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General abstract

The adult human liver is described as an immunologically tolerogenic organ, maintaining a
homeostatic environment while bombarded by dietary antigens, microbial products and
metabolic by-products. The liver is also a site of immunosurveillance, scouring the portal vein
and liver parenchyma for viral infection, malignant cells and toxic products. This balance is
achieved through the unique immune repertoire of the liver. A predominance of
immunoregulatory myeloid cells and cytotoxic innate lymphocytes, especially natural Killer
(NK) cells, creates a microenvironment skewed toward tolerance but primed to respond to
pathogenic threats. We hypothesise that liver resident NK cells have adapted to this
microenvironment, altering their phenotype and function in order to maintain an
immunologically competent but naturally tolerogenic immune repertoire. We further
hypothesised that tumour induced changes to the microenvironment compromise liver
resident NK cell tumour immunity. In this project, we aimed to characterise NK cell
subpopulations in healthy donor liver and metastatic liver tumours, focusing on the effect of

the hepatic microenvironment on the differentiation and function of these populations.

NK cells account for nearly 50% of hepatic lymphocytes, making it the most NK cell
populated organ in the body. Unlike their peripheral blood counterparts, hepatic NK cells
express an activated phenotype and display increased cytotoxicity toward tumour cells in
vitro. However, this increased cytotoxic function is not accompanied by the usual production
of classic pro-inflammatory cytokines, like IFN-y. In this study, we have identified a
population of tissue resident NK cells characterised by a unique transcription factor profile,
Eomes™ Thet®, and expression of the tissue homing receptor CXCR6 whose ligand

(CXCL16) is constitutively expressed by liver sinusoidal endothelial cells.

When placed in culture, these cells revert to a more conventional phenotype but maintain

CXCRG6 expression. When this system is supplemented with conditioned medium from



healthy liver tissue, hepatic NK cells maintain their Eomes™ Thet'® phenotype, indicating that
the liver microenvironment plays an important role in defining their phenotype. We have
identified TGF-B as the factor responsible for maintaining this phenotype and suppressing

pro-inflammatory cytokine production.

Hepatic NK cells appear ideally suited for tumour surveillance. The tumour
microenvironment is classically considered an anti-inflammatory environment; however
tumour growth, angiogenesis and eventual metastasis requires an inflammatory environment,
often provided by the immune cells trying to prevent the spread of cancer. Eomes™ Thet"
hepatic NK cells have the potential to target tumour cells without contributing to the
inflammatory environment which causes significant tissue damage and promotes tumour
progression. In our cohort of colorectal liver metastasis (CRLM), NK cells are significantly
depleted from these tumours, specifically the liver resident CD56"" NK cells. Culture with
conditioned media from tumours selectively induces apoptosis of liver resident NK cells in
vitro. Accumulation of lactate in the tissue microenvironment causes a decrease in
intracellular pH, increased mitochondrial stress and production of ROS which induces

apoptosis. This process can be abrogated by treatment with a mitochondrial ROS scavenger.

We have identified a unique population of tissue resident anti-tumour NK cells in human
liver. This population is compromised in CRLM through changes in the metabolic
microenvironment. We propose that patients will benefit from metabolic targeted therapies
which would restrict tumour growth, reduce lactate production and restore liver resident NK
cell immunity. This is the first time tumour metabolism has been identified as a key immune

evasion technique in CRLM and provides a novel avenue for therapeutic approaches.
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CHAPTER 1: General Introduction



1.1 The liver as an immunological organ

The liver is the central metabolic organ of the human body, essential for the processing,
transport and storage of carbohydrates, lipids, proteins and nutrients. In recent times the
plethora of immunological functions the liver also performs has become apparent. The liver
is essential to the systemic immune system, producing acute phase proteins, complement,
clotting factors and various cytokines and chemokines (Crispe, 2009; O’Farrelly et al., 2005;
Robinson et al., 2016). The liver is highly vascularised, but unusually receives 80% of its
blood supply from the venous system, via the portal vein. This blood supply drains the
gastrointestinal tract, so is enriched in: nutrients, dietary antigens, as well as bacterial
components and toxins from the gut microflora. The liver must tolerate this immunogenic
load while still providing immunosurveillance for hepatotrophic and systemic infections, as
well as malignant cells. Upon entering the liver, venous blood from the gut mixes with
oxygen rich blood from the hepatic artery and drains through the hepatic sinusoids to the
central veins through plates of hepatocytes. The sinusoids are lined by specialised liver
sinusoidal endothelial cells (LSECs) that contain numerous fenestrations, allowing blood to

pass through the LSEC layer to the underlying hepatocytes (Knolle and Wohlleber, 2016).

This organization allows for rapid exchange of molecules from the blood into hepatocytes
and vice versa. This allows the metabolism of nutrients by hepatocytes and facilitates the
removal and degradation of immunogenic molecules (e.g. bacterial endotoxin) in the liver,
Pattern recognition receptors (PRRs) expressed by hepatocytes and liver-resident
macrophages (known as Kupffer cells (KC)), bind to microbial associated molecular patterns
(MAMPs) (Janeway, 1992; Takeuchi and Akira, 2010) and damage associated molecular
patterns (DAMPS), which are present in high quantities in the blood arriving from the portal
vein. Upon binding, these MAMPs and DAMPs are phagocytosed and subsequently degraded
by hepatocytes and KCs, without the production of inflammatory mediators that usually

accompany PRR signaling. This detoxification of blood from the gut protects the rest of the
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body from excessive immune activation and influences the unique immunological

environment within the liver.

1.1.1 Hepatic tolerance

The concept that the liver is an immunologically tolerant organ arose in the transplantation
field when it was first observed in pigs that allogeneic liver transplantation was significantly
better tolerated than other allogeneic organ transplants which induced rapid rejection (Calne
et al., 1969). Moreover, organs (e.g. skin graft) transplanted from the same donor after liver
transplantation are better tolerated than grafts from a third party. In humans, liver
transplantation does not require HLA matching, in contrast to other solid organs which
require close matching. This concept of tolerance is further supported by the low levels of
immunosuppression generally required by liver transplant recipients (Geissler and Schlitt,
2009). Indeed, in some individuals, immunosuppression can be completely stopped following
liver transplantation without subsequent graft rejection (Benitez et al., 2013; Garza et al.,
2013; Li et al., 2004; Martinez-llordella et al., 2006, 2007, 2008). Furthermore, the ability of
hepatic tolerance to induce systemic tolerance to co-transplanted organs highlights the

powerful tolerogenic properties of the liver (Simpson et al., 2006).

The liver is often described as an immunologically tolerant organ (Calne et al., 1969;
O’Farrelly and Crispe, 2002). This early description was based on several observations of the
ability of the liver to clear pathogenic stimuli without inducing a systemic immune response.
Animal models have demonstrated that antigens absorbed through the portal tract fail to
induce an antibody response or immunological memory (Cantor and Dumont, 1967).
Endotoxin, or lipopolysaccharide (LPS), tolerance is a unique feature of the hepatic immune
system. The hepatic blood supply contains low levels of endotoxin, up to 1ng/ml of
lipopolysaccharide LPS is detectable in the portal vein, which is removed from the circulation

by the liver without further immune activation. In fact, Kupffer cells treated with LPS



produce IL-10 and prostaglandins, potent immunosuppressive cytokines which inhibit T cell
activity (Callery et al., 1991; Groux et al., 1996; Knolle et al., 1995). The liver therefore acts
as an antigenic barrier, capable of clearing threats but without eliciting a systemic response.
This unique immunological balance is achieved through the specialised immune repertoire of

the liver.

1.1.2 Immunological landscape of the liver

The liver acts as an important barrier between the gut and the systemic circulation. Not
surprisingly the liver has developed several layers of regulation in order to minimize immune
activation in response to harmless dietary and commensal antigens. Parenchymal cells, such
as hepatocytes and cholangiocytes, as well as non-parenchymal LSECs and stellate cells act
as primary antigen sensing cells. These cells express a range of PRRs (Jenne and Kubes,
2013; Seki and Brenner, 2008; Wu et al., 2010) and variable levels of MHC molecules which
are capable of antigen presentation to naive T cells (Crispe, 2009; Thomson and Knolle,
2010). Under homeostatic conditions this process induces T cell anergy and clonal deletion
due to the absence of co-stimulatory molecules and expression of PD-L1 molecules (Bowen et
al., 2004; Wuensch et al., 2010). While the liver naturally tends towards tolerance and the
prevention of inflammation, it is also poised to respond rapidly to hepatotrophic and systemic

pathogens through a variety of innate and adaptive immune cells (Figure 1-1).

1.1.3 Hepatic immune repertoire

The tolerogenic environment of the liver is often attributed to the unique repertoire of hepatic
leukocytes. The liver is home to several populations of immunoregulatory cells, arrays of
cytotoxic innate lymphocytes, as well as conventional T cells and antigen presenting cells.
Kupffer cells account for up to 80% of human macrophages; however they are derived from
an independent self-renewing pool of liver resident cells, rather than classical

myelomonocytic bone marrow derived populations (Gomez Perdiguero et al., 2014; Tacke



and Zimmermann, 2014). These cells constitutively secrete IL-10 in response to LPS, express
T cell inhibitory receptors, such as PD-L1, and can induce Treg cell differentiation in vivo
(Heymann et al., 2015). Similarly, hepatic myeloid dendritic cells (DC) are less potent
activators of T cells and produce significantly more IL-10 compared to spleen derived
myeloid DCs (Bamboat et al., 2009; De Creus et al., 2005; Goddard et al., 2004). Hepatic
plasmacytoid DCs also appear phenotypically immature and indeed are not effective T cell
activators ex vivo, however, activation via growth factors or Toll-like receptor (TLR) agonists
induces maturation and effective antigen presentation (Kingham et al., 2007). Hepatic
plasmacytoid DCs have also been shown to be capable of IL-10 production and activation of
Treg cells (Tokita et al., 2008). The presentation of antigens in the liver biases T cells towards
tolerance due to a lack of co-stimulatory molecules and CD4" T cell help required for efficient
T cell differentiation (Bowen et al., 2004; Wuensch et al., 2010). The liver also maintains
mechanisms by which it can respond to hepatotrophic infections with an adaptive immune
response, demonstrated by the presence of a small but distinct population of pro-inflammatory

CD141" DCs (Kelly et al., 2014).

In addition to populations of antigen presenting cells, components of the adaptive immune
system are also present in healthy liver. The liver is particularly enriched in cytotoxic CD8" T
cells, activated T cells, and memory T cells (Norris et al., 1998; Pruvot et al., 1995).
Activation of T cells in the liver can result in anergy and deletion, leading to the liver having
been described as a ‘graveyard’ for T cells (Huang et al., 1994; Mehal et al., 1999). However
this theory has been reconsidered in recent years, tissue-resident T cells (Trm) have been
identified in human liver from virally infected patients and those who have previously cleared
viral infection and provide a rapid first line defense against hepatotrophic viruses (Lugli et al.,

2016; Pallett et al., 2017; Schenkel and Masopust, 2014).
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Figure 1- 1 The liver is an organ of predominately innate immunity

The adult human liver is enriched with innate immune cells, including tissue resident
macrophages (Kupffer cells), yo T cells, iNKT cells, and NK cells. Some populations appear
resistant to perfusion, as smaller populations of Kupffer cells, yd T cells and iNKT cells are
present in perfusion fluid. NK cells are highly enriched in this perfusion fluid. (Adapted from
Fahey et al. unpublished). (NK cell- natural killer cell, NKT cell- natural killer T cell, MAIT

cell- mucosal associated invariant T cell, iINKT cell- invariant natural killer T cell, MDSC-

myeloid derived suppressor cell).



Moreover, T cells are present in many liver pathologies, where they overcome local tolerance
and chronic inflammation occurs. Populations of B cells are also present in the human liver,
where they account for up to 8% of the total lymphocyte population (Norris et al., 1998).
Specific hepatic B cell subpopulations, such as the innate-like CD5" B cell population, are
further expanded in the liver during hepatotrophic viral infection (Curry et al., 2003; Racanelli

etal., 2001).

This tolerogenic environment of healthy liver which is not conducive to T cell mediated
immunity is compensated for by a varied repertoire of innate lymphoid cells with potent
cytotoxic and trans-activatory abilities. The diverse range of innate lymphocytes in the adult
liver includes natural killer (NK) cells, natural killer T (NKT) cells (including populations of
CD1d-restricted invariant NKT cells), mucosal-associated invariant T (MAIT) cells, y6 T
cells and innate lymphoid cell (ILC) group 1-3 family members (Doherty et al., 1999;
Dusseaux et al.,, 2011; Forkel et al., 2017; Kenna et al., 2004, 2003). Hepatic innate
lymphocyte populations are potent cytokine producers and influence both innate and adaptive
immune responses in the liver. The repertoire of liver innate lymphocytes is strikingly
different between mice and humans. In mice, NKT cells and NK cells make up to 40% and
10% of total liver lymphocytes respectively, while in humans, these percentages are reversed,
with NK cells predominating (Gao et al., 2008). iNKT cells are essential in the switch from
inflammation to resolution in liver inflammation (Liew et al., 2017; Park et al., 2009). vy T
cells have diverse functions in hepatic inflammation and malignancy, capable of inducing
hepatocyte and tumour apoptosis but also limiting inflammation (Hammerich and Tacke,
2014). These functions appear to depend on the predominant class of yd T cell present (Vo1-
V383). MAIT cells account for a sizable proportion of hepatic T cells (20-50%) (Jo et al.,
2014), and though their role in liver immunity is only beginning to become evident, there is
increasing evidence that they are an important population in bacterial and viral infection

(Kurioka et al., 2016). ILC family members have only recently been described in human liver
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with a predominance of ILC2, which produce pro-fibrotic IL-13 in response to liver produced

IL-33 and TSLP (Forkel et al., 2017)

1.2 Natural killer (NK) cells

1.2.1 Innate lymphoid cell family
The ILC family is made up of a collection of lymphoid cells lacking antigen specific receptors

which derive from a common innate lymphoid cell precursor (CILCP) (Constantinides et al.,
2014; Zook and Kee, 2016).The family is divided into three groups based on function and
phenotype, closely matching T cell subsets (Tc, Thi, Th2, Thize2) (Figure 1-2). Group 1 ILC
family members produce Ty; type cytokines such as IFN-y and TNF-o (Zhang et al., 2018).
NK cells are group 1 innate lymphoid cells (ILC), important in anti-viral and tumour
immunity (Spits and Di Santo, 2011). ILC1 cells are dependent on the transcription factor
Thet for their differentiation. NK cells are differentiated from other ILC1 member by their
cytotoxic function and requirement for Eomes and IL-15 (Serafini et al., 2015). ILC2 cells
produce a range of Ty, like cytokines including IL-4, IL-13 and IL-5. These cells are
dependent on the transcription factors GATA3 and RORa, as well as IL-7 for their

differentiation (Serafini et al., 2015; Walker and McKenzie, 2013).

