Perforin BV711 dG9 Mouse 1gG2b, k |BioLegend |2.5
Anti-human T-bet PerCP/Cy5.5 eBio4B10 |Mouse IgG1, K |eBioscience [0.625
Anti-human TIGIT PerCP/eFluor710 | MBSA43 Mouse I1gG1, K |eBioscience |2.5
Anti-human TIM3 PE/Cy7 F38-2E2 Mouse I1gG1, K |eBioscience |5
(CD366)

Anti-human TIM3 PE/Cy5.5 F38-2E2 Mouse 1gG1, K |eBioscience |5
(CD366)

Anti-human TNF alpha |PE MAb11 Mouse IgG1, K |BiolLegend 5

Table 8

Details of all fluorophore labelled antibodies used for flow cytometry based

Fluorophore labelled antibodies used for flow cytometry

experiments. Included are the antibody target, fluorophore, antibody clone and

isotype, supplier, and the volume of antibody added to a 100pL staining reaction as

defined by antibody titration.
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Appendix C  SmartSeq 2 reaction mixtures and reaction

conditions

Description of the reaction mixtures and conditions used for the modified SmartSeq2 protocol
used for the preparation of cDNA and subsequently amplified adapter-ligated fragments used for

RNA sequencing experiments as described in Chapter 2 with results presented in Chapter 4.

C.1 Reverse transcription and template switching reaction

C.1.1 Reverse transcription/template switching reaction mixture
Component Volume per sample (uL) | Final Concentration
RNA/Primer/dNTP product 4.30 -
SuperScript |l reverse transcriptase (200U/ulL)|0.50 100
SuperScript Il first-strand buffer (5x) 2.00 1x
DTT (100mM) 0.50 5mM
RNase Inhibitor (40U/uL) 0.25 10U
Betaine (5M) 2.00 1M
MgCl, (1M) 0.06 6mM
TSO primer (100uM) 0.10 1uM
Nuclease-free water 0.29 -
Total volume 10.00 -

Table 9 Reverse transcription/template switching reaction mixture.

Reaction mixture for reverse transcription and template switching.

C.1.2 Reverse transcription PCR conditions

Cycle | Temperature (°C) | Time |Purpose

1 42 90 min | RT and template switching
2-11 |50 2 min | Unfolding of secondary RNA structures
42 2 min |Completion/continuation of RT and template switching
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12 70 15 min | Enzyme inactivation

- 4 Hold

Table 10  Reverse transcription PCR conditions.

PCR conditions for the reverse transcription and template switching reaction as

modified from the SmartSeq2 protocol (197).

C.2 PCR pre-amplification reaction

C.2.1 PCR pre-amplification reaction mixture
Component Volume (uL) |Final Concentration
First-strand reaction 10.00 -

KAPA HiFi HotStart (2x) 12.50 1x
ISPCR primers (10uM) 0.25 0.1uMm
Nuclease-free water 2.25 -
Total volume 25.00 -

Table 11 PCR pre-amplification reaction mixture.

Reaction mixture for PCR pre-amplification reaction.

C.2.2 Pre-amplification PCR conditions
Cycle Denature Anneal Extend Hold
1 98°C, 3 min - - -
2-23 98°C, 20's 67°C,15s |72°C,6 min |-
24 - - 72°C, 5 min |-
25 - - - 4°C

Table 12 Pre-amplification PCR conditions.

PCR conditions for the pre-amplification reaction as modified from the SmartSeq2

protocol (197).
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C.3 Tagmentation and adapter-ligated fragment amplification

C3.1 Tagmentation reaction mixture

Component Volume (L) Final Concentration
Tagment DNA Buffer (2X) 10 1x

Amplicon tagment mix 5 -

DNA from PCR Variable -

Nuclease-free water Variable -

Total volume 20 -

Table 13  Tagmentation reaction mixture.

Reaction mixture for Tagmentation reaction utilising the lllumina NexteraXT library

preparation procedure as detailed in the SmartSeq2 protocol (197).

C.3.2 Amplification of adapter-ligated fragment reaction mixture
Component Volume (uL)
DNA 25
Nextera PCR master mix 15
Index 1 primers 5
Index 2 primers 5
Total volume 50

Table 14  Amplification of adapter-ligated fragment reaction mixture.

Reaction mixture for amplification of adapter-ligated fragment reaction as modified

from the SmartSeq?2 protocol (197).

C.3.3 Adapter-ligated fragment amplification PCR conditions

Cycle|Denature |Anneal Extend Hold

1 |- - 72°C, 3 min
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2 95°C, 30 sec

3-14 |95°C, 10 sec|55°C, 30 sec|72°C, 30 sec

15 - - 72°C, 5 min

16 |- - - 4°C

Table 15  Adapter-ligated fragment amplification PCR conditions.