Group 3 ILCs are made up of a number of cell types including natural cytotoxicity receptor
positive and negative (NCR*/NCR") ILC3 cells and lymphoid tissue inducer cells. These cells
rely on the transcription factor RORyt and IL-7 for their differentiation. They are
characterised by IL-17 and IL-22 production and are essential for lymphoid organ

development and maintenance of intestinal barrier integrity (Montaldo et al., 2015).
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Figure 1- 2 Differentiation of Innate lymphoid cell family

Innate lymphoid family and their progenitors. ILC family members are differentiated by their
use of transcription factors (black), essential cytokines (red) and their functions. ILC1 family
(red box) is made up of NK cells and non-cytotoxic ILC1 cells. ILC2 (green box) are
functionally similar to Th2 cells. ILC3 (blue box) contains three family member NCR™ ILC3,
NCR™ ILC3 and lymphoid tissue inducers (LTi).CLP-common lymphoid precursor, CILCP-
common innate lymphoid cell precursor, CHILP-common helper innate lymphoid precursor,
ILCp- innate lymphoid cell precursor, NKp- NK cell precursor, NK cell-natural killer cell,
ILC-innate lymphoid cell, NCR-natural cytotoxicity receptor, GM-CSF- granulocyte,

monocyte colony stimulating factor)



1.2.2 NK cell subsets and functions
NK cells represent 5-15% of peripheral blood lymphocytes (Cooper et al., 2001a) and are

found in large numbers in healthy gut, liver, uterus and bone marrow, where several
heterogenous populations with diverse functions have been identified (Freud et al., 2017;
Lysakova-Devine and O’Farrelly, 2014). Human NK cells are defined phenotypically by the
expression of the adhesion molecule CD56 and the absence of CD3. Density of CD56 and
CD16 expression defines two distinct sub-populations, CD56"" CD16*" and CD56%™ CD16"
NK cells (Cooper et al., 2001a; Farag and Caligiuri, 2006; Lanier et al., 1986). In the blood,
CD56%™ account for 90% of NK cells, with 10% CD56°"9". Classically these subsets have
been considered functionally distinct, with CD56"™ NK cells the primary producers of
inflammatory and regulatory cytokines, while CD56%™ NK cells produce less cytokine but
have greater cytotoxic activity (Cooper et al., 2001a; Maria et al., 2011; Poli et al., 2009).
However, it is becoming increasingly clear that the diversity of NK cells is much greater than
previously appreciated. Furthermore, the context in which NK cells become activated and the
mechanism by which they are activated can lead to drastically different effector functions in
both CD56”""™ and CD56"™ NK cells, blurring this functional distinction(De Maria et al.,
2011; Eisenhardt et al., 2012; Freud et al., 2017; Jiang et al., 2011; Juelke et al., 2010; Nielsen
et al., 2012; Wagner et al., 2017). Following activation, NK cells provide a functional bridge
between the innate and adaptive arms of the immune systems by augmenting early adaptive
immune responses through the production of IFN-y and TNF-a. IFN-y acts as a co-
stimulatory signal to antigen specific T cells, enhancing antigen specific proliferation and
further IFN-y production (Cooper et al., 200la; Poli et al.,, 2009). However, initial
descriptions of NK cells and their functions did not capture the true heterogeneity of NK cell
subsets and the variety of tissue specific functions they carry out, which are now being

identified (Freud et al., 2017; Horowitz et al., 2013; Lysakova-Devine and O’Farrelly, 2014).
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1.2.3 NK cell activation
Unlike T cells, NK cells are capable of target recognition and lysis without prior antigen

priming (Caligiuri, 2008; Cooper et al., 2001a; Vivier et al., 2008). NK cells recognize target
cells through a complex mechanism of balancing activatory and inhibitory receptors. In
health, NK cells are constantly interacting with MHC and MHC-like molecules expressed by
all cells via a range of surface receptors. This usually results in an inhibitory signal being sent
to the NK cell which prevents activation (Figure 1-3A). Activation can occur through the
absence of MHC binding to inhibitory receptors (missing self, Figure 1-3B) or through the
binding of activatory receptors to stress induced molecules (induced self, Figure 1-3C), such
as MIC-A, MIC-B or ULBP family proteins (Colucci et al., 2002; Kruse et al., 2014).
Recognition of missing or altered self is carried out by a range of cytotoxicity receptors,
which can transmit inhibitory or activatory signals, including killer cell immunoglobulin-like
receptors (KIR), C-type lection like NKG2 receptors, natural cytotoxicity receptors (NCR)
and the signalling lymphocytic activation molecule (SLAM) families. Additionally, other
receptor families can also regulate NK cell activation including leukocyte immunoglobulin-
like receptor (LIR/ILT), killer cell lectin-like receptor G1 (KLRG1) and DNAM-1 (Bottino et
al., 2003; Ito et al., 2006; Martinet et al., 2015; Shiroishi et al., 2006). The KIR and NKG2
families regulate NK cell cytolysis through the recognition of MHC class I and MHC class I-
like molecules (Borrego et al., 2006; Cooper et al., 2001a; Parham, 2005). NCR ligands have
been less well characterised by comparison and appear to recognise a number of pathogen
associated molecules (hemagglutinin, mycolic acids and Duffy binding-like-1a peptides) as
well as cellular targets such as heparin sulphates, BAT-3 and B7-H6 (Kruse et al., 2014). In
addition NCRs can recognise growth factors in the tumour microenvironment and
glycoproteins such a complement factor P (Barrow et al., 2017; Narni-Mancinelli et al.,
2017). Unlike other NK cell receptors the SLAM receptors work through homotypic

recognition, with the exception of 2B4 which recognises CD48 (Brown et al., 1998; Veillette,
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2006). The SLAM receptors contribute to the “missing self” immunosurveillance mechanism

and appear to be important in NK cell education (Chen et al., 2016; Dong et al., 2009).

Upon activation NK cells degranulate resulting in the release of lysosome contents, including
perforin and granzymes. Perforin oligomerization forms a pore-like structure which inserts
into the cell membrane through two membrane-penetrating regions (TMH1/2) (Law et al.,
2010; Voskoboinik et al., 2015). These molecules are rapidly endocytosed, forming giant
endosomes containing perforin and granzymes (Keefe et al., 2005). It is thought that pores
form in the endosomes allowing granzymes to pass into the cytosol of target cells and induce
apoptosis through a series of mechanisms. Granzyme B has been the most widely studied of
these, which cleaves pro-caspases 3/7, BID and translocates to the nucleus to activate DNA
fragmentation factor A/B (DFFAB) (Rousalova and Krepela, 2010; Voskoboinik, Whisstock

and Trapani, 2015).

Granzyme A mediates apoptosis-like cell death via a different pathway involving disruption
of chromatin structural proteins, preventing DNA repair, replication and transcription (SET
complex) (Fan et al., 2002; Pinkoski and Green, 2003). Granzyme K has been less well
described but induces a caspase-independent apoptosis characterised by mitochondrial
dysfunction (MacDonald et al., 1999). It causes caspase-independent nuclear fragmentation
and nuclear condensation and single-stranded DNA breaks by targeting the SET complex (T
Zhao et al., 2007). Similar to granzyme B, granzyme K can target BID for cleavage and
activate mitochondrial mediated cytochrome C release (Tongbiao Zhao et al., 2007).
Additionally, all human granzymes cleave DNA/RNA-binding protein heterogeneous nuclear
ribonucleoprotein K (hnRNP-K), which regulates pre-mRNA processing (van Domselaar et

al., 2012).
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Figure 1- 3 Mechanisms of natural killer cell activation

(A) Tolerance. NK cells are tolerant of healthy cells; the engagement of their inhibitory
receptor dampens the signal received from their activatory receptor. (B) Missing Self. Virally
infected or tumour cells may lose MHC Class I expression. This results in the loss of an
inhibitory signal and activation of the NK cell, which releases cytotoxic granules and pro-
inflammatory cytokines. (C) Altered Self. NK cells may also be activated by “stressed” cells.
These cells up regulate activatory ligands, overcoming the inhibitory signal. (Adapted from

Harmon et al. 2016 Am J Transplant).
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Alternatively, NK cells can activate caspase mediated death pathways through binding of
TRAIL or FAS to their respective ligands (Elmore, 2007; Smyth et al., 2005). This process
leads to recruitment of the FADD complex and cleavage of pro-caspase 8/10. Caspase-8 can
then activate intrinsic apoptosis pathway through BID cleavage or extrinsic cell death

pathway via activation of caspase 3 and initiation of apoptosis (de Miguel et al., 2016).

At the same time, pro-inflammatory cytokines are produced, such as IFN-y and TNF-a,
which have anti-viral, immune activating functions and can induce apoptosis in tumour cells
(Arase et al., 1996; Cooper et al., 2001b; Vivier et al., 2008). Cytokine production is
dependent on a metabolic switch, shifting the cell toward a more glycolytic phenotype
(Keating et al., 2016).

1.2.4 NK cell cytotoxicity receptors

NK cells activation is regulated through a variety of receptors which can transmit inhibitory
and activatory signals. Loss of inhibitory signalling can result in activation through “missing
self”. Alternatively, increased activatory signalling can overcome inhibitory signal and allow
the recognition of “altered self”. Structurally, NK cell receptors can be broadly be divided
into c-type lectin like receptors and immunoglobulin-like receptors. The C-type lectin-like
NKG2 receptors form heterodimers with CD94 which recognize the non-classical MHC
molecule, HLA-E (Pegram et al., 2011). Depending on the NKG2 molecule paired to CD94,
an activatory or inhibitory receptor will be formed. The inhibitory signal produced by

NKG2A binding overrides activatory NKG2C signalling (Beziat et al., 2011).

NKG2D is an activatory receptor which recognizes stress induced ligands, such as MIC-A,
and —B, and ULBP family members (induced self) (Bauer et al., 1999; Pegram et al., 2011).
Expression of these stress molecules occurs during viral infection and malignancy (Lanier,
2015). While it is included in the natural-killer group 2 receptor family, it is biologically quite

distinct from NKG2A/C. NKG2D forms a heterodimer and lacks an intracellular signalling
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motif, instead associating with DAP10 for signal transduction (Nausch and Cerwenka, 2008;

Raulet, 2003)

The immunoglobulin-like families include KIRs, NCRs, and SLAM receptors. The killer cell
KIR family is made up of inhibitory and activating receptors that recognize HLA-A, -B and —
C and share highly homologous extracellular domains but differ in their cytoplasmic
signalling motifs (Vilches and Parham, 2002). In humans, KIRs are coded for by 14 highly
polymorphic genes, which segregate independently of HLA but are not necessarily found in
every individual (Middleton and Gonzelez, 2010). As a result, there is variation in the
number and type of KIR genes inherited. KIRs are distributed clonally among NK cells,
resulting in highly heterogeneous populations. Normally, NK cell cytolysis is suppressed by
the binding of inhibitory KIRs to self HLA. In virally infected and tumour cells, HLA
expression is down regulated and the inhibitory signal to NK cells is lost, resulting in NK cell
cytolysis (missing self). The mechanism of activating KIRs is poorly understood; they appear
highly homologous to inhibitory KIRs but show lower ligand avidity (Vilches and Parham,
2002). Hepatic NK cells have lower levels of KIR expression, which are further decreased in

hepatic malignancy (Burt et al., 2009; Hydes et al., 2018, 2015; Norris et al., 2003).

The natural cytotoxicity receptor (NCR) family is made up of three receptors containing
immunoglobulin-like domains; NKp30, NKp44 and NKp46. Activation of NK cells through
NCRs have been associated with tumour cells, and viral and bacterial infection (Esin et al.,
2013; Mandelboim et al., 2001; Mavoungou et al., 2007). NK cells have significant
interactions with other immune cells, such as DCs (Cooper et al., 2004; Simhadri et al., 2008).
Immature DCs express the NKp30 ligand BAT-3, which induces DC cell death upon
engagement with NKp30 (Simhadri et al., 2008). Platelet-derived growth factor-DD (PDGF-
DD) has recently been described as a ligand for NKp44 and is essential for control of tumour

spread in a B16 melanoma model (Barrow et al., 2017). PDGF has been implicated in the
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progression of several human gastrointestinal cancers and contributes to epithelial-
mesenchymal transition (EMT) (Heldin, 2013). Furthermore, activation of NK cells through
NKp46 has been shown to be essential for maintaining tissue structure in the setting of
malignancy. Loss of NKp46 or IFN-y has been shown to correlate with extracellular matrix
remodelling, aggressive tumour growth and metastases (Glasner et al., 2018). Furthermore
NKp46 has been shown to interact with glycoproteins such as complement factor P (Narni-

Mancinelli et al., 2017).

The SLAM receptor family is made up of nine members, all of which are members of the
CD2 superfamily (Dragovich and Mor, 2018). NK cells express three member sof the SLAM
family; 2B4, NK-, T- and B-cell antigen (NTB) and CD2-like receptor activating cytotoxic
cells (CRACC) (Cannons et al., 2011). 2B4 has been shown to act primarily as a co-receptor
on human NK cells and it’s activatory effects require ligation of another cytoxicity receptor
(Bryceson et al., 2006; Sivori et al., 2000). Similarly, NTB and CRACC appear to work in
synergy with activation of other receptors such as NKG2D and NKp46 (Bottino et al., 2001;
Cruz-Munoz et al., 2009). The majority of SLAM receptors interact with self-ligands in
homotypic interaction, with the notable exception of 2B4 which recognises CD48 (Brown et
al., 1998; Dong et al., 2009). SLAM receptors associate with SH-2 domain of SAP adaptor
molecules to enable signal transduction (Sayos et al., 1998). SLAM receptors and SAP
signalling are essential for the control of EBV, as demonstrated by uncontrolled viral
infection of patients with X-linked lymphoproliferative disease, which is characterised by
inadequate cytotoxicity in T and NK cells (Latour and Veillette, 2003; Sayos et al., 1998;
Veillette, 2006). Furthermore, SLAM receptor interactions play an important role in NK cell
education, critical for the acquisition of cytotoxic effector function (Chen et al., 2016; He and

Tian, 2017).

16



1.2.5 NK cell mediated immunity
NK cells were originally identified in mice and characterised by their ability to spontaneously

lyse tumour cells (Herberman et al., 1975a, 1975b, Kiessling et al., 1975a, 1975b). Nearly a
decade later, the underlying mechanisms by which NK cells recognise their targets was
discovered (Karre et al., 1985; Ljunggren and Kérre, 1990). The “missing self” mechanism
was proposed, whereby NK cells recognise malignant or virally infected cells due to the loss
of MHC Class | molecules (Figure 1-2B). However, the “missing-self” pathway did not
explain why some MHC-sufficient tumour cells were also targeted for lysis. The discovery of
“stress induced” molecules which acted as ligands for NKG2D, such as MIC-A and ULBPs,
led to the characterisation of the altered-self pathway of NK cell recognition (Bauer et al.,
1999; Diefenbach et al., 2000). Since the original characterisation of NK cells as anti-tumour
lymphocytes, they have been implicated in protection against several malignancies in both

human and mouse (Stojanovic and Cerwenka, 2011; Zamai et al., 2007).

In addition to their anti-tumour roles, NK cells are essential for the control of viral infection.
While congenital deficiencies of NK cells in humans are rare (and life limiting), mice lacking
NK cells have demonstrated significant pathology and viral persistence (Bancroft et al., 1981;
Biron et al., 1989; Bukowski et al., 1983; Orange, 2002; Shellam et al., 1981). Much of the
early work on the protective role of NK cells in viral infection focused on human and murine
CMV and herpes viruses (Arase et al., 2002; Cosman et al., 2001; Uhrberg et al., 1997), over
the years, NK cells have been characterised in a plethora of viral infections, such as HIV,
HCV and HBV (Bjorkstrom et al., 2010; Funke et al., 2011; Golden-Mason et al., 2008;
Protzer et al., 2012). NK cells are rapidly activated by virally infected cells and act as an early
source of IFN-y which then drives an antigen specific T cell response and in some cases viral

clearance (Pollmann, Rélle & Hofmann, 2017).
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1.2.6 Immune regulation
In recent years, NK cells have been highlighted as potent immunoregulatory cells, involved in

limiting inflammation. Several studies demonstrate that NK cells can regulate T-cell
responses under various conditions (Cerboni et al., 2007; Peppa et al., 2013; Su et al., 2001;
Waggoner et al., 2012). For example, alloantigen activated T cells express stress induced
NKG2D ligands MIC-A and ULBP proteins via an ATM/ATR-dependent mechanism and
become susceptible to autologous NK cell lysis in vitro (Cerboni et al., 2007). A significant
body of work has emerged demonstrating that NK cells play an important role in regulating
virus specific T cells. In chronic HBV infection, antiviral T cell responses are profoundly
diminished. NK cells contribute to this in a contact dependent fashion inducing caspase-8-
mediated apoptosis of TRAIL-R2 expressing T cells (Peppa et al., 2013). The
immunoregulatory effects of NK cells are not limited to T cells however; additional studies
demonstrate that antigen-presenting cells are vulnerable to deletion by activated NK cells
consequently diminishing virus-specific CD4" and CD8" T cell responses. NK cells have been
shown to lyse immature dendritic cells at sites of inflammation (Cooper et al., 2004). During
murine lymphocytic choriomeningitis virus (LCMV) infection (a model resembling chronic
HCYV infection), NK cells were essential for controlling T cell mediated pathology, targeting
CD4" T cells for cytolysis, thus indirectly inhibiting CD8" T cell activity (Waggoner et al.,

2012).

These data have led some to hypothesise that NK cells could play an essential role in solid
organ transplantation, especially liver transplantation (Adenugba, 2017; Harmon et al., 2016;
Villard, 2011). Based on these data and other studies of viral infection, one might assume that
following liver transplantation, both donor and recipient NK cells may target graft specific
recipient T cells and promote a tolerogenic environment for the new liver. Due to the inherent
limitations of liver biopsies, studies of intrahepatic NK cells in this setting have been limited.

Interestingly, in non-HCV infected liver transplant recipients who go on to develop
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immunosuppression-free tolerance, NK cell numbers in the peripheral blood and NK related
gene transcripts were predictive of positive outcome (Benitez et al., 2013; Garcia de la Garza
et al., 2015; Martinez-llordella et al., 2007). While not conclusive these data provide
tantalising evidence of an important role for liver NK cells in mediating tolerance following
liver transplantation. Direct manipulation of the graft to prime donor liver NK cells (Reddy et
al., 2008) or using viral vaccines to prime recipient T cells (for donor NK lysis) prior to
implantation may provide novel mechanisms to promote operational tolerance. However,
identifying the particular subset of NK cell involved in this protection will be essential to the

efficacy of any future treatments.

1.3 Diversity of natural Killer cells
Classically NK cells have been defined as a non-T, non-B cell lymphocyte that demonstrates

rapid production of IFN-y following stimulation and mediate cellular cytotoxicity (Freud et
al., 2017; Vivier et al., 2008). However, it has become increasingly evident that the NK cell
lineage is remarkably diverse in terms of developmental, phenotypic, and functional profiles.
Even in peripheral blood, mass cytometry and genetic studies have revealed a previously
unappreciated heterogeneity in NK cell phenotype (Horowitz et al., 2013). The recognition of
tissue resident and memory NK cells has challenged many assumptions about how and where
NK cells develop and function. In recent years, tissue resident NK cells have been identified
in organs such as, liver (Aw Yeang et al., 2017a; Cuff et al., 2016; Harmon et al., 2016;
Hudspeth et al., 2015; Hydes et al., 2017; Marquardt et al., 2015; Stegmann et al., 2016), gut
(Takayama et al., 2010) lungs (Marquardt et al., 2017; Robinson et al., 1984), uterus
(Koopman et al., 2003; Manaster et al., 2008; Moffett-King, 2002) as well as lymphoid
organs such as lymph nodes (Fehniger et al., 2003; Lugthart et al., 2016), tonsils (Ferlazzo et
al., 2004) and the thymus (Vosshenrich et al., 2006) (Figure 1-4). Many of these tissue
resident populations have tissue specific functions and features. Uterine NK cells have been

the most completely characterised because of their involvement in embryo implantation and
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pregnancy. Uterine NK cells are essential for spiral artery formation and provide a source of
growth factors during implantation (Fu et al., 2017; Manaster et al., 2008; Robson et al.,
2012).The origin of these tissue resident populations remains contentious. Whether tissue
resident NK cells develop through classical bone marrow differentiation or mature locally
from tissue progenitors remains unclear. Haematopoietic progenitors have been identified in a
number of organs including; lymph nodes, gut, liver, and uterus (Chiossone et al., 2014,
Crosbie et al., 1999; Freud et al., 2005; Glover et al., 2018; Lynch et al., 2006; Moroso et al.,

2011).
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Figure 1- 4 Diversity of human natural killer cells

NK cells reside in a number of tissues, as well as the peripheral blood (PB). The phenotype of
NK cells from PB, liver, secondary lymphoid tissue (SLT), bone marrow, uterus, lung, kidney
and gut are shown above. (From Freud et al. (2017) Immunity, 47 (5), pp. 820-833.)
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1.4 Hepatic NK cells

1.4.1 Immunophenotype
Just a year after the identification of NK cells as a bona fide immune cell lineage, Wisse and

colleagues identified “Pit” cells in rat liver sinusoids, so called because of their characteristic
small dense granules which resemble fruit pips or pits (Bouwens and Wisse, 1992; Wisse et
al., 1976). Initially thought to play a role in endocrine production (their granules resemble
endocrine granules), they were later described as large granular lymphocytes with cytotoxicity
equivalent to lymphokine-activated killer cells (LAK) (Peng et al., 2016; Wisse et al., 1997).
These NK cells constitute the largest proportion of lymphoid cells in the human liver,
comprising 30-50% of hepatic lymphocytes (Hata et al., 1990; Moroso et al., 2010; Norris et
al., 1998). Over 45% of the hepatic NK cells are CD56™™ however the ratio of
CD561":cD56%™ is highly variable between individuals (Harmon et al., 2016; Hudspeth et
al., 2015; Moroso et al., 2010; Stegmann et al., 2016). Phenotypically, hepatic NK cells have
an activated phenotype with increased expression of CD69, a marker of tissue residency
(Mackay et al., 2015; Moroso et al., 2010; Shiow et al., 2006), and the natural cytotoxicity
receptor NKp44. However, a higher proportion of hepatic NK cells express the inhibitory
receptor NKG2A" (Figure 1-5), suggesting a tension between activation and tolerance of
HLA expressing cells. They are functionally distinct from their peripheral blood counterparts,
as they contain significantly more preformed granzymes and perforins and are capable of

twice the level of cytotoxicity (Moroso et al., 2010).

There is accumulating evidence that the adult liver supports lymphopoeisis, and at least a
proportion of hepatic NK cells may differentiate in situ from haematopoietic progenitors in
the liver (Crosbie et al., 1999; Moroso et al., 2011; Shi et al., 2013; Wang et al., 2012). NK
cell precursors, isolated from adult liver, have been differentiated into functionally mature
CD56™" and CD56°™ NK cells, in vitro (Moroso et al., 2011). In addition, donor NK cells

have been identified within liver grafts up to two years after transplant (Cuff et al., 2016; Shi
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et al., 2013). Whether these cells are evidence of long lived “memory-like” NK cells or
locally differentiated remains unclear. More recently, a significant population of CD49a"
Eomes” NK cells has been identified in the adult human liver (Marquardt et al., 2015; Martrus
et al., 2017). Due to the low prevalence of these cells in human liver, it has led us and others

to hypothesise that other populations of tissue-resident NK cells reside in the liver.

1.4.2 Liver resident natural Killer cells

Recent murine studies have characterised a repertoire of hepatic innate lymphoid cells. While
murine studies remain somewhat unclear about the presence of bona fide liver resident NK
cells there is evidence of liver resident ILC populations. Parabiosis experiments identified a
population of NK cells which do not recirculate and remain resident within the liver. These
NK cells have an unconventional phenotype, lacking the essential NK cell transcription factor
Eomes and possessing an immature TRAIL™ DX5™ phenotype (Daussy et al., 2014; Gordon et
al., 2012). These cells are liver resident, express the chemokine receptor CXCR®6, appear to
have undergone clonal expansion and show memory-like enhanced function when challenged
with viral or allergen stimuli (Daussy et al., 2014; Gordon et al., 2012; Paust et al., 2011).
These cells rely on T-bet expression and deletion of this gene leads to a profound loss of liver
resident NK cells (Cuff and Male, 2017; Daussy et al., 2014). It was proposed that these
represented an immature progenitor which could differentiate into TRAIL  DX5" mature NK
cells. However, the bone marrow contains only low levels of these cells and they do not

differentiate further after adoptive transfer (Peng et al., 2013).
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Figure 1- 5 Phenotypic differences between hepatic and peripheral blood natural killer

cells

Hepatic NK cells show significant phenotypical differences compared to peripheral blood NK

cells. The liver is enriched with CD56""™ CD16" NK cells. These cells appear immature with

higher expression of the inhibitory receptor NKG2A. However they have an activated

phenotype, expressing higher levels of CD69 and NKp44. Hepatic NK cells produce

significantly more granzymes and perforins, which correlate with their increased cytotoxicity.
Sub-populations of hepatic NK cells express CXCR6 and TRAIL. This is thought to mark a
liver resident population which does not recirculate. (Adapted from Harmon et al. 2016 Am J

Transplant)
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While these cells were initially thought to represent a specialised subset of NK cells, more
recent studies have highlighted some key differences between liver resident “NK” cells and
conventional NK cells. Despite expressing NCRs and requiring IL-15 for survival and
differentiation, these liver resident NK cells appear to originate from a distinct PLZF" innate
lymphoid precursor. Fate mapping of the progeny of these cells excluded conventional NK
cells but included substantial numbers of liver resident NK-like cells (Constantinides et al.,
2014). Additionally, liver resident “NK” cells express high levels of CD49a, CXCR6 and
CDG69, markers not normally seen on NK cells in the peripheral blood (Paust et al., 2011,
Peng et al., 2013). It is now thought that these cells are more likely to be an ILC1 cell which

closely resembles an NK cell (Marotel et al., 2016).

Functionally, these ILC1 cells produce significant amounts of IFN-y and TNF-a, but also
GM-CSF (Daussy et al., 2014; Sojka et al., 2014a). They degranulate less efficiently than
conventional NK cells but express higher levels of TRAIL which can induce caspase
mediated cell death (Takeda et al., 2005). A human counterpart to these cells has recently
been identified and at the time was considered a NK cell subset. This Eomes” CD49a" subset
represented a small proportion of liver NK cells (0.1-12%). Similar to murine liver resident
ILC1 cells, these human cells degranulate poorly and produce significantly more cytokines,
such as IFN-y, TNF-a and GM-CSF (Marquardt et al., 2015; Martrus et al., 2017). It has been
theorised that the hepatic microenvironment represses the expression of Eomes, in contrast to
the bone marrow where T-bet is repressed and conventional NK cells are produced. While this
theory is gaining acceptance in the murine setting, the challenge of replicating the hepatic
environment and studying its effect on both conventional NK cells and liver resident NK cells
has not been satisfactorily addressed. We propose to approach this question using liver
conditioned media, a rich source of tissue derived cytokines and growth factors, which

mimics the natural liver microenvironment.
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More recently, a series of human studies have identified a bona fide NK cell subset which
appears to reside within in the liver sinusoid and does not re-enter circulation (Aw Yeang et
al., 2017; Cuff et al., 2016; Harmon et al., 2016; Hudspeth et al., 2015; Hydes et al., 2018;
Stegmann et al., 2016). This population will be discussed in detail in the following chapters.
1.4.3 Functions of hepatic NK cells

Classically, the function of NK cells was to protect against viral infection and malignancy,
linking the innate and adaptive immune systems. This is certainly true of hepatic NK cells as
well. The liver acts as a filter through which the draining blood supply of the gut passes. Due
to the tolerogenic nature of the liver, pathogens may escape detection or fail to illicit an
appropriate response through the phagocytosis-antigen presentation pathway (Robinson,
Harmon and O’Farrelly, 2016). Therefore it is not surprising that the liver is populated by
large populations of cytotoxic innate lymphocytes, such as NK cells. Without the need for
antigen priming, NK cells can quickly and efficiently eliminate virally infected or tumour
cells passing through the liver (Smyth et al., 2005). In addition, the liver is also subjected to

constant exposure to toxins and toxic by-products of metabolism.

It is surprising then that the incidence of de novo hepatic malignancy, in the absence of
chronic disease, is remarkably rare. While this process has never been characterised, and may
be uncharacterisable, we hypothesise that the innate immune cells of the liver remove

dysplastic cells before they advance to the malignant stage.

In recent times, the diversity of NK cell functions has been expanded. We now know that NK
cells residing in different tissues are phenotypically and functionally distinct (Bjorkstrom et
al., 2016; Freud et al., 2017; Lysakova-Devine and O’Farrelly, 2014). These functions go
beyond the role of protection against pathogens and range from vascular tissue remodelling
(Robson et al., 2012), metabolic regulation (Lynch et al., 2009) and immunoregulation (Peppa

et al., 2013). In the liver, NK cells play a pivotal role in the regulation of fibrosis and

26



maintenance of tissue homeostasis. During acute liver injury hepatic stellate cells (HSCs)
become activated by cytokines, such as TNF-a, IL-6, platelet-derived growth factor (PDGF),
and TGF-p (Senoo, 2004). This leads to activation and proliferation of HSCs and their
differentiation into myofibroblasts, which are potent producers of extra-cellular matrix
components, including a-smooth muscle actin and type | collagen (Hellerbrand et al., 1999).
This trans-differentiation leads to an alteration in the expression of activating and inhibitory
receptor ligands, such that they become targets for deletion by NK cells via TRAIL-, FasL-,
and NKG2D-dependent mechanisms (Gao, 2010; Gao and Radaeva, 2013; Glassner et al.,
2012; Radaeva et al., 2006; Tosello-Trampont et al., 2017, 2016). This function has been
attributed to a population of CXCR3* CD56""™ NK cells which become dysfunctional in
chronic inflammatory conditions such as HCV (Eisenhardt et al., 2012). This process can
become dysregulated and NK cells can contribute to the development of liver pathology.
1.4.4 NK cells in liver disease

Classically the main causes of liver disease have been viral infection, autoimmunity and
malignancy. Between 1993-2003, these diseases accounted for 90% of liver transplantations
in Ireland. However, in recent years there has been a surge in life-style associated diseases
such as alcoholic liver disease (ALD), and obesity related non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH). These are progressive diseases which

often advance to cirrhosis and malignancy.

With the advent of direct acting anti-viral drugs (DAAs) for the treatment of HCV and
vaccination against HBV, the burden of diseases caused by infection look set to drop in
coming years. While significant research has been carried out into the role of NK cells in
these diseases, in an era where disease eradication is possible in up to 95% of patients, a
significant shift in research focus will be required in coming years. Harnessing innate

resistance to produce novel vaccines is of particular interest (Pashine et al., 2005).
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Hepatic autoimmune disease encompasses three major disorders (with additional overlapping
syndromes); autoimmune hepatitis (AlH), primary sclerosing cholangitis (PSC) and primary
biliary cirrhosis (PBC). While these disorders are predominantly mediated by autoreactive T
cells, NK cells contribute to cellular damage, exacerbating tissue disruption and inflammation
(Karlsen et al., 2007; Takeda et al., 2008; Wiencke, 2001). However, it is unclear whether this
damage is caused by liver resident or NK cells recruited to the site of inflammation from the

periphery.

Fatty liver disease now effects up to 30% of the world’s population and is climbing rapidly
(Lazo et al., 2013; Younossi et al., 2017, 2016). The pathogenesis of this condition is
relatively unclear. It has become clear that high fat diets have profound effects, not only on
metabolic activities, but also the immune system as well. Mice placed on high fat diets have
significantly reduced NK cell cytotoxicity and in humans NK cells are depleted from the
peripheral blood of obese patients and overweight children (Lamas, Martinez, & Marti, 2004;
O’Shea et al., 2010; Tobin et al., 2017). NK cells have been linked to inflammation in adipose
tissue and some of the metabolic changes associated with obesity (Theurich et al., 2017;
Wensveen et al., 2015). While NK cells appear to contribute to the pro-inflammatory
environment of the obese liver, targeting hepatocytes and cholangiocytes for cell death
(Feldstein et al., 2003), this is balanced by the anti-fibrotic effects of hepatic NK cells
(Radaeva et al., 2006; Tosello-Trampont et al., 2017, 2016). These conflicting roles are seen
in many liver diseases and may represent the functional diversity of NK cells which has not

yet been fully elucidated.

All of these conditions, if left untreated, advance to cirrhosis and eventually malignancy. This
process appears to have a profound effect on hepatic immunity and results in a breakdown of

tumour surveillance.
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1.5 Hepatic malignancy
Primary cancer of the liver can be divided into two categories, malignancy of the hepatocyte

(hepatocellular  carcinoma (HCC)) and malignancy of the biliary system
(cholangiocarcinoma). HCC is the fifth most common cancer worldwide, with the majority of
cases (85%) reported in developing countries (Ferlay et al., 2015; McGlynn et al., 2015).
HCC is most common in HBV endemic countries in Asia, such as China and Mongolia. HCC
generally occurs after decades of chronic hepatic inflammation, progressing from fibrosis to
cirrhosis and eventually tumour development. Despite the livers constant exposure to harmful
toxins, dietary and gut antigens, HCC in the absence of a chronic inflammatory disease is
rare. HCC most commonly develops on a background of chronic viral infection, such as HCV
and HBV (EI-Serag, 2012; Waller et al., 2015). In western countries, HCC is associated with
HCV, chronic alcohol consumption and autoimmunity (McGlynn et al., 2015). While the
development of direct acting antiviral (DAAs) will reduce the number of patients progressing
to HCC, this reduction is in stark contrast to the increase in the number of patients with non-
viral inflammatory diseases progressing to HCC in the developed world. These include
autoimmune diseases (AlIH, PSC and PBC), obesity related hepatic disease (NASH, NAFLD)
and alcohol related cirrhosis (ALD). Interestingly, in all of these conditions tumours only
develop after years of tissue damage and it appears hepatic immunity is maintained during the

progression to advanced liver disease.

The role of natural killer cells in HCC is complicated by the variability in the underlying
disease and its effect on NK cells functions. In HCV, chronic activation and inflammation
leads to NK cell dysfunction and loss of immunosurveillance (Golden-Mason and Rosen,
2013; Kawarabayashi, 2000; Lunemann et al., 2014). NK cells have both anti-viral functions
in HBV but also contribute to tissue damage and chronic inflammation (Maini and Peppa,
2013). Chronic alcohol consumption can impair NK cell cytotoxicity through suppression of

TRAIL and NKG2D expression while also inhibiting IFN-y production (1l1-Jeong et al., 2008).
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The use of liver NK cells as an immunotherapy in HCC has been trialled in several studies
with some success. Donor liver NK cells are isolated at the time of transplantation and infused
to patients who suffer a relapse of HCC after transplant (Bahjat et al., 2007; Nishida et al.,
2013; Ohira et al., 2012)

1.5.1 Liver metastasis

Considering the extensive repertoire of anti-tumour cells in the liver and the significant
pathology required for the development of HCC, it is surprising that the liver is a common
site of tumour metastasis, second only to lymph nodes (Disibio and French, 2008). Metastatic
tumours arise in a distant site of the body, evade local immune surveillance, and extravasate
into the peripheral blood or lymph system. These cells are then deposited in capillary beds
where their movement is arrested due the small size and low blood pressure of these blood
vessels. Here, the tumour cells extravasate into the surrounding tissue, proliferate and form
new blood vessels through angiogenesis (Chambers et al., 2002). The anatomy of the liver
makes it an ideal site for this process to occur. The network of narrow liver sinusoids and low
blood pressure from the portal vein blood supply provide ample opportunity for tumours cells

to enter the liver parenchyma.