PCR conditions for the adapter-ligated fragment amplification reaction as modified

from the SmartSeq2 protocol (197).
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Appendix D  Script for DEG analysis using DESeq2

Exemplar script for differential gene expression analysis using DESeq2 package in the statistical
package R detailed below. Descriptions in black following a # symbol, exemplar script in grey

following a > symbol and exemplar data output in blue.

## Load important packages for analysis.
>library(DESeq2)

>library(DEGreport)

>library(pheatmap)
>library(EnhancedVolcano)
>library(AnnotationDbi)
>library(org.Hs.eg.db)

## Load and view read count data and metadata. Columns names of read count data and row
names of metadata files assessed to ensure accurately aligned and corresponding.

>data <- read.table("~/Current Work/PhD - Chapter 2/OAC TIL RNAseq Final
analysis/Read_counts_naive+chemo.txt", header=T, row.names=1)

>meta <- read.table("~/Current Work/PhD - Chapter 2/OAC TIL RNAseq Final
analysis/Metadata_naive+chemo.txt", header=T, row.names=1)

>View(data)
>View(meta)

>all(colnames(data) %in% rownames(meta))
>all(colnames(data) == rownames(meta))

## DESeqg2Dataset object produced for initiaion of DESeq2 analysis.

## Manual filtering of genes which do not have more than 5 normalized counts in at least 5
samples.

## DESeq2 assessment undertaken.

>dds <- DESegDataSetFromMatrix (countData = data, colData = meta, design = ~ Sequencing_Run
+ Population_Type)

>dds <- estimateSizeFactors(dds)

>idx <- rowSums( counts(dds, normalized=TRUE) >=5) >=5

>dds <- dds[idx,]

>dds <- DESeq(dds)

## Analysis undertaken to assess for differential expression of genes between samples in the DP
and DN groups. Shrinkage estimation undertaken using the ashr package.

## Histogram of p values produed to give approximation of the impact of false positives on data
set.

>res <- results(dds, contrast = ¢('Population_Type', 'DP', 'DN'))

>res <- IfcShrink(dds, contrast = ¢('Population_Type', 'DP', 'DN'), res=res, type = 'ashr')
>hist(resSpvalue, breaks=20, col="darkorange", border="white", xlab = 'p value', main =
'Histogram of p values')
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##Gene symbol added to Ensembl ID labels for ease of analysis.
##Results inspected for differential gene expression between DP and DN groups
>ens.str <- substr(rownames(res), 1, 15)
>resSsymbol <- maplds(org.Hs.eg.db,
keys=ens.str,
column="SYMBOL",
keytype="ENSEMBL",
multiVals="first")

>res
>View(res)
>summary(res)

log2 fold change (MMSE): Population_Type DP vs DN
Wald test p-value: Population Type DP vs DN
DataFrame with 19322 rows and 6 columns

baseMean log2FoldChange pvalue padj symbol
ENSG00000186827 443.67048 1.134524 0.11241690 0.5261350 TNFRSF4
ENSG00000186891 1032.83806 4.482928 0.00165704 0.0461722 TNFRSF18
ENSG00000160072 51.07995 0.100188 NA NA ATAD3B
ENSG00000041988 90.94042 0.226525 0.58823126 0.9109791 THAP3
ENSG00000198744 6.54537 0.310347 0.30494047 0.7682752 MTCO3P12
ENSG00000210196 384.49110 1.09305 0.106172 0.511925 NA
ENSG00000273748 6.19817 1.04169 0.919367 0.989698 NA
ENSG00000275063 248.37684 1.46100 NA NA LOC102723407
ENSG00000277856 313.22470 1.70941 NA NA NA
ENSG00000271254 3.31480 1.20129 0.530545 NA LOC102724250

out of 19322 with nonzero total read count
adjusted p-value < 0.1

LFC>0 (up) :113,0.58%

LFC< 0 (down) :573,3%

outliers [1] 16297, 33%

low counts [2] :291, 1.5%

(mean count < 4)

## Differentially expressed genes identified and viewed

>SigDEGs_DP_vs_DN <- data.frame(significants(res, fc = 0, padj = 0.05 ,full=TRUE))
>View (SigDEGs_DP_vs_DN)