Colorectal cancer (CRC) is the third most common cancer worldwide, with approximately 1.3
million new cases per year (Ferlay et al., 2015). In Ireland, the rate of CRC has changed little
in the last 20 years (Figure 1-6A). Up to 50% of CRC patients will go on to develop a
metastatic tumour in the liver (Hugen et al., 2014). Up to 20% of patients will present with a
stage IV metastatic tumour at diagnosis (Figure 1-6B). If left untreated, the average survival
is between 5-20 months (Arnaud et al., 1984; Simmonds, 2000). The only curative treatment
is surgical removal of the tumour, usually in combination with chemotherapy or monoclonal
antibody therapy (anti-VEGF) (Misiakos, 2011). Unfortunately, only 20-25% of patients with
liver metastases are eligible for surgical resection. Of these, 60-70% will develop a recurrent

liver tumour or metastasis of another organ (Tomlinson et al., 2007). 5 year survival in stage
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IV patients is 13.4% in Ireland (Figure 1-6C) which is in line with international standards
(Nathan et al., 2010). The overall mortality of CRC is decreasing (Figure 1-6D); in part due
to screening programmes and the development of new therapies. Immunotherapies have
reshaped the cancer landscape, revolutionising the treatment of malignancy (Pardoll, 2012;
Sagiv-Barfi et al., 2018). Checkpoint inhibitor therapies have recently been rolled out in CRC
trials; while many patients benefit from these therapies (especially microsatellite unstable
tumours) the prognosis for advanced metastatic tumours remains poor (Becht et al., 2016;
Jacobs et al., 2015; Markman and Shiao, 2015). How these tumours evade the hepatic
immune repertoire, dominated by NK cells, remain unclear and may represent a novel
treatment target.

1.5.2 NK cells and tumour immunity

Originally characterised by their ability to spontaneously lyse tumour cells, NK cells have
been implicated in the response to a range of tumour cells in both humans and mice (Gorelik
and Herberman, 1986; Kiessling et al., 1975b; Riccardi et al., 1980). These studies showed
that depletion of NK cells led to enhanced tumour growth, widespread metastases and
adoptive transfer of NK cells restored resistance to tumour dissemination. This data was
supported by observations in patients with metastatic disease, who had functional
abnormalities in their peripheral blood NK cells, as well as liver NK cells (Hata et al., 1991,
Krasnova et al., 2015; Lopez-Soto et al., 2017; Whiteside and Herberman, 1994). In addition,
longitudinal studies have correlated low peripheral blood NK cell cytotoxicity with an
increased risk of cancer development (Imai et al., 2000; Jobin et al., 2017). NK cells have
been shown to be particularly adept at preventing tumour metastases (Brodbeck et al., 2014;

Lopez-Soto et al., 2017).
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Figure 1- 6 Colorectal cancer incidence and mortality statistics

(A) Age standardised incidence of colorectal cancer in males (dark blue) and females (light
blue). (B) Percentage of new colorectal cancer diagnoses in Stages I-1V. (C) 10-year survival
curve for patients with colorectal cancer based on stage of disease (I-1V). (D) Age
standardised mortality rate for colorectal cancer (1994-2010). Source: National Cancer
Registry Ireland.
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These studies suggested that NK cell based therapies might be an attractive proposition and
many clinical trials were carried out during the 1980s and 1990s, using IL-2 treatment to
boost NK cell activity or ex vivo IL-2 treated autologous NK cells as immunotherapies for
renal cell carcinoma and metastatic melanoma (Atkins et al., 1999; Grimm et al., 1982). The
efficacy of NK cell based therapies to already established metastases proved disappointing
(Barlozzari et al., 1983; Introna and Mantovani, 1983; Stojanovic and Cerwenka, 2011). In
addition, long term administration of IL-2 produced significant side effects, such as capillary
leak syndrome, hypotension and atrial fibrillation. With the development of checkpoint
inhibitors and tumour specific T cell therapies (CAR-T cells), NK cell based therapies have
fallen out of favour. It is important to note however that many modern checkpoint inhibitors
also enhance NK cell function, as T and NK cells share inhibitory ligands, and clinical studies
to date have failed to assess the impact of checkpoint inhibitors on NK cell function (Childs
and Carlsten, 2015; Chiossone and Vivier, 2017). In addition, NK cell based cellular therapies
have shown promise when used in combination with in situ delivery systems, for examples in
the case of primary and metastatic liver tumours (Adotevi et al., 2018; Nishida et al., 2013).
Furthermore, CAR-NK cells are an area of increasing interest. Due to their more limited life
span (removing the requirement for suicide gene incorporation), failure to illicit cytokine
storm side effects and, do not cause graft versus host disease and are characterised by their
serial killing nature, providing a more robust anti-tumour response with fewer side effects
(Glienke et al., 2015; Klingemann, 2014). However, some obstacles still reaming in the mass
production of NK cells due to the requirement for feeder cells for expansion (often malignant
cell lines), sufficient T cell depletion, and pre-enrichment during isolation. Selection of
specific NK cell subsets also complicated the development of CAR-NK therapies, since some

subsets (adaptive NK cells) display superior anti-tumour activity (Oei et al., 2018).
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1.5.3 Evasion of hepatic anti-tumour immunity
While many therapies have focused on enhancing the systemic response to tumour cells,

targeting the mechanisms by which tumour cells evade immunosurveillance may prove a
more fruitful pursuit. Infiltration of tumours by NK cells has been shown to be a positive
prognostic marker in several types of carcinoma, including gastrointestinal, lung, renal and
liver cancers (Coca et al., 1997; Ishigami et al., 2000; Sznurkowski et al., 2014; Takanami et
al., 2001; Villegas et al., 2002). However, in advanced primary tumours and metastatic
tumours, the number of tumour infiltrating NK cells is often much lower than surrounding
tissue, and in some cases they are functionally dysregulated (Carrega et al., 2008; Esendagli et
al., 2008; Sceneay et al., 2012). It is unclear whether absence of NK cells is due to their
inability to traffic to the tumour site or a depletion of NK cells at the site, via soluble factors
or cell-cell interactions. Primary CRC tumours often have sparse NK cell infiltration (Halama
et al., 2011) but peripheral blood NK cell levels and receptor expression are important

predictors of disease-free survival after surgery (Rocca et al., 2016).

Tumour cells have developed several strategies to avoid detection by NK cells. Many tumour
types upregulate MHC-class | and non-classical MHC molecule (such as HLA-G) expression,
leading to increased inhibitory signalling and repressed NK cell activity (Pardoll, 2001,
Rouas-Freiss et al., 2005a; Urosevic and Dummer, 2008). While this process would increase
antigen presentation and potential recognition by T cells, in the absence of neoantigens
(tumour specific antigens produced by genetic mutation) T cell immunity to tumours is
limited (Le et al., 2017; Schumacher and Schreiber, 2015). In these settings, NK cells rely on
the altered-self pathway to recognise tumour cells. Expression of NK activating ligands, such
as MIC-A/B and NKp46 ligands, by tumour cells evolves as the tumour develops and can
decline over time as clones expressing these ligands are killed by NK cells (Elboim et al.,
2010; Guerra et al., 2008). This is similar to the process by which acquired resistance to

checkpoint therapy occurs, as PD-L1 expressing clones die, negative clones are allowed to
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expand and replace susceptible cells (Riaz et al., 2017; Sharma et al., 2017). Alternatively,
tumour cells can shed ligands for NK cell receptors, blocking tumour cell recognition through
those receptors. Soluble MIC and ULBP proteins have been detected in a number of
malignancies including colon, liver and lung cancer (Doubrovina et al., 2003; Jinushi et al.,
2005; Salih et al., 2006). Similarly, tumours shed soluble HLA-G which prevents NK cells
activation through KIR2DL4 (Cabestre et al., 1999; Rouas-Freiss et al., 2005b; Urosevic and

Dummer, 2008).

In addition, the soluble factors produced by tumours can alter the surrounding

microenvironment and directly or indirectly affect NK cell function. A recently described
pathway, mediated by TGF-3, leads to the conversion of NK cells to non-cytotoxic type 1
innate lymphoid cells (ILC1) (Cortez et al., 2017; Gao et al., 2017). TGF-$ has been shown to
suppress the cytotoxic activity and cytokine production of NK cells and T cells (Chen and Ten

Dijke, 2016; Krneta et al., 2016; Laouar et al., 2005; Mamessier et al., 2011; Viel et al., 2016)

The importance of NK cells in liver neoplasms is less well characterised and varies
depending on the source of tumour cells. Accumulation of NK cells has been linked with
increased survival in HCC (Cai et al., 2008; Jinushi et al., 2005) and significantly worse
survival rates in hepatic colorectal cancer metastasis (Pugh et al., 2014). However, it remains
unclear as to which NK cell subset is of benefit in these tumours. Classically CD56%™ NK
cells have been regarded as the more potent cytotoxic cells (Cooper et al., 2001a). However,

more recently it has been discovered that CD56""%"

NK cells display enhanced cytotoxicity
after IL-15 activation and CD56“™ NK cells can become potent cytokine producing cells
(Maria et al., 2011; Wagner et al., 2017). This makes the liver repertoire of activated

CD56""9" NK cells a possible target for immune based therapies.

Previous work by our group has shown that NK cells are increased in tumour bearing liver
from patients with CRC metastasis compared to donor liver; these NK cells had decreased
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expression of inhibitory KIR receptors and CD94 and showed normal levels of cytotoxicity ex
vivo (Norris et al., 2003). This led to the hypothesis that the factors present within the tumour
microenvironment disrupt NK cell function.

1.5.4 Tumour microenvironment

Human tissues are a complex mixture of cells, stroma and soluble factors cooperating, as
components of a healthy microenvironment, to perform the necessary functions of that
specific tissue. Tumour cells derive from these healthy cells through accumulation of genetic
and epigenetic alterations which lead to disruption of this finely tuned microenvironment. As
a tumour develops it constantly interacts with the surrounding stromal cells, often altering
their phenotype and function (Balkwill et al., 2012; Liotta and Kohn, 2001). The interaction
between malignant and non-malignant cells creates a dysregulated microenvironment which
promotes tumour growth through a variety of mechanisms. A complex and dynamic network
of cytokines, growth factors, extra-cellular matrix degrading enzymes develop, while
significant alterations in the tissue architecture takes place (Hanahan and Weinberg, 2011).
Many similarities have been drawn been tumour progression and the natural wound healing
process (Balkwill et al., 2012; Flier et al., 1986). However, while wound healing is a tightly
regulated process, tumorigenesis involves the dysregulation of proliferation and
differentiation (Hanahan and Weinberg, 2011; Velnar et al., 2009). While the innate immune
system is well armed to recognise and remove dysplastic cells, tumour cells often hijack the
immune system and promote a more tolerogenic environment. Tumour associated
macrophages, myeloid derived suppressor cells, and tumour associated neutrophils have all
been shown to actively repress the anti-tumour immune response through the production of
anti-inflammatory cytokines (IL-10, TGF-B) (Fridlender et al., 2009; Qian and Pollard,
2010), degradation of essential amino acids through arginase and nitric oxide production
(Bronte et al., 2003). These mechanisms limit NK cell activation and their ability to clear

malignant cells (Allan et al., 2010; Cortez et al., 2017; Gao et al., 2017; Husain et al., 2013a).
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Furthermore, TGF-B has been shown to polarise NK cells to a non-cytotoxic ILC1 type
phenotype in tumour models (Cortez et al., 2017; Gao et al., 2017; Viel et al., 2016). In
addition, these cells can also produce pro-tumorigenic growth factors such as VEGF (Drucker
et al., 2005). Previous work by our group has highlighted several cytokines which are altered
in CRC liver metastasis, including increased IL-10 and decreased IL-15 and TGF-$ (Kelly et

al., 2006, 2004).

Cell-cell interactions with cytotoxic lymphocytes also limit the ability of the immune system
to clear tumour cells. Inhibitory signals such as PD-L1/2, CTLA-4 and TIGIT suppress
activation of CD8" T cells and NK cells (Iwai et al., 2002; Krummel and Allison, 1995; Yu et
al., 2009). Many of our current immunotherapies target these interactions, however, while
limited initial success is observed, resistance to these immunotherapies rapidly emerges
(Pardoll, 2012; Sharma et al., 2017). It is thought that many tumours may not have
microenvironments conducive to a cytotoxic immune response and the tumour landscape
must be altered before immune based therapies can be employed (Hanahan and Weinberg,
2011). We must therefore consider the indirect effects of tumour growth on immune and

stromal cells as potential therapeutic targets.

1.6 Tumour metabolism
Throughout their life-span, human tissues require repair, proliferation and apoptosis to

maintain normal functions. This is a tightly controlled process and in the absence of specific
growth factors proliferation lags and cell death can occur (Mason and Rathmell, 2011). In
contrast, tumour cells evade apoptosis, are self-sufficient in growth factor production and are
insensitive to inhibition of proliferation resulting in limitless replicative potential (Hanahan
and Weinberg, 2011). Proliferating cells require a constant supply of biomolecules in order to
replicate cell structures and divide; these include cholesterol, fatty acids, nucleotides and non-

essential amino acids (Vander Heiden et al., 2009). Tumours are comprised of rapidly
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growing clones which must drastically alter their metabolism in order to meet the demands of
relentless cell division. Biosynthesis requires a range of carbon intermediates which are
provided primarily by the catabolism of glucose and glutamine. The first observation of
altered metabolism in tumour cells was described ninety years ago by Otto Warburg (Warburg
et al., 1927). This seminal work first described the phenomenon we now know as the Warburg
effect. Tumour cells were shown to consume large amounts of glucose and produce lactic
acid; we now know this process as glycolysis. In the intervening years several metabolic
changes in tumour cells have been identified beyond their requirement for glucose. Hallmarks
of cancer metabolism include dysregulated uptake of glucose and amino acids, use of
opportunistic means of nutrient acquisition, increased use of biochemical intermediates for
biosynthesis, increased demand for nitrogen, alteration in metabolite related gene expression
and metabolic interactions with components of their microenvironment (Pavlova and
Thompson, 2016). The requirement of glucose is well characterised and has even been used
for diagnostic purposes utilising radiolabelled glucose to visualise tumours (DeBerardinis and
Chandel, 2016; Som et al., 1980). Glutamine provides the building blocks of nitrogen based
compounds such as nucleotides and non-essential amino acids (Altman et al., 2016). The
requirement of glutamine for tumour cell survival was first described in cultured Hela cells (a
tumour cell line immortalised from a cervical cancer), which require up to 100 fold higher
concentrations of glutamine than healthy cells (Eagle, 1955). PI3K/Akt and RAS mutations
have been shown to be the most common oncogenic mutations which drive dysregulated

tumour metabolism (Barthel et al., 1999; Wieman et al., 2007; Ying et al., 2012).

Often tumour growth is restricted by blood supply, nutrient availability and hypoxia (Vaupel
et al., 1989), therefore some have acquired mutations that allow them to continue proliferating
in these hostile environments. RAS-mutant cells are capable of absorbing macromolecules
through macropinocytosis and degrading them to base amino acids through lysosomal

degradation (Commisso et al., 2013). In extreme cases, tumour cells have even been shown to
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absorb live and apoptotic cells through entosis and phagocytosis respectively (Hamann et al.,
2017; Krajcovic et al., 2013; Kroemer and Perfettini, 2014). During hypoxia, many oxygen
dependent processes must be abandoned or supplemented by other pathways. For example,
unsaturated fatty acids are in short supply due to loss of stearoyl-CoA desaturase activity.
Therefore, the free fatty acid pool must be supplemented by harvesting free fatty acids from
the environment (Kamphorst et al., 2013). In even more extreme cases of nutrient deprivation
tumour cells can catabolize their own proteins and lipoproteins through autophagy to liberate

amino acids and fatty acids (Boya et al., 2013).

The glycolysis pathway is the major source of these biochemical intermediates required for
proliferation (Figure 1-7). Surprisingly, tumour cells only have a modest increase in ATP
demand and therefore do not increase use of the TCA cycle under normoxic, glucose rich
conditions (Lunt and Vander Heiden, 2011). It is now hypothesised that tumour cells
uncouple glycolysis from oxidative phosphorylation in order to maintain biosynthesis. By
converting excess pyruvate to lactate tumour cells can prevent negative feedback and
consumption of NAD" during mitochondrial respiration and continue constant biosynthesis

through glycolysis intermediates (Pavlova and Thompson, 2016).

Nitrogen supply is essential for the production of nucleotides in proliferating cells. This is
mainly acquired through glutamine and thus is a major rate limiting step in tumour cell
proliferation (Gaglio et al., 2009). C-MYC mutations have been shown to be important in
regulating nucleotide production through glutamine uptake and metabolism (Hensley et al.,

2013).

These alterations in tumour cell metabolism have far reaching consequences for neighbouring
and distant cells. Tumour-associated fibroblasts, endothelial cells and innate and adaptive
immune cells all undergo phenotypic and metabolic changes as a results of tumour growth

(Hanahan and Coussens, 2012). Tumour metabolism restricts immune cell proliferation and
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activation by limiting the available nutrients necessary for these activities. Cytotoxic T cells
and NK cells require substantial metabolic reprogramming, requiring glucose and glutamine
to drive a glycolytic shift in metabolism, in order to produce anti-tumour cytokines, such as
IFN-y and TNF-a, and cytotoxic functions (Assmann et al., 2017; Fox et al., 2005; Keating et
al., 2016; Viel et al., 2016). In addition, tumour cells deplete the microenvironment of
essential amino acids such as tryptophan required for proliferation of immune cells (Platten et
al., 2012). Furthermore, tumour cells can convert tryptophan to kynurenine (via IDO
production) which promotes T,y cell differentiation and development of an

immunosuppressive environment (Mezrich et al., 2010) (Figure 1-8).

1.6.1 Role of lactate in tumour progression
Accumulation of lactate in the tumour microenvironment affects a range of cell types and is

an important mediator of tumour progression (Figure 1-8). In the case of nutrient deprivation,
tumour cells can reabsorb lactate and convert it to glucose through the Cori cycle (Hu et al.,
2017; Martinez-Reyes and Chandel, 2017). Lactate is secreted from tumour cells via a
monocarboxylate transporter (MCT), which is coupled to the co-transport of hydrogen ions
(H+). Lactate production and the expression of MCTs are prognostic of tumour progression
and metastases (Brand et al., 2016; Carmona-Fontaine et al., 2017; Payen et al., 2017).
Lactate secretion leads to the initiation of angiogenesis through the production of VEG-F
from stromal cells (Sonveaux et al., 2012; Vegran et al., 2011). Lactic acid can also lead to
the production of hyaluronic acid and matrix metalloproteinases (MMPs) by fibroblasts
(Martinez-Zaguilan et al., 1996; Stern et al., 2002). This combination of effects promotes the

migration and extravasation of tumour cells.

Lactate can also affect the phenotype and function of immune cells. Notably it can induce the
differentiation of M2 macrophages and MDSC cells (Colegio et al., 2014; Husain et al.,
2013a, 2013b), both of which suppress T cell and NK cell activity (Scott and Cleveland,

2016). Furthermore, lactate is capable of supressing DC antigen-presentation and T cell
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activation, while also attenuating monocyte migration (Fischer et al., 2007; Goetze et al.,
2011; Gottfried, 2006). Beyond simply suppressing the immune system, acidification of the
tissue microenvironment can lead to the selective cell death of T cells and NK cells (Brand et

al., 2016).

In addition, tumour cell subpopulations can utilize alternate lactate metabolism, even using it
to fuel oxidative phosphorylation. In breast cancer, signals from tumour cells lead to increased
lactate production by stromal cells (Whitaker-Menezes et al., 2011). This lactate is then taken
up by tumour cells, converted to pyruvate and shuttled into the TCA cycle (Corbet and Feron,

2017; Hui et al., 2017; Martinez-Reyes and Chandel, 2017).
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Figure 1- 7 Glycolytic intermediates fuel biosynthesis of essential molecules for
proliferation

Diagram shows the biochemical intermediates produced by glycolysis which are used for
biosynthesis of essential molecules for cell proliferation. Tumour cells favour glycolysis due
to the range of intermediates produced and ability to produce the reducing molecule NAD+ by
converting pyruvate to lactate. Dashed lines denote intermediates not shown as they have no
biosynthetic function of interest. (NAD"- nicotinamide adenine dinucleotide, NADH- NAD+
hydrogen, MCT- Monocarboxylate transporter, TCA- tricarboxylic acid cycle, ASCT2-

Alanine, serine, cysteine-preferring transporter 2)
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Figure 1- 8 Effect of tumour metabolism on the tumour microenvironment

Lactate is the main product of tumour glycolysis and is transported into the extracellular space
by MCT1/4. In combination with CO,, produced by the tumour, lactate decreases the pH of
the microenvironment. Accumulation of lactate can lead to decreased activation of immune
cells, including T-cells, NK cells and dendritic cells, can polarise macrophages to an M2
phenotype, lead to the differentiation of MDSC from myeloid cells. Lactate also induces
angiogenesis and extracellular matrix remodelling through its effects on endothelial cells and
fibroblasts. Additionally increased demand for glucose and glutamine by the tumour cell
deprives neighbouring cells of necessary nutrients. The consumption of tryptophan and
release of kynurenine by tumour cells leads to the differentiation of Treg cells. (IDO-
Indolemine-2,3-dioxygenase, MDSC- Myeloid derived suppressor cell, VEGF- Vascular
endothelial growth factor, HIFla- Hypoxia inducible factor 1, ASCT2-Alanine, serine,
cysteine-preferring transporter 2, MCT- Monocarboxylate transporter, TST-Tryptophan-

selective transporter, GLUT1- Glucose transporter 1)
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1.6.2 Therapeutic targeting of metabolic pathways
The treatment of cancer has long relied on targeting cell proliferation through the use of

cytotoxic and DNA damaging chemotherapeutics (Cheung-Ong et al., 2013; Dasari and
Tchounwou, 2014). However, these approaches have many off target side-effects including
leukopenia, anaemia, nausea, hair loss, diarrhoea and emotional distress (Love et al., 1989).
Despite the recognition of tumour metabolism as a defining feature of the disease by Warburg
nearly 100 years ago, oncology has been slow to take advantage of this target. The first
medical procedure utilizing this feature of cancer was the FDG-PET scan in the 1980°s, which
used radio labelled glucose to visualize tumours (Som et al., 1980). The broad spectrum of
receptors, transporters, catalysing enzymes involved in tumour metabolism has led to the
development of an array of metabolic therapies which are now beginning to enter the clinic,

with varying degrees of success (Galluzzi et al., 2013; Tennant et al., 2010).

Anti-glycolytic drugs, such as metformin, were identified serendipitously to have a profound
effect on cancer development. Diabetics treated with metformin have a significantly
decreased rick of developing malignancy (Evans, 2005). While it has proven effective in a
prophylactic setting, metformin is currently being trialled as an adjuvant treatment in breast
cancer (NCT01101438) but remains to be shown to be effective in developed cancers. A
range of other metabolic treatment approaches are currently under development and in clinical
trials, these include those targeting glucose metabolism (Galluzzi et al., 2013; Tennant et al.,
2010), glutamine metabolism (Altman et al., 2016), lactate transport (Noble et al., 2017;
Polanski et al., 2014; Sonveaux et al., 2012, 2008), reversal of acidosis (Corbet and Feron,

2017; Potzl et al., 2017), lipid metabolism and biosynthesis (Liu et al., 2017).

Targeting glycolysis, glutamine metabolism or lactate transport has multiple beneficial
effects. By depriving tumour cells of essential nutrients it limits their biosynthetic and
proliferative capacity, reducing tumour growth dramatically. Reducing glycolysis decreases

the amount of lactate and protons produced by the cells, therefore increasing the pH of the
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tumour microenvironment. This would create a more hospitable environment for the immune
system to work within while also driving a stress response in tumour cells (Renner et al.,

2017).

While an attractive target, metabolic therapies can also have their own side effects,
specifically on the immune system. The realm of immunometabolism has become a topic of
increasing interest. Metabolic changes underpin many of the immune functions we associate
with tumour immunity (Mills et al., 2017; O’Neill et al., 2016). Glycolysis appears to be an
essential pathway for T and NK cell activation (Buck et al., 2015; Keating et al., 2016; Viel et
al., 2016). A fine tuning of the metabolic therapy approach is required to select pathways
differentially used by tumour and non-tumour cells. Targeting lactate transport has proven
effective in murine models and appears to have limited negative effects on T cells responses,
possibly due to the preference of T cells to metabolise pyruvate through the TCA cycle
(Gandhi et al., 2013; Husain et al., 2013a). Therefore, identifying tumours which would

benefit from lactate targeted therapy may provide a novel therapeutic target in many cancers.

45



1.7 Hypothesis
We hypothesise that the adult human liver hosts a heterogeneous mix of tissue resident and

transient populations of NK cells, and that the hepatic microenvironment is capable of altering
the phenotype and function of subpopulations of these. In addition, we believe these potent
anti-tumour cells are compromised in CRC liver metastasis, leading to tumour persistence and

high rates of disease recurrence after surgical resection.

1.8 Aims
We will investigate the phenotype and function of hepatic NK cells in healthy donor liver and

resected tumour bearing liver, focusing in particular on the following

e Composition of NK cell subpopulations in healthy human liver

e Expression of cytotoxicity receptors and cytotoxic molecules in NK cells from
healthy and tumour bearing liver

e The cytotoxic function and cytokine production of hepatic NK cell subsets

e The expression of transcription factors governing NK cell differentiation and function

e The effect of liver microenvironment on the phenotype and function of NK cells

e Changes in the proportion and phenotype of NK cell subsets in tumour bearing liver

e The effect of tumour microenvironment on hepatic NK cells

46



CHAPTER 2: Materials and Methods
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2.1 List of Reagents, materials and instruments used

Table 2-1: General reagents used

Reagent Company Location
Bovine serum albumin (BSA) GE Healthcare Buckinghamshire, UK
Collagenase IV Sigma-Aldrich Poole, UK
Dimethyl sulfoxide (DMSO) Sigma-Aldrich Poole, UK
Ethylenediaminetetracetic acid (EDTA) Sigma-Aldrich Poole, UK
Foetal bovine serum (FBS) Gibco Invitrogen Paisley, UK
Ficoll-Paque GE Healthcare Buckinghamshire, UK
Golgi-stop BD Biosciences  Oxford, UK
Penicillin-streptomycin Gibco Invitrogen Paisley, UK
Sterile Phosphate buffered saline (PBS) Gibco Invitrogen Paisley, UK
rhiL-2 Peprotech London, UK
rhiL-12 Peprotech London, UK
rhiL-15 Peprotech London, UK
RPMI 1640 + L-glutamine Gibco Invitrogen Paisley, UK
Sodium azide Sigma-Aldrich Poole, UK
Trypan blue Sigma-Aldrich Poole, UK
Trypsin 0.5% EDTA Gibco Paisley, UK
NK cell isolation kit Miltenyi, Biotech Bergisch-Gladbach, DE
Distilled, sterile, nuclease-free water Gibco Paisley, UK
Hank's balanced saline solution (HBSS) Gibco Paisley, UK
RNA Later Ambion Paisley, UK
Human AB serum Gibco Paisley, UK
Lactic Acid Sigma-Aldrich Poole, UK
Sodium Lactate Sigma-Aldrich Poole, UK
rhTGF-b Peprotech London, UK
rhiL-10 Peprotech London, UK
HEPES Sigma-Aldrich Poole, UK
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Reagent Company Location

PIPES Sigma-Aldrich Poole, UK
Hydrochloric Acid Sigma-Aldrich Poole, UK
Citric Acid Sigma-Aldrich Poole, UK
Phosphate Buffered Saline Gibco Paisley, UK
Sodium Chloride Sigma-Aldrich Poole, UK
Potassium Chloride Sigma-Aldrich Poole, UK
Magnesium Chloride Sigma-Aldrich Poole, UK
Calcium Chloride Sigma-Aldrich Poole, UK
Sodium Hydroxide Sigma-Aldrich Poole, UK
Lactate assay kit Sigma-Aldrich Poole, UK
Glucose detection kit Abcam Cambridge, UK
Intracellular ATP determination kit Invitrogen Paisley, UK
Intracellular pH detection Kit Invitrogen Paisley, UK
Z-IETD-FMK BD Biosciences  Oxford, UK

Table 2-2: Tissue culture materials

Material Company Location
6/12/24/96-well flat-bottom TC plates Greiner Bio-One Kremsmudinster,Austria
96-well round-bottom TC plates Corning Life Sciences MA, USA
24 well transwell inserts 5.0um Thermo Fisher Scientific Paisley, UK
Cryovials Thermo Scientific Nunc  Roskilde, DK
Polystyrene FACS tubes BD Biosciences Oxford, UK
LS separation columns Miltenyi Biotech Bergisch-Gladbach,

Germany
0.2-pum mesh syringe filter Sartorius Gottingen, Germany
15/50mL centrifuge tubes Greiner Bio-One Kremsmunster,Austria

2mL cryovials Thermo Fisher Scientific Paisley, UK



Material

Company

Location

70-um mesh cell strainer

3.5mL transfer pastettes

40-um mesh cell strainer
5/10/25mL serological pipettes
Falcon brand 50mL centrifuge tubes
Petri dishes

Scalpels

75/175¢cm? tissue culture flasks

Table 2-3: PCR materials

Becton Dickinson
Sarstedt

Becton Dickinson
Greiner Bio-One
Becton Dickinson
Greiner Bio-One
Swann Morton

Greiner Bio-One

Flintshire, UK
Numbrecht,Germany
Flintshire, UK
Kremsmdnster,Austria
Flintshire, UK
Kremsmiinster,Austria
Sheffield, UK

Kremsmdinster,Austria

Material Company Location
100bp DNA Ladder Invitrogen Paisley, UK
GoTaq gPCR master mix Promega Madison, UK
HotStar Taq Plus DNA Polymerase Qiagen Crawley, UK
Oligo-dT Primers Qiagen Crawley, UK
Omniscript cDNA synthesis kit Qiagen Crawley, UK
PowerUp SYBR Green Master Mix Applied Biosystems Paisley, UK
SybrSafe DNA Gel Stain 10000X Invitrogen Paisley, UK

0.2mL nuclease-free microcentrifuge tubes Sarstedt

1.5/2.0mL sterile microcentrifuge tubes

96-well plates

Optical adhesive film

P10/20/200/1000 sterile filtered pipette

tips

Stainless steel beads 3mm

Nimbrecht, DE

Thermo Fisher Scientific  Paisley, UK

Thermo Fisher Scientific  Paisley, UK

Applied Biosystems

Paisley, UK

Thermo Fisher Scientific  Paisley, UK

Qiagen

Crawley, UK
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Table 2-5: Primer used for gPCR

Gene Forward Primer Reverse Primer

HPRT AGGCCATCACATTGTAGCCC GTCCCCTGTTGACTGGTCATT
B.M GTGCTCGCGCTACTCTCTCTTT  GTCAACTTCAATGTCGGATGGA
GAPDH CCACCCATGGCAAATTCC CAGCATCGCCCCACTTG

RPS9 TGACCGGGTGGTTTGCTTA ATACTCGCCGATCAGCTTCAG
SLC16A1 GGGTTATAAGGCAGCCTCGCT  TCCAACTGCTGGTGGCATTTT
SLC16A3 GAGTTTGGGATCGGCTACAG CGGTTCACGCACACACTG
SLC2A1 CTGCTCATCAACCGCAAC CTTCTTCTCCCGCATCATCT
Table 2-4: Equipment and software used

Equipment Company

LSR Fortessa
FACS Canto

FlowJo v.7.6 software

Gel Logic 200 Imaging System
NanoDrop Spectrophotometer
StepOne Software v2.3

StepOnePlus Real-Time PCR system
Techne Prime Thermocycler

Fluroskan Ascent FL

BD Biosciences
BD Biosciences

Treestar Inc

Kodak

Thermo Fisher Scientific
Applied Biosystems
Applied Biosystems
Bibby Scientific

Labsystems
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Table 2-5: Antibodies used for flow cytometric staining

Reagent Conjugate Catalogue Number Company
CD3 Pacific blue 558117 BD Biosciences
CD3 PerCP-Cy5.5 560835 BD Biosciences
CD3 BVv421 562426 BD Biosciences
CD16 Pe-Cy7 557744 BD Biosciences
CD16 BV605 563173 BD Biosciences
CD16 FITC 561308 BD Biosciences
CD45 BV510 563204 BD Biosciences
CD45 BV785 304048 Biolegend
CD49a APC 328313 Biolegend
CD56 Alexa-Fluor 488 557699 BD Biosciences
CD56 V450 560360 BD Biosciences
CD56 BV650 564057 BD Biosciences
CD56 BV711 563169 BD Biosciences
CD71 PE-Vio770 130-115-073 Miltenyi
CD98 PE 130-105-708 Miltenyi
CD107a APC-H7 561343 BD Biosciences
CD127 Alexa-Fluor 700 FAB306N R&D
CXCR6 PE-CF594 356016 Biolegend
CCR5 AF700 359115 Biolegend
Eomes FITC 11-4877-41 eBioscience
Granzyme B Alexa-Fluor 700 561016 BD Biosciences
Granzyme A Alexa-Fluor 488 507212 Biolegend
Granzyme K Alexa-Fluor 647 370503 Biolegend
GLUT1 FITC FAB1418F R&D
Interferon-y Pe-Cy7 557643 BD Biosciences
NKG2A APC FAB1059A R&D
NKG2C Alexa-Fluor 488 FAB138G R&D
NKG2D PE 320805 Biolegend
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Reagent Conjugate Catalogue Number Company
NKp44 APC 325109 Biolegend
NKp46 Pe-cy7 562101 BD Biosciences
NKp46 BV785 563329 BD Biosciences
Perforin PE-CF594 563763 BD Biosciences
Thet PE 12-5825-80 eBioscience
TRAIL PE 550516 BD Biosciences

Cell Signaling

Mitotracker Deep Red 8778S technologies
MitoSox PE M36008 Invitrogen
RORyt APC 17-6988-80 Biolegend
Tetramethylrhodamine
(TMRM) PE T668 Invitrogen
FVS 780 NA 565388 BD Biosciences
Zombie Red NA 423109 Biolegend
Zombie Yellow NA 423103 Biolegend
Annexin V FITC 640906 Biolegend
7-AAD Viability Dye NA 00-6993-50 eBiosciences
pH Rodo Green NA P35373 Invitrogen
Cell Trace Violet (CTV) NA C34557 eBiosciences
123 Count Beads NA 01-1234-42 eBiosciences
FOXP3 staining Buffer NA 00-5523 eBiosciences
Red cell lysing buffer NA R7757 Sigma-Aldrich
Compensation Beads NA 552843 BD Biosciences
Compensation beads
(anti-REA) NA 130-104-693 Miltenyi



2.2 Cell Culture

Cell culture and handling of blood samples was carried out according to strict standard
operating procedures (SOPs) generated in the O’Farrelly lab based on best practice guidelines
(Freshney, 2011). Cell culture was carried out in sterile conditions using laminar air flow
hoods and sterile or autoclaved materials and reagents. Human blood and liver samples were
treated as potentially infected and were processed and handled in accordance with relevant

health and safety guidelines.