>summary(SigDEGs_DP_vs_DN)

log2 fold change (MMSE): Population_Type DP vs DN
Wald test p-value: Population Type DP vs DN
DataFrame with 19322 rows and 6 columns
baseMean log2FoldChange pvalue padj symbol
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ENSG00000186827 443.67048 1.134524 0.11241690 0.5261350 TNFRSF4
ENSG00000186891 1032.83806 4.482928 0.00165704 0.0461722 TNFRSF18
ENSG00000160072 51.07995 0.100188 NA NA ATAD3B
ENSG00000041988 90.94042 0.226525 0.58823126 0.9109791 THAP3
ENSG00000198744 6.54537 0.310347 0.30494047 0.7682752 MTCO3P12
ENSG00000210196 384.49110 1.09305 0.106172 0.511925 NA
ENSG00000273748 6.19817 1.04169 0.919367 0.989698 NA
ENSG00000275063 248.37684 1.46100 NA NA LOC102723407
ENSG00000277856 313.22470 1.70941 NA NA NA
ENSG00000271254 3.31480 1.20129 0.530545 NA LOC102724250

out of 19322 with nonzero total read count
adjusted p-value < 0.1

LFC>0 (up) :113,0.58%

LFC <0 (down) :573,3%

outliers [1] 16297, 33%

low counts [2] :291, 1.5%

(mean count < 4)

## Variance stabilizing transformation undertaken to stabilize the variance accross the mean and
presented as a log2 figure.

>vsd <- vst(dds, blind=FALSE)

>head(assay(vsd), 3)

OAC25_B1 OAC25_B2 OAC25_B3 OAC15_B1
ENSG00000186827 6.445049 4.759465 1.325451 7.320498
ENSG00000186891 6.574652 6.144873 6.641733 7.852158
ENSG00000160072 5.447882 1.325451 5.568860 1.325451

OAC15_B3 OACO06_B1 OACO06_B2 OACO06_B3
ENSG00000186827 3.288006 8.582943 3.893173 8.648183
ENSG00000186891 7.491654 10.701636 10.411038 8.092306
ENSG00000160072 6.897549 1.325451 1.874026 5.948208

##Volcano plot produced to compare gene expression between DP and DN groups.
>EnhancedVolcano(res,

lab = as.character(resSsymbol),

x ='log2FoldChange’,

y = 'pvalue’,

drawConnectors = TRUE,

title = 'Differentially expressed genes',

subtitle = 'Double Positive vs Double Negative',

col = c('black’, 'deepskyblue2','black’, 'darkorange'),

legendLabels=c('Not sig.','Log fold change > 2','p-value < 0.05',

'p-value < 0.05 and Log2FC > 2'),
labSize = 5.0)
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Differentially expressed genes

Double Positive vs Double Negative

@ Not sig. Log fold change > 2 p-value < 0.05 and Log2FC >
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E.1 RNA sequencing metadata

Appendix E

Metadata and read count example

Patient ID |Population |Patient No |Sequencing Run |Neoadjuvant Therapy
OAC25 B1 OAC25 EExh 1 1 Chemotherapy
OAC25 B2 OAC25 LExh 1 1 Chemotherapy
OAC25 B3 OAC25 DP 1 1 Chemotherapy
OAC15_B1 OAC15 EExh 3 1 Naive
OAC15_B2 OAC15 LExh 3 1 Naive
OAC15_B3 OAC15 DP 3 1 Naive
OACO06_B1 OAC6 EExh 4 2 Naive
OACO06_B2 OAC6 LExh 4 2 Naive
OACO06_B3 OAC6 DP 4 2 Naive
OACO06_B6 OAC6 DN 4 2 Naive
OAC16_B1 OAC16 EExh 5 2 Naive
OAC16_B2 OAC16 LExh 5 2 Naive
OAC16_B3 OAC16 DP 5 2 Naive
OAC16_B6 OAC16 DN 5 2 Naive
OAC20_B1 OAC20 EExh 6 2 Naive
OAC20_B2 OAC20 LExh 6 2 Naive
OAC20_B3 OAC20 DP 6 2 Naive
OAC20_B6 OAC20 DN 6 2 Naive
OAC28 B1 OAC28 EExh 7 3 Chemotherapy
OAC28 B2 OAC28 LExh 7 3 Chemotherapy
OAC28 B3 OAC28 DP 7 3 Chemotherapy
OAC28_B6 OAC28 DN 7 3 Chemotherapy
OAC33_B1 OAC33 EExh 8 3 Naive
OAC33_B3 OAC33 DP 8 3 Naive
OAC33_B6 OAC33 DN 8 3 Naive
OAC37_B3 OAC37 DP 9 3 Naive
OAC37_B6 OAC37 DN 9 3 Naive
OAC38 B3 OAC38 DP 10 3 Chemotherapy
OAC38_B6 |OAC38 DN 10 3 Chemotherapy
Table16  Metadata for RNA sequencing analysis
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Metadata for RNA sequencing analysis of full data set comprising samples obtained
from patients treatment naive and pre-treated with neoadjuvant chemotherapy. The
data displayed here for each sample allows analysis of differential gene expression
for each group as well as normalisation for potential confounding variables such as

patient ID and sequencing run.