2.3 Liver perfusate collection

Healthy human liver samples were obtained from transplant donors (Figure 2-1). Healthy
human livers were donated by brain-stem dead patients. Briefly, the donor liver organ is
retrieved from the donor and is preserved in UW solution for transportation to the transplant
theatre in St. Vincent’s University hospital. The site of retrieval could be anywhere in Ireland,
and collaboration with the United Kingdom (UK) means that some organs are sourced from
the UK. All transplants are carried out within twelve hours of organ retrieval. The UW
solution becomes enriched with cells during transport. This solution is known as resting
transport medium (RTM) and it was collected in a one litre bottle for research. During liver
transplantation, clamps are placed on inflow and outflow blood vessels of the recipient’s liver.
The explant diseased liver is removed, and the donor organ is grafted into the recipient. First,
the recipient’s hepatic vein is attached to the donor livers suprahepatic vena cava. The clamps
remain in place on the recipient blood vessels to ensure that no recipient blood enters the
donor liver and critically, that no UW solution enters the recipient. UW solution is high in
potassium, which would cause cardiac arrest if allowed to circulate into the recipient. The
liver is then perfused (under suction) with one litre of saline solution to remove the
preservative (UW) solution from the organ. This liver flush solution enters the hepatic portal

vein and is collected from the hepatic vena cava.
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Figure 2- 1 Overview of sample acquisition from liver transplant

(A) During retrieval, the donor aorta and superior mesenteric vein are initially flushed with
University of Wisconsin (UW) solution (ViaSpan, DuPont Pharmaceuticals Ltd., Herts, UK)
at the time of exsanguination. Flushing of the liver with UW is continued after excision of the
organ until the perfusate looks clear at which time the liver is packed in a bowl containing
UW and stored on ice for transportation. During implantation, the liver is flushed with
normal saline through the portal vein to wash out the UW before reperfusion. This liver
perfusate is collected from the inferior vena cava for this study. Biopsies of donor liver tissue
were collected at separate stages. Single cell suspensions were prepared as described in
Chapter 2. (B) NK cells were identified from CD45" lymphocytes. Non-viable cells were
excluded by FVS780 staining. (C) Cytospin of HMNCs showing heterogeneous populations
of hepatic leukocytes.
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2.4 lsolation of mononuclear cells from peripheral blood

Peripheral blood mononuclear cells (PBMCs) were isolated from heparin anticoagulated fresh
blood sample tubes or buffy coat packs by Ficoll-Hypaque density gradient centrifugation
using Ficoll-Paque™ PLUS (GE Healthcare). For buffy coats, blood was diluted by injecting
20ml of 1x sterile phosphate buffered saline (PBS) and mixing the buffy coat vigorously
before blood was removed into a sterile container. Carefully, 35ml of blood was gradually
layered onto 15ml of Ficoll in a 50ml falcon tube and centrifuged at 800 x g for 25 mins with
brake set to 1. The buffy layer was then removed from each tube using a sterile Pasteur
pipette and transferred into a fresh 50ml falcon. These PBMCs were washed twice by topping
up the 50ml falcon with sterile 1x PBS and centrifuging at 300 x g for 5 mins, discarding the
supernatant and resuspending the pelleted cells by vortexing each time. This cell pellet was
again resuspended by vortexing and diluted in complete cell culture medium which consisted
of a mixture of RPMI + L-glutamine, 10% v/v Foetal Calf Serum (FCS), 100U/ml penicillin

and 100pg/ml streptomycin.

2.5 Isolation of hepatic mononuclear cells from liver perfusate

Hepatic mononuclear cells (HMNCs) were isolated by filtration of liver perfusate through
70uM filters (BD Biosciences) followed by centrifugation at 1500 rpm for 10 mins to remove
debris. HMNCs were separated from the resulting solution by density gradient centrifugation
using Ficoll-Paque™ PLUS (GE Healthcare) and any red blood cells present were removed
by red cell lysis solution (Sigma). The resulting white blood cells were counted and viability

calculated using trypan blue exclusion assay.

2.6 Isolation of hepatic mononuclear cells from liver tissue
Pieces of donor and explant liver biopsies were collected in RNA later, 10% formalin or
frozen in liquid nitrogen for future studies when possible. The remainder of the biopsy was

finely diced into <Imm pieces using scalpels and transferred to 50ml tubes containing
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disruption enzyme mix solution (Collagenase type 1V (0.05 %) (Sigma), DNAse | (10 mg/ml)
(0.002 %) (Sigma), 2% FBS (Gibco) + 2% BSA (30% wi/v) (GE Healthcare) diluted in hanks
balanced salt solution (HBSS) (Gibco)). Samples were incubated at 37°C in a shaker rotating
at 180rpm for 10-15 mins to digest the liver biopsy tissue. Debris was removed by filtration of
the resulting mixture through 70uM filters (BD Biosciences) and collecting the filtrate in a
50ml falcon tube. Hepatocytes were removed by centrifugation at 30 x g for 3 mins at 4°C
and collecting the supernatant. HMNCs were isolated by centrifugation at 300 x g for 10 mins
at 4°C and collecting the pelleted cells. These cells were washed by resuspending the pellet in
20ml HBSS and centrifugation at 1500rpm for 5 mins. The supernatant was discarded and the
remaining cell pellet was resuspended in RPMI. The resulting white blood cells were counted

and viability calculated using trypan blue exclusion assay.

2.7 Cell viability and enumeration of cells

In order to count cells and assess cell viability, Trypan blue exclusion dye was used. Briefly,
cells were diluted in Trypan blue at 1:20. Carefully, 10ul of the cell/Trypan blue solution was
mounted to a Neubauer Haemocytometer and visualised using an inverted microscope. The
numbers of cells in two or more grid sections were counted and an average for the number of
cells in a 0.1mm x 1mm x 1mm section was calculated. Cells touching the top and right
borders of each grid section were not counted to avoid counting the same cells twice. The
average number of cells in one section is multiplied by 10* then by the dilution factor to give
the number of cells per ml. Dead cells were unable to exclude the Trypan blue and therefore

easily excluded in order to obtain a viable cell count.

2.8 Cryogenic storage and thawing out of cells
Cells were pelleted by centrifugation at 400 x g for 5 mins at 4°C, and the supernatant
discarded. Freezing mixture containing 50% RMPI, 40% FCS and 10% DMSO (Gibco) was

placed on ice for 5 mins. Cells were then mixed with freezing medium at a concentration of
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10-25 x 10° cells per ml. Cells were immediately transferred to cryovials (Thermo Scientific)
and placed in a cryo 1°C freezing container containing isopropanol and placed in a -80°C
freezer overnight. Cells were transferred to long term storage in liquid nitrogen the next day.
To reconstitute cells in medium and culture again, cryovials were thawed rapidly in a 37°C
water bath and then transferred to a 15ml falcon tube containing pre-warmed complete
medium. Cells were then pelleted by centrifugation at 400 x g for 5 mins, supernatant was
discarded and cells were resuspended in appropriate complete medium. Cells were counted

and cell viability assessed before being cultured at 37°C with 5% CO,.

2.9 Magnetic bead enrichment of cells

NK cells were enriched using Miltenyi microbeads. Miltenyi microbeads are
superparamagnetic particles with a diameter of 50nm conjugated to a mAb specific for the
cell subset of interest. Negative selection was used to isolated NK cells. For negative selection
cells were resuspended in 40ul/10° cells of MACS buffer (PBS with 0.5% bovine serum
albumin (BSA) (GE Healthcare)). A biotin labelled antibody cocktail was added to the
suspension and incubated for 5 mins at 4°C. Anti-biotin labelled magnetic beads were then
added to the suspension and incubated for 10 mins at 4°C. The volume of the suspension was
then adjusted to 500ul by addition of the required amount of cold MACS buffer. The
suspension was then added to the pre-separation filter of the LS column inserted into the
magnet apparatus. Unlabelled cells were eluted by washing the column with 3ml of cold
MACS buffer. This filtered sample was then centrifuged at 300 x g for 10 mins and
resuspended in RPMI. Cell yield was determined and cell viability and purity was assessed by

flow cytometry.

2.10  Antibodies and flow cytometry

All of the antibodies used during the course of this work are listed in Table 2.4. Antibodies
were titrated in order to determine the optimal concentration to use for staining. Fluorescence-

minus-one (FMO) controls were used to set gates where necessary.
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2.11  Principles of flow cytometry

Flow cytometry is a method by which multiple characteristics of single cells can be assessed
rapidly. Cells in suspension are drawn into a single cell stream by surrounding isotonic sheath
fluid and passed through an interrogation point. This point consists of a laser beam or beams
which target the cells. Photodetectors in the flow cytometer can detect both transmitted and
scattered light. Through the detection of visible light, cell subsets can be distinguished based
on their physical characteristics. The size of the cell is measured by the forward scatter (FSC)
of this visible light while the granularity of the cell is measured by the side scatter (SSC) of
this light. In this way it is possible to distinguish between small non-granular cells
(lymphocytes) and larger more granular cells (macrophages). As well as visible light, the
photodetectors also detect fluorescent light that is emitted from fluorochromes which are
conjugated to target cells after excitation by the laser beams. There is a wide range of
fluorochromes and dyes that are excited at different wavelengths and therefore be detected by
photodetectors of the flow cytometer. This is exploited in flow cytometry by conjugating
these fluorochromes to mAbs specific to molecules of interest, allowing us to detect their
presence or absence in different cell subsets. The fluorescence emitted by a fluorochrome
conjugated to a mAb for a specific cell surface marker is interpreted by the flow cytometer
software and given as mean fluorescence intensity (MFI), which correlates with the quantity

of that specific marker on the cell surface.

2.12  Cell surface staining for flow cytometry

For flow cytometry analysis, 5 x 10° — 1 x 10° cells were stained in polystyrene FACS tubes.
Cells were washed with FACS buffer (PBS containing 1.5% v/v BSA and 0.2% sodium azide
(NaN3)) followed by centrifugation for 5 mins at 500 x g and carefully discarding the
supernatant. Cells were then resuspended in 100ul of FACS buffer containing the required
amounts of mAbs for surface markers being analysed. Cells were incubated for 30 mins at

4°C protected from light to allow binding of mAbs. Excess unbound antibodies were removed
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by washing the cells twice with FACS buffer followed by centrifugation for 5 minutes at 500
x g and carefully discarding the supernatant. Essential controls were used for each flow
cytometry experiment. Unstained cells were needed to adjust certain parameters on the flow
cytometer, single stained controls (Compensation Beads stained with each individual
fluorochrome being used) to carry out compensation and FMO controls (samples containing
all but one of the fluorochrome labelled antibodies being used) to set the gating strategy

where necessary.

2.13 Intracellular cytokine staining for flow cytometry
After cell surface staining, 100ul of fixation buffer (eBioscience) was added to each tube and

incubated at room temperature for 20 mins. Permeabilisation buffer was prepared by diluting
1:10 Perm buffer in deionised water. 2ml of Perm buffer was added to each tube and
centrifuged at 500 x g for 5 mins. Supernatant was decanted and intracellular antibodies added
to each tube, incubated at room temperature for 30 mins. Cells were then washed with 2ml

Permeabilisation buffer and centrifuged at 500 x g for 5 mins.

2.14 Intracellular transcription factor staining for flow cytometry

After cell surface staining 1ml of Perm/Fix buffer (eBiosciences) was added to each well and
incubated at room temperature for 20 mins. This was prepared by diluting 1:4.
Permeabilisation buffer was prepared by diluting 1:10 Perm buffer (eBiosciences) in
deionised water. 2ml of Perm buffer was added to each tube and centrifuged at 500 x g for 5
mins. Supernatant was decanted and intracellular antibodies added to each tube, incubated at
room temperature for 30 mins. Cells were then washed with 2ml Perm buffer and centrifuged

at 500 x g for 5 mins.

2.15 Performing absolute cell counts by flow cytometry

In order to determine absolute cell counts from tissue samples, 123 Count eBeads

(eBiosciences) were used in conjunction with flow cytometry. These are 7 pum microparticles
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containing encapsulated dyes compatible with blue (488nm) and violet (405nm) excitation
sources and emitting fluorescence between approximately 500nm and 750nm. They are
supplied at a known concentration in 0.05% Tween-20 with 2mM sodium azide. Collecting
carefully suspended and measured quantities of cell:bead mixtures on a flow cytometer makes
the ratiometric enumeration of cells possible. After performing normal cell staining as
described above samples were resuspended in 300ul FACS buffer. 123Count eBeads were
vortexed for 15-30 seconds before use. 100ul of 123Count eBeads were added to each
sample. Cell counts and bead counts were acquired on an LSR Fortessa. A minimum of 1 x
10* eBeads were acquired for each sample. The below equation was used to calculate the

absolute count of cells in each tube.

Cell count )
Absolute count /ul = —————— * eBead concentration
eBead Count

eBeads were provided at a concentration of 1.024 x 10°/ml.
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2.16  Fluorescence activated cell sorting (FACS)

Up to 4 x 107 cells were stained for cell sorting in a sterile polystyrene FACS tubes. Frozen
liver perfusates were thawed and resuspended in Complete RPMI at a concentration of 3-4 x
10° cells/ml. Cells were then rested overnight at 37°C in 12 well plates. Cells were washed by
adding 2ml of sorting buffer (consisting of PBS supplemented with 2% v/v FCS) and
resuspended in 100pl. The required amount of mAbs were added to the cell suspension and
mixed well. Cells were incubated at 4°C for 1 hour to allow binding of the mAb with the cold
temperature required to inhibit internalisation of the antibodies in the absence of sodium
azide. Excess unbound antibodies were removed by washing with 2ml of sorting buffer
followed by centrifugation at 500 x g for 5 minutes. Cells were resuspended in 200ul of
sorting buffer for sorting on a BD Aria Fusion cell sorter. The sorted cells were centrifuged at
500 x g for 5 minutes, supernatant discarded and the cells resuspended in fresh complete
RPMI. This was to wash out flow cytometer sheath fluid which contains growth inhibitors

and would affect cell function.

2.17 Measuring NK cell degranulation and cytokine production
Degranulation of NK cells against target cells was measured using the CD107a externalisation

assay. This method utilises the fact that the activation of NK cells leads to the degranulation
of these cells at which point lysosomal associated membrane protein 1 (LAMP-1) or CD107a
can be detected on the surface of the effector cells. The level of CD107a can be measured

using flow cytometry and this has been shown to directly correlate with cell death.

Target cells were cultured in 96-well plates. The appropriate numbers of effector cells were
then added at 5:1 effector: target (E:T) ratio along with mAb specific for CD107a. Following
60 minute incubation at 37°C, 50M monensin (BD Biosciences) was added to the cells. The

cells were cultured for a further 3 hours. Cells were then harvested and stained with
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antibodies specific for: CD3, CD16, CD56, and IFN-y. CD107a expression levels were

determined by flow cytometric analysis.
2.18 Measuring direct cytotoxicity

Cell trace violet (CTV, eBiosciences) was reconstituted in 20ul DMSO to prepare a 5mM
stock solution. This was further diluted in DMSO to 1mM working stock. Target cells for
assay (K562 or SW620) were resuspended in 1ml warm PBS at a concentration of 1x10%/ml.
1ul of CTV working stock was added to 1ml cell suspension (1M staining solution). Cells
were incubated at 37°C for 20 mins. 5ml of warm RPMI was added to quench staining. Cell
suspension was centrifuged at 300 x g for 5 mins and resuspended in RPMI. Target cells were
co-incubated with NK cells isolated from liver perfusate by FACS for 4 hours at 37°C. Cell
suspensions were stained with propidium iodide (PI) to assess cell death. Analysis was

performed by gating on CTV" target cells and measuring PI positivity.
2.19 Measuring Mitochondrial Mass

Mitotracker Deep Red (Cell Signalling Technologies) was used to assess mitochondrial mass
by FACS. This is a cell permeable probe containing a mildly thiol-reactive chloromethyl
moiety. This dye passively diffuses across the plasma membrane and accumulates in the
mitochondria. A 1 mM stock solution was prepared by reconstituting 50ug lyophilized dye
with 91.98ul DMSO. A working concentration of 500nM was achieved by diluting stock
directly in media. Samples were then incubated in dye media for 30 mins at 37°C.
Fluorescence was then measured on LSR Fortessa using an excitation of 633nm and emission

detection at 670nm (FL3).
2.20 Measuring Mitochondrial Reactive Oxygen Species (ROS)

MitoSOX Red (Invitrogen) mitochondrial superoxide indicator is a novel fluorogenic dye for

highly selective detection of superoxide in the mitochondria of live cells. MitoSOX Red
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reagent is live-cell permeant and is rapidly and selectively targeted to the mitochondria. Once
in the mitochondria, MitoSOX Red reagent is oxidized by superoxide and exhibits red
fluorescence, oxidation of the probe is prevented by superoxide dismutase. A 5mM stock
solution was prepared by reconstituting 50pg MitoSOX Red in 13pul DMSO. A working
solution of 5uM was prepared by diluting the stock 1:1000 in HBSS. This staining solution
was then applied to cells and incubated at 37°C for 10 mins. Cells were washed in warm

HBSS and run on a LSR Fortessa using excitation at 561nm and emission at 582nm (FL12).
2.21  Measuring Intracellular pH

pHrodo Green AM Intracellular pH Indicator (Invitrogen) is a novel fluorogenic probe used to
measure intracellular pH in live cells. pHrodo Green is weakly fluorescent at neutral pH but
increasingly fluorescent as the pH drops. This reagent can quantify cellular cytosolic pH in
the range of 9-4 with a pKa of ~6.5. This pHrodo Green dye has been modified with AM
ester groups, which results in an uncharged molecule that can permeate cell membranes. Once
inside the cell, the lipophilic blocking groups are cleaved by nonspecific esterases, resulting in
a compound that is retained within the intracellular space. pHrodo Green AM is supplied in a
1000x solution. Stock dye is diluted 1:10 in Powerload concentrate. This solution is further
diluted 1:100 in Live Cell Imaging Solution (LCIS). LCIS is prepared by adding the
following chemicals to PBS: 140mM NacCl, 2.5mM KCI, 1.8mM CaCl,, 1mM MgCl,, 20mM
HEPES adjusted to pH 7.4. Remove media from cells and wash with LCIS. Replace LCIS
with staining solution. Incubate at 37°C for 30 mins. Fluorescence was read on LSR Fortessa

at excitation 488nm and emission 530nm (FL1).

Intracellular pH calibration buffer kit was used to establish standard curves. Nigericin and
Valinomycin were prepared in DMSO to a concentration of 20mM each. These were then
combined in a 1:1 ratio and aliquoted. Calibration buffers were supplied at pH 5.5, 6.5 and

7.5. 10pl of Valinomycin/Nigericin was added to 10ml of desired calibration buffer. Fresh
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cells were then incubated with respective calibration buffers for 5 mins at 37°C.
Valinomycin/Nigericin allows for permeabilisation of cells to protons. Fluorescence from
these standards was then used to generate a standard curve and allowed the calculation of

intracellular pH of samples.
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Figure 2- 2 Generation of standard curve for intracellular pH

NK cells were treated with Valinomycin/Nigericin (1uM each) and incubated with buffers at
pH 5.5, 6.5 and 7.5. Cells were then stained with pHrodo and data acquired on LSR Fortessa.
Relative fluorescence units (RFU) were plotted from the average of two replicates against pH
of buffer to construct a standard curve. Equation: y=-838x+7697.2, R>= 0.998. Standard curve

was used to determine intracellular pH of experimental samples.
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2.22  Apoptosis Assay

In normal viable cells, phosphatidylserine (PS) is located on the cytoplasmic surface of the
cell membrane. However, in the intermediate stages of apoptosis, PS is translocated from the
inner to the outer leaflet of the membrane, exposing PS to the external cellular environment
where it can be detected. Annexin V conjugates provide quick and reliable detection method
for identifying the externalization of phosphatidylserine. 7-Amino-Actinomycin D (7-AAD)
is a nucleic acid dye that can be used for the exclusion of nonviable cells in flow cytometric
assays. 7-AAD does not readily pass through intact cell membranes so is therefore excluded
from live cells but enters and binds to DNA of apoptotic cells. Used in combination these two

dyes can be used to identify apoptotic and pro-apoptotic cells in culture.

After treatment cells were removed from culture media and placed in Annexin V staining
buffer. Staining buffer is prepared by adding the following to PBS: 140mM NaCl, 10mM
HEPES, 2.5mM CacCl; (Sigma-Aldrich). 2ul Annexin V was added to each tube and incubated
at RT for 30 mins. 1ul 7-AAD was added to each tube prior to running on LSR Fortessa.
Apoptotic cells were identified as Annexin V' 7-AAD", while pro-apoptotic cells were
Annexin V' 7-AAD". Live cells take up neither dye. Necrotic cells appear as Annexin V" 7-

AAD".
2.23 RNA extraction

Total RNA was extracted using a phenol-chloroform extraction protocol. RNA later frozen
tissue samples (~50mg per extraction) were disrupted by placing the tissue in a 2mL
microcentrifuge tube with 1mL of TRIzol and a 3mm stainless steel bead. The tubes were
loaded into the Tissue Lyser Il which was run at full speed for 1.5 mins, until the sample was
completely broken down. All tubes were centrifuged at 12,000 x g for 10 mins at 4°C to
precipitate cell debris (and stainless steel bead). The supernatant was transferred to a clean

tube and 200puL of chloroform added. The tubes were vigorously mixed for 15 seconds and
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incubated for 3 mins at room temperature before centrifugation at 12,000 x g for 15 mins at
4°C. At this point, the samples had separated into 3 phases: an upper aqueous phase
containing RNA and some DNA, an interphase containing DNA and an organic phase
containing proteins and lipids. 600uL of the upper aqueous phase were transferred into a new
tube containing 500uL of isopropanol/2-propanol. Samples were then vortexed for 30 seconds
and incubated at -20°C for 30 mins. After incubation, samples were centrifuged at 12,000 x g
for 10 mins at 4°C. The supernatant was removed and discarded without disturbing the white
gel-like RNA pellet. This was resuspended in 1mL of 75% ethanol, prepared with nuclease-
free water. The samples were centrifuged at 7,600 x g for 5 minutes at 4°C. The supernatant
was removed and a second ethanol wash performed. The remaining pellet was air dried for 2
mins to evaporate residual ethanol before being dissolved in 35ul nuclease-free water.
Samples were then incubated at 55°C for 5 mins to dissolve RNA and stored at -80°C. RNA
quantity was determined by measurement of absorbance at 260nm using a NanoDrop
spectrophotometer. A260/280nm and A260/230nm ratios were checked to assess presence of
non-nucleic acid contaminants. RNA quality was evaluated by 2% agarose gel electrophoresis
with SYBR SAFE staining, where the presence of 28S and 18S ribosomal RNAs as discrete
bands, with minimal smearing indicative of RNA degradation, or high molecular weight

products, indicative of DNA contamination, was assessed.

2.24  cDNA synthesis

1000ng of tissue RNA per sample was reversed transcribed using the Omniscript RT kit and
oligo dT primers. A 20uL total reaction volume contained 1X reaction buffer, 16ng Oligo dT,
1uM dNTP solution, 1puL of Omniscript reverse transcriptase enzyme and 1000ng RNA, with
nuclease-free water making up the remainder. Required RNA quantities were calculated using

the RNA quantity determined by the NanoDrop. The reaction was carried out in a Techne
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Prime thermocycler, incubating at 37°C for 1 hour before a 5 mins 95°C phase to denature the

enzyme. cDNA solutions were diluted 1:10 in nuclease-free water before storage at -20°C.

2.25 Quantitative PCR primer design

Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design qPCR
primers, supplying the GenBank accession number and specifying a product of between 70
and 250bp in length, which spanned an exon-exon junction to avoid amplification of any
contaminating genomic DNA and was gene-specific. All primers were synthesised by
Integrated DNA Technologies in lyophilised form and resuspended in the lab in nuclease-free

water. Primer solutions were aliquoted into working stocks to avoid excessive freeze-thaw.

2.26 Quantitative PCR

PowerUp SYBR Green Master Mix and StepOnePlus Real-time PCR System with StepOne
Software v2.3 was used for endometrial stromal cell experiments. A 10uL reaction volume
contained 8uL pre-made qPCR master mix, primers, 2ul. cDNA and nuclease-free water. A
non-template control was included in each gene assay to detect molecular contamination. All
reactions were carried out in triplicate. The thermocycling program was: 10 min polymerase
activation at 95°C, 40 cycles of 95°C for 30 sec, primer-specific annealing temperature for 1
min, 72°C for 30 sec; dissociation curve analysis at 95°C for 1 min, 55°C for 30 sec and 95°C

for 30 sec.

After all qPCR assays, the absence of an amplification product within the non-template
control was confirmed by absence of a plate Cq value and dissociation curves were checked
for absence of non-specific amplification as determined by the presence of a single

amplification peak.

Levels of gene of interest (GOI) expression were determined as a ratio of abundance
compared with B2M, [ratio=2(-CtGOI)/2(-CtGAPDH)]. B2M has been selected as the most
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stable gene across all samples from a panel of possible housekeeping genes (GAPDH, B2M,
HPRT, and RPS9) and was analysed using geNorm software version 3.4 (Vandesompele et al.,
2002). Raw Ct values were used for the geNorm analysis. geNorm calculates the gene
expression stability measure (M) for a reference gene as the average pairwise variation for

that gene with all other tested reference genes.

0.100
0.090
0.080
0.070 -
0.060 -
0.050 -
0.040 -
0.030 -
0.020 -
0.010 -
0.000 -

Stability Value (M)

HRPT1 GAPDH B2M RPS9
Housekeeping Gene

Figure 2- 3 GeNorm analysis of housekeeping genes in liver tissue samples

Healthy and tumour liver tissues were used to perform geNorm analysis. The housekeeping
genes HRPT1, GAPDH, B2M and RPS9 were used in this analysis, their M values are plotted

above.
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2.27 Quantitative PCR assay optimisation

The StepOnePlus machine was used to run a temperature gradient g°PCR with annealing phase
temperatures of 55-65°C. The optimal temperature was assessed via examination of
dissociation curves for a single peak and via 2% gel electrophoresis, choosing a temperature

which resulted in the brightest band of expected size.

Optimal primer concentration was determined by titration. The concentration which achieved
the lowest Cq value while still generating a single product (single band after gel

electrophoresis, single peak on dissociation curve) was selected.

The efficiency of each primer set with the specified reaction conditions was determined by
running a reaction with 5 point 5-fold or 2-fold serial dilutions of the positive control cDNA,
using the 2-fold series where the positive control Cq values were in high twenties and
upwards. The standard curves were represented as the semi-log regression line plot of Cq
value vs. log of the relative input cDNA concentration. The efficiencies were calculated using

formula:

E = 10(-1/Slope)-1,

%E= (10(-1/Slope)-1) x 100

Efficiencies between 85% and 110% were considered acceptable. Where an efficiency of
>100% was found, a 100% efficiency was used in calculations. The specificity of each primer
set was determined by Sanger sequencing (GATC Biotech, Konstanz, Germany) of PCR
products, examining electropherograms for single peaks at each position to confirm a single
amplicon and running the returned sequence through BLAST

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to ensure the desired gene target was amplified.
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2.28 Generation of tissue conditioned media
Wedge biopsies taken at the time of transplantation or during surgical resection of hepatic

malignancy were used to generate tissue conditioned media. Tissue samples were measured
and weighed. Tissue was then cut into sections measuring approximately 5mm?. These were
placed in a 24-well culture plate. 500ul of X-VIVO media (Lonza) was added to each well
and tissue was incubated for 72 hours at 37°C. Supernatants were transferred to Eppendorf
tubes and centrifuged at 500 x g for 5 mins. Pelleted debris was discarded and supernatants

were stored at -80°C for long term storage.

2.29 Treatment of natural killer cells with liver conditioned media

1x10° natural killer cells, isolated by negative selection, from peripheral blood or liver
perfusate were cultured in round bottomed 96 well plates. Culture media was made up of
RPMI+ L-glutamine, 10% v/v. Human AB serum, 100U/ml penicillin and 100ug/ml
streptomycin, with 1L-15 (5ng/ml). Additionally liver conditioned media was added to
appropriate wells at either 5 or 10% v/v. Cell phenotype and transcription factor expression

was measured at 3, 5, or 7 days.

2.30 Treatment of natural killer cells with tumour conditioned media, sodium lactate

and lactic acid

CD561" and CD56"™ NK cells were isolated from liver perfusate by FACS. Cells were
plated at 1x10%/well in 96-well round bottom plates. Various treatments were used over the
course of this project, including tumour conditioned media (50% v/v), sodium lactate (10-
20mM), lactic acid (10-20mM) and media with adjusted pH (pH 6.4-7.4). Unless otherwise
stated in the figure legend, samples were incubated for 24 hours with respective treatments at
37°C. Samples were then harvested and apoptosis was assessed as described above (section

2.22).

2.31 Enzyme linked immunosorbent assay (ELISA)
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ELISA is a commonly used immunoassay used to quantify the amount of antigen or antibody
present in a sample. ELISA kits for IL-15, TGF-$, and IL-10 from Peprotech were used. The
working concentrations for the antibodies and standards used were obtained from the
manufacturer’s instructions and varied depending on the cytokine being measured. Each kit
consisted of a capture and detection (biotin conjugated) antibody specific for different
epitopes of a particular cytokine as well as a known standard quantity of the cytokine being

measured and a streptavidin-horseradish peroxidise (HRP) solution.

ELISA plates were coated with 50ul of capture antibody diluted in PBS and sealed with
paraffin strips to be incubated overnight at room temperature (RT°) protected from light.
Excess capture antibody was then removed by submerging the plates in wash buffer (PBS
containing 0.5% v/v Tween 20) and then emptying the plates, this was repeated three times
and the plates were then thoroughly dried by blotting on tissue paper. A serial dilution of the
provided standard was carried out in PBS to give an eight point standard curve. 50ul of
standards and tissue conditioned media were then added to each well and the plates were
sealed with paraffin strips and incubated at RT® for 60 mins protected from light. Unbound
antigen was then removed by repeating the washing step outlined above. 50ul of detection
antibody, diluted in PBS, was then added to each well and the plates were sealed with paraffin
strips and incubated at RT® for 60 mins protected from light. Unbound detection antibody was
then removed by repeating the washing step. Fifty microliters of streptavidin-HRP diluted in
PBS was then added to each well and the plates were incubated at RT® for 20 mins protected
from the light. Any unbound streptavidin-HRP was removed by repeating the wash step. 50l
of 3, 3°, 5, 5’—tetramethylbenzidine (TMB) substrate solution was then added to each well and
the plates were incubated at RT® protected from light. The plates were left until the colour of
the unknown samples matched that of the middle of the known standard samples. At which
point, 25ul of 1M sulphuric acid was added to stop the enzyme reaction. Dual wavelength

absorbance from each well was read at the appropriate wavelength according to the
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manufacturer’s instructions by the microplate reader. Standard curves were drawn using

Microsoft Excel to determine unknown cytokine concentrations.

2.32 ATP determination assay

The assay was performed as per the manufacturer’s instructions (Invitrogen). Reagents were

prepared as follows:

1x reaction buffer was prepared by diluting 20x buffer in dH,0

e 1ml of 10mM D-Luciferin was prepared by adding 1ml 1x Reaction buffer to vial of
D-Luciferin.

e 100mM DTT was prepared by adding 1.62ml dH,0O to bottle containing 25mg DTT.

e ATP standards were supplied at 5mM and serial dilution was performed to prepare

standard curves.

Standard reaction solution was prepared by combining the reagents in the following volumes:

e 8.9ml dH,0

e 0.5ml 20X Reaction buffer

e 0.1mI0.IMDTT

e 0.5ml 10mM D-Luciferin

o 2.5yl firefly luciferase (5mg/ml stock solution)
Solution was gently mixed and protected from light on ice until ready for use. Standards were
prepared in dH,O at concentrations of 500, 250, 125, 62.5, 31.25, 15.6 pmol/well. 1x10° cells
were plated in white 96 well flat bottomed plates and required treatments performed. Plates
were spun at 500 x g for 5 mins and supernatants aspirated. Standards were added to
appropriate wells. 50ul reaction solution was added to each well. Plate was protected from

light until reading. Luminescence was measured on Fluoroskan Ascent FL (Labsystems).
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Standards were used to generate a standard curve (Microsoft Excel) and sample ATP levels

were calculated.
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Figure 2- 4 Generation of standard curve for intracellular ATP levels.