E.2 Example RNA sequencing read counts data for analysis

OAC25_ |OAC25_ |OAC25_ |OAC15_ |OAC15_ |OAC15_ |OACO6_ |OACO6_

B1 B2 B3 B1 B2 B3 B1 B2
ENSG00000138078 | 200 202 1482 0 21 994 136 20
ENSG00000162924 2293 1865 1626 1003 86 745 0 2580
ENSG00000186487 | 132 29 4 0 2427 397 0 89
ENSG00000135976 (442 382 421 33 327 189 4 230
ENSG00000128656 602 238 1673 1326 4273 887 32 2
ENSG00000152256 | 313 238 437 96 0 329 0 462
ENSG00000080293 |8 42 0 0 0 69 57 0
ENSG00000143870 | 1762 2586 4724 553 2879 2265 2 2700
ENSG00000115275 | 100 134 5 0 0 2 0 0

ENSG00000115523 (23639 37511 |25041 |617 3219 1041 1357 32121

ENSG00000244474 |0 0 0 0 0 0 0 0

ENSG00000115415 | 5103 2957 4395 4453 6153 3968 1007 4026

ENSG00000115839 |329 673 64 776 0 970 107 950
ENSG00000138449 | 830 638 966 1149 61 1042 3 19

ENSG00000115687 | 251 120 0 59 0 398 5 711
ENSG00000144036 | 122 161 5 53 107 170 10 795
ENSG00000135956 | 181 228 1074 5 0 139 1 601
ENSG00000115392 (371 203 552 54 703 724 36 676
ENSG00000134313 |951 545 388 555 2168 113 33 1069
ENSG00000144524 {133 186 923 310 5 20 0 1863

Table 17 Example of read counts generated by RNA sequencing.

Example section of read count data generated by lllumina based RNA sequencing,
following gene alignment and sample de-multiplexing. Shown here is a randomly

selected portion of 20 genes from the first 8 samples. The full dataset is comprised of
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information relating to 60,664 labelled gene products for 29 samples. This dataset
was used as input for downstream analysis including differential gene expression

analysis and gene set enrichment analysis.
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Glossary of Terms

Glossary of Terms

Adenocarcinoma................... Malignant tumour arising from glandular epithelial structures.

ApPOPLOSiS ..cccevvrrreeeeeeeiinen, A highly regulated form of programmed cell death occurring in

multicellular organisms.

Barrett’s Oesophagus........... A complication of gastro-oesophageal reflux disease where by the
distal oesophagus undergoes metaplasia from its usual stratified
squamous epithelium to simple columnar epithelium interspersed

with goblet cells.

Complementary DNA (cDNA) DNA synthesised from single stranded RNA template catalysed by
the reverse transcriptase enzyme. Commonly generated to allow

transcriptomic analysis from bulk samples or single cells.

Cluster of differentiation .....A protocol used for identifying and labelling cell surface molecules for

use in immunophenotyping.

Cytotoxic t lymphocyte......... A class of thymic derived lymphocytes characterised by positivity for
CD8 that possess and ability to kill cells affected by intracellular
pathogens or malignant change. In possession of unique T-cell
receptors, they recognise target cells by identifying cognate peptides

bound to major-histocompatibility complex class | molecules.

DESEQ2 ..vvveeerrieeeereeeeeiveeenn, A statistical package for use in the R programming language to allow

differential gene expression analysis of RNA sequencing data.

Differential gene expression analysis Statistical analysis to discover quantitative changes in
expression levels between normalised genes counts in different

experimental groups.

Fluorescene-activated cell sorting (FACS) A specialized flow-cytometry technique allowing
sorting of cells from a heterogeneous mixture into two or more
containers based upon light scattering and fluorescent

characteristics.

Flow cytometry .....ccccceeunee A technique allowing rapid analysis of single particles or cells as they
pass single or multiple lasers while suspended in a solution, based

upon physical characteristics and fluorescence staining.
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Gastro-oesophageal junction  The transition between the distal oesophagus and the stomach at
the approximate level of the diaphragm where there is an abrupt
transition from the oesophageal squamous epithelium to the gastric

columnar epithelium.

Gastro-oesophageal reflux disease A common condition where by stomach contents are
allowed to pass proximal to the gastro-oesophageal junction, causing
irritation to the oesophagus and symptoms of discomfort and

potential injury to the oesophagus, pharynx or respiratory tract.