ATP standards were provided by manufacturer and diluted in assay buffer to a top standard of

500pmol, serial dilution was performed to a lowest standard of 15.6pmol. Relative

luminescence units (RLU) were plotted from the average of three replicates against ATP

standard to construct a standard curve. Equation: y=-0.0024x+0.0234, R’= 0.9959. Standard

curve was used to determine intracellular ATP levels of experimental samples.
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2.33  Glucose determination assay
This assay (Abcam) directly measures glucose levels in biological samples. The glucose
enzyme mix specifically oxidizes glucose to generate a product which reacts with a dye to

produce colorimetric and fluorometric signals. Reagents prepared as follows:

e Glucose Enzyme Mix- Reconstitute in 220pl Glucose assay buffer

e All other reagents provided ready to use

Standards were prepared by diluting 1nM glucose standard in glucose assay buffer to produce
standards between 0-10nmol/well. 50ul/well of glucose reaction mix was prepared by
combining 46ul glucose assay buffer, 2ul glucose probe, and 2ul glucose enzyme mix. 50pl
reaction mix was added to each standard and sample well in 96 well ELISA plate. Plates were
incubated at 37°C for 30 mins. Colorimetric output was measured at OD 570nm. Standards
were used to prepare a standard curve (Microsoft Excel) and sample absorbance were used to
calculate amount of glucose per well. The following equation was used to calculate the

concentration of glucose.
. S
Glucose concentration= (S—z) * D

Where: Sa= amount of glucose calculated/well, Sv= Sample VVolume, D=Dilution factor
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Figure 2- 5 Generation of standard curve for glucose levels

Glucose standards were provided by manufacturer and diluted in assay buffer to a top
standard of 10 nmol, serial dilution was performed to a lowest standard of 2 nmol.
Absorbance values (570nm) were plotted from the average of three replicates against Glucose
standard to construct a standard curve. Equation: y=-0.026x+0.0113, R*= 0.9934. Standard

curve was used to determine glucose levels of experimental samples.
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2.34 Lactate Assay

L(+)-Lactate is a metabolic compound formed in animals by the action of the enzyme Lactate
Dehydrogenase (LDH). Lactate is produced in proliferating cells and during anaerobic
conditions such as exercise. L(+)-Lactate is the major stereoisomer of lactate formed in
human intermediary metabolism and is present in blood at levels of 1-2 mM.  This kit
(Sigma-Aldrich) provides a convenient means for detecting L(+)-Lactate in biological
samples, lactate concentration is determined by enzymatic assay, which results in a
colorimetric signal (570nm). The assay was carried out as per the manufacturer’s instructions.
Reagents were provided in a ready to use format. Lactate standard (100nmol/pl) was diluted
1:100 in lactate assay buffer to generate a 1nmol/ml standard. 2-10pul of standard was then
added to respective wells to prepare 0-5 nmol/well standards. Lactate assay buffer was added
to each well to bring the final volume to 50ul. Conditioned media was diluted 1:50 in lactate
assay buffer. 50ul of diluted sample was applied to each well. Assay reaction buffer was
prepared as follows: 46ul Lactate Assay buffer, 2ul lactate enzyme mix, 2ul lactate probe.
50ul of Assay reaction buffer was then added to each well and incubated at RT® for 30 mins.
Absorbance was then read at 570nm. Standards were used to generate a standard curve for the
calculation of unknown samples (Microsoft Excel). The equation below was used to calculate

the concentration of lactate in each sample.
Lactate concentration= (i—Z) * D

Where: Sa= amount of lactate calculated/well, Sv= Sample VVolume, D=Dilution factor
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Figure 2- 6 Generation of standard curve for lactate levels

Lactate standards were provided by manufacturer and diluted in assay buffer to a top standard
of 5 nmol, serial dilution was performed to a lowest standard ofl nmol. Absorbance values
(570nm) were plotted from the average of three replicates against lactate standard to construct
a standard curve. Equation: y=-0.0784x+0.0645, R*= 0.9954. Standard curve was used to
determine glucose levels of experimental samples.
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2.35 Chemotaxis Assay

A transwell assay was used to determine the chemotactic properties of conditioned medias on
liver NK cells (Conroy et al., 2016). An insert containing a 5um polycarbonate membrane
was inserted into a sterile 24-well plate, creating an upper and lower chamber. The lower
chamber was filled with 600ul serum free RPMI supplemented with 10% healthy liver or
tumour conditioned media. NK cells isolated from liver perfusate were serum starved for 2
hours in RPMI at 37°C. NK cells were then transferred to fresh serum-free media and 1x10°
NK cells were applied to the upper chamber of the wells and incubated for 2 hours at 37°C.
Inserts were then removed and media from lower chamber was aspirated into FACS tubes.
Samples were centrifuged at 500 x g for 5 mins and resuspended in FACS buffer. Cell counts
were performed using 123Count eBeads on an LSR Fortessa. Cell count/ml was calculated

based on counting beads collected (see section 2.15 for details).

2.36 Generation of humanized mice

Tg (PGK1-KITLG*220)441Daw/SzJ (hu-mSCF) mice were obtained from Jax (Bar Harbor,
Maine, USA). All procedures involving mice were performed according to the Irish Health
Products Regulatory Authority regulations. Humanized mice were generated by injecting of
1x10° human cord blood CD34" stem cells from two donors (Lonza, Slough, Berkshire, UK)
into lateral tail veins of 10-14 week old mice approximately 24 hours post irradiation
(2.4 Gy). Human cell reconstitution was assessed by flow cytometry 13 weeks post
engraftment. Livers were excised, perfused and transported to the tissue culture facility in
complete RPMI (with 10% FBS and 1% penstrep). The isolation of hepatic lymphocytes by
mechanical dissection was carried out as follows: the liver was thoroughly dissected and
gently passed through a 70um filter using a syringe plunger. Filter was washed thoroughly in
10ml PBS. The filtrate was centrifuged at 50 x g for 1 min and the supernatant was collected.

Resuspended cells were isolated by density centrifugation using Ficoll-Paque™ PLUS (GE
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Healthcare, Uppsala, Sweden). After centrifugation with 2000 rpm for 20 mins, the interphase
was collected. This cell suspension was then centrifuged at 1500 rpm for 5 mins. Cell

numbers and viability were assessed by staining with trypan blue under light microscopy.

2.37  Statistical analysis

Statistical analysis was carried out using Prism GraphPad Version 5.0. Appropriate statistical
tests were used to compare data in selected experiments. Comparison of more than two
unmatched groups was performed using Kruskal-Wallis test, with Dunn’s multiple
comparison test. For paired comparisons, Friedman test with Dunns multiple comparison tests
was used for more than two groups, Wilcoxon signed rank test was used for comparison of
two matched groups. For comparison of two unmatched groups, Mann Whitney U test was
used. Within an experiment, *, ** and *** represent p<0.05, p<0.01 and p<0.001

respectively.
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CHAPTER 3:

Characterisation of hepatic natural killer cells in healthy donor liver
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3.1 Introduction
The adult human liver is an organ of predominantly innate immunity with large populations of

myeloid and innate lymphoid cells, particularly natural killer (NK) cells (Crispe, 2009;
Doherty et al., 1999; Doherty and O’Farrelly, 2000; Hata et al., 1990). Indeed, over 40% of
the hepatic lymphoid population are NK cells, making the liver the most ‘NK populated’
organ in the body. NK cells are group 1 innate lymphoid cells (ILC), important in anti-viral
and tumour immunity (Spits and Di Santo, 2011). More recently, as the diversity of NK cell
populations has become increasingly recognised, they have been attributed with additional
functions including metabolic, immunoregulatory and tissue remodelling activities (Freud et

al., 2017; Lynch et al., 2009; Maini and Peppa, 2013; Moffett-King, 2002).

Liver NK cell populations are likely to be important for viral and tumour surveillance, as well
as tissue homeostasis and immune regulation. However, these divergent functions have yet to
be attributed to distinct NK cell subsets. In human peripheral blood, subsets of NK cells are
readily distinguished by the level of CD56 expression. CD56™"" NK cells are potent
producers of immunoregulatory cytokines, such as IFN-y and TNF-o, while CD56%™ NK cells

are potent cytotoxic effector cells, and produce less cytokines than the CD56"9"

population
(Cooper et al., 2001a). These functional distinctions have been ascribed to circulating NK
cells; tissue resident NK cell populations have been less well characterised, although they
have been shown to be phenotypically distinct from their peripheral blood counterparts,
displaying markers of activation and enhanced cytotoxic functions (Hata et al., 1990; Moroso
et al., 2010; Norris et al., 1998). It has been hypothesised that local development and the

tissue microenvironment contribute to distinct tissue-specific subpopulations of NK cells

(Golden-Mason et al., 2000; Lysakova-Devine and O’Farrelly, 2014; Shi et al., 2013).

Much of our knowledge of NK cell development comes from murine studies of bone marrow
differentiation, which have identified several essential transcription factors which regulate

each stage of maturation. Such studies have identified the transcription factors eomesodermin
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(Eomes) and T-bet as essential for the final stages of maturation, regulating the transition
from immature to mature NK cell (Daussy et al., 2014; Freud et al., 2006, 2005; Freud and
Caligiuri, 2006; Gordon et al., 2012; Yu et al., 2013). Despite their similarity, they are
thought to have both redundant and non-redundant roles in this process. T-bet is acquired
during NK cell precursor differentiation and stabilizes the immature NK cell phenotype;
Eomes is required for further differentiation and acquisition of effector function, including
cytotoxicity. A population of murine hepatic NK cells, characterised as CD49a” DX5', have
been shown to mature independently of Eomes, suggesting a new pathway of NK cell
differentiation for this subpopulation. Expression of chemokine (C-X-C motif) receptor 6
(CXCR®6) by these CD49a” DX5 NK cells is believed to be important for homing to and
retention in the liver (Paust et al., 2011). Liver sinusoidal endothelial cells provide a constant
source of CXCL16, the ligand for CXCR6, which retains NK cells in the sinusoidal space
(Hudspeth et al., 2015; Parker et al., 2013). An Eomes  CD49a" population of NK cells was
demonstrated in human liver tissue, accounting for a small proportion of hepatic NK cells
(0.11-12.7%) and were only identifiable in around 40% of samples in this study (Marquardt et
al., 2015). They did, however, display phenotypical and functional features in common with
murine liver resident NK cells. These tissue resident NK cells account for only a fraction of
the total pool of liver NK cells. This project aimed to characterise the full hepatic repertoire of

NK cells in humans and identify other tissue resident populations.

We also aimed to assess what signals from the tissue microenvironment are required for the
acquisition of tissue resident phenotype. The impact of the tissue microenvironment on the
differentiation of immune cells has proven difficult to investigate, as significant differences
arise between humans and mice in several organs including the liver and uterus. For example
the immune repertoire of the liver differs significantly between humans and mice, with an
enrichment of NK cells in humans compared to mice (Gao et al.,, 2008). Additionally,

replicating the microenvironment of a complex organ such as the liver, which possesses
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significant immune cell populations as well as immunologically active parenchymal cells, is
equally difficult. However, it has become increasingly evident that tissue microenvironments
play a substantial role in defining the phenotype and function of immune cells residing in it.
Uterine NK cells are poorly cytotoxic but produce a range of cytokines and growth factors
required for vascular remodelling (VEGF) and successful embryo implantation (Hanna et al.,
2006). Alteration of the uterine microenvironment alters NK cell differentiation and
drastically decreases fertility (Glover et al., 2018; Thiruchelvam et al., 2016). Here, we have
developed an in vitro culture system which aims to replicate the hepatic microenvironment,
with an aim to assess the effect of tissue signals on the maintenance of tissue resident NK cell

populations.

Investigating human liver resident NK cells has previously proven difficult due in part to
access to healthy human tissues. This project utilised donor liver perfusate as a source of
unaltered hepatic leukocytes. Healthy liver tissue is difficult to obtain and requires enzymatic
and mechanical dissociation to obtain a single cell suspension. This treatment can result in
alterations in the phenotype of NK cells (Curry et al., 2000). Liver perfusate offers an easily
accessible liquid starting material that does not require enzymatic treatment. Previous work by
our group has shown no significant difference in the proportion of NK cell subsets in liver
perfusate compared to biopsies (Fahey et al, unpublished). We have further compared
perfusate and biopsy-acquired NK cells for phenotypic profiling of liver resident cells.
Accurate functional assessment requires a pure population of unmodified NK cells. Using
negatively selected hepatic NK cells, we have been able to assess the degranulation (CD107a
expression (Alter et al., 2004)) and cytokine secretion of liver resident populations in response
to tumour cells and cytokine stimulation. Using liver conditioned media, we have shown that
hepatic NK cells require liver derived factors to maintain their phenotype and the function of

peripheral blood NK cells is altered after culture in this microenvironment.
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Hypothesis:
Hepatic NK cells are phenotypically and functionally distinct from peripheral blood NK cells.

Aims:
1. Characterise the diversity of NK cell populations in adult human liver.

2. Determine if the human liver contains populations of tissue resident NK cells.
3. Determine if hepatic NK cells are functionally distinct from peripheral blood NK cells.

4. Identify the factor(s) which causes changes in NK cell phenotype in the liver.
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3.2 Results

3.2.1 Study samples
Samples from 62 transplant donors were collected. Organ donors ranged in age from 18-73

years (mean 43.3 years). Protocol requires that donor organs must be transplanted within 12
hours of retrieval from the donor. Variation in ischaemic time for each sample was due to
transportation time from donor organ retrieval site to the transplant theatre. Samples
transported from the United Kingdom had the longest transportation time to the SVUH
operating theatre. The majority of cases provided matched donor resting transport medium
(RTM) (n=57), donor liver flush (n=55), donor blood (n=50) and where possible a donor
biopsy (n=40). In each case, samples were processed immediately upon retrieval from the
transplant theatre. Previous work by our group demonstrated no significant differences in the
populations isolated from RTM or flush fractions. Therefore RTM and flush samples were

combined and are hence referred to liver perfusate.

Due to inter-individual variation in liver size and technical difficulties in collecting flush
samples, considerable variation was seen in the amount of material collected from each
procedure. On average 885ml (x28ml n=57) of RTM and 80.5ml (£2.85ml n=55) of liver
flush was collected per transplant. In addition, a matching 5ml donor blood sample was
received in most cases (n=50). 40 matched donor biopsies were also collected, these ranged in
weight from 0.02-0.3g. Tissue samples were digested to produce single cell suspensions,
stored in RNAlater & formalin, used for the generation of liver conditioned media or used for

other on-going projects.
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Table 3-3 Samples retrieved from liver transplants

Sample Source Type of Sample Number

Donor Liver flush 55
Resting Transport Medium 57
Matched Blood 50
Matched Liver biopsy 40
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3.2.2 Isolation of hepatic mononuclear cells
Hepatic mononuclear cells (HMNC’s) were isolated as previously described (Jonsson et al.,

1997; Kelly et al., 2014). Significant variability was seen in the number of HMNCs isolated
from both the RTM and liver flush. On average, 32.1 x 10° (6 x 10°, n=57) HMNCs were
isolated from the RTM and 10.9 x 10° (1.9 x 10° n=55) from the flush, the maximum counts
of HMNCs were 183 x 10° and 53.2 x 10° respectively (Figure 3-1B). The RTM contained
significantly more cells than the liver flush (p=0.016), this is likely due to the larger starting
volume (Figure 3-1A). The liver flush contains significantly more cells/ml (0.14+£0.02 x
10%ml) compared to the RTM (0.04+0.008 x 10°/ml, Figure 3-1C). Cell viability was initially

assessed by trypan exclusion, with all sample viabilities in excess of 96%.

3.2.3 Immunophenotyping of hepatic mononuclear cells
HMNCs or PBMC:s, isolated from liver perfusate (LP), liver biopsy (LB) or donor peripheral

blood (PB), were stained with fluorescently labelled monoclonal antibodies to characterise
hepatic and peripheral NK cell phenotypes. HMNCs are highly enriched in NK cells
accounting for 49.4+2.2% (n=62) of liver perfusate lymphocytes compared to 32.6+2.7% of
lymphocytes from liver biopsies (n=31) and only 18.4+1.7% of lymphocytes in the donor
blood (n=50) (Figure 3-2C). CD56°"9" NK cells were enriched in liver perfusate (47.5+2.2%)
and biopsy (56.6+3.5%); while significantly fewer CD56"" NK cells were detected in
peripheral blood (7.9+1%) (Figure 3-2D). The ratio of CD56%™ CD16" to CD56""" CD16""
NK cells in the perfusate varied between individuals from 0.3:1 to 4:1, and was distinct from
peripheral blood where the ratio was usually greater than 10:1. The proportion of hepatic NK
cells was not affected by age, sex or CMV status of donor (Figure 3-3 A-C). The variation in
CD56%™ CD16" to CD56"™ CD16"" hepatic NK cell ratios was not attributable to the age,

sex or CMV status of the organ donor (Figure 3-3 D-F).
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Figure 3- 1 Characterisation of transplant samples.

(A) Volume (ml) of resting transport media (RTM) (n=57) and liver flush (n=55) obtained
during liver perfusion. (B) Total cell yield (x 10°) from RTM and liver flush. (C) Cell yield as
a proportion of starting volume (x10°/ml). Data presented as mean + SEM., *** p < 0.001.
Data was analysed using Wilcoxon matched pairs test.
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Figure 3- 2 Natural Killer cell subsets in liver perfusate and peripheral blood

Mononuclear cells, isolated from liver perfusate (LP), liver biopsy (LB) and matched
peripheral blood (PB), were stained with monoclonal antibodies Gating strategy: NK cells

- brigh -/
were identified from the CD45" lymphocyte gate as CD56+CD3. CD56 e CDl6 : and

CD56Gllm CD16 subsets were then gated on. Non-viable cells were excluded by FVS780
staining. (A) Representative gating strategy for liver perfusate (LP), donor liver biopsy (LB)
and peripheral blood (PB). NK cells were identified from viable CD45" lymphocytes as
CD56'CD3". (B) NK cell subsets were identified as CD56™€" CD16”* and CD56"™ CD16".
(C) Total NK cells in LP (0), LB (A) PB (o) as a percentage of CD45" lymphocytes. (D)
CD56™€" CD16”" NK cell frequencies in LP (0), DB (A) and PB (O) as a percentage of total
NK cells. Data analysed using Kruskal-Wallis test, with Dunn’s multiple comparison test. (LP
n=62, LB n=31, PB n=50, **