Gene ontology .......ccceeeuneen. A framework for describing the functions of gene products,
supporting the computational representation of biological systems.
The outcome of the gene ontology project, a major bioinformatics
initiative to develop a comprehensive computational model of

biological systems.

Gene set enrichment analysis A statistical method for identification of classes of genes over-
represented in large datasets such as those produced by RNA
sequencing, allowing identification of an association with specific

disease or phenotype.

Immune checkpoint inhibitors A class of immunotherapeutic agents that block the action of
inhibitory mechanisms that prevent immune destruction of cancer

cells.

Indexed sequencing............. A technique when applied to genomic sequencing experiments of
adding unique identifiers, typically short segment of DNA added to
sample DNA through specific PCR primers, allowing analysis of

material from multiple samples in the same experiment.

Malignant melanoma .......... An often aggressive skin cancer, characterised by malignant change
to the pigmented skin cells melanocytes. Historically outcomes where
poor once unresectable, but disease trajectories have been greatly

altered through use of immune checkpoint blockade.

Neoadjuvant therapy........... relating to administration of therapeutic agents before a treatment.
For example use of chemotherapy prior to surgery in order to

improve survival and reduce the scale of the operation required.

Neoantigen ......ccccceeeeeevecnnnns A novel protein, produced by cancer cells as a result of mutations
that occur in cancer DNA. Neoantigens can play a crucial role in

detection of malignant cells by the immune system.
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Glossary of Terms

Surgical removal of the oesophagus either in part or in its entirety,
typically for treatment of early stage cancer. A commonly used
technique is the lvor Lewis oesophagectomy combining a

transabdominal and transthoracic approach.

Principle component analysis A dimensionality-reduction method allowing reduction of large

data sets by reducing the large number of variables into a smaller

number and allowing plotting in two dimensional space.

QIAGEN ingenuity pathway analysis A web based application, developed by the biotechnology

Reactome.

Read count.......coovvvvuueenenenens

Reverse transcription...........

SmartSeq2

company QIAGEN, that readily allows bioinformatics analysis of
results from high-throughput experiments such as next-generation
sequencing or microarray techniques. Utilises the extensive QIAGEN
database of curated content to provide information regarding
enrichment of certain cellular phenotypes, effects of upstream

regulators and impact on downstream processes.

An open source, open access, manually curated and peer reviewed
database of biological pathways. While information related to many
organisms has been created, this predominantly relates to human
biology. Gene signatures related to a wide range of cellular processes
are described including cell cycling processes, metabolic pathways,

cell signalling and immune system functions.

When related to RNA sequencing experiments defines a summary of
the expression level of a gene of interest, though does not
necessarily distinguish between isoforms. It can relate to the number

of reads that align to a specific reference gene sequence.

A reverse of normal transcription, catalysed by the reverse
transcriptase enzyme, and undertaken by some RNA viruses as well
as in many laboratory practices including RNA sequencing

experiments, to produce complimentary DNA from RNA.

A single cell RNA sequencing technique allowing generation of full
length cDNA and sequencing libraries using standard reagents. The
protocol can be completed in a relatively short time period, and can

be adapted to use RNA extracted from bulk samples of cells.
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Squamous cell carcinoma....

Tagmentation .....................

Regulatory T cells (Treg) ........

A collective term for a range of cancers arising from the squamous
cells that form the surface of the skin as well as the lining of hollow

organs including the digestive and respiratory tracts.

A stage in many DNA analysis protocols where by unfragmented DNA
is simultaneously cleaved and tagged with an index, utilising an
engineered transposome. A key process in the commercial RNA
sequencing library preparation systems developed by the
biotechnology company lllumina, particularly in their Nextera XT

products.

A specialised sub population of T lymphocytes characterised by
positivity for CD4 and the transcription factor FOXP3, that play a role
in suppressing an immune response, ensuring tolerance to self-

antigens and avoiding autoimmune disease.

Tissue resident memory cells (Trm) A subset of T lymphocytes identified as resident in

Wald test

196

peripheral mucosal or epithelial tissues, which do no recirculate via
secondary lymphoid organs. Transcriptionally and functionally
distinct from other memory T lymphocyte populations they are
increasingly considered important mediators of anticancer immune
responses, particularly in the context of immune checkpoint

blockade.

A statistical test for identifying if explanatory variables in a data set
are significant, utilises the weighted distance between the
unrestricted estimates and a hypothesised value based upon the null
hypothesis. This statistical function forms the basis of the assessment
of significance in the DESeq2 differential gene expression analysis

pipeline.
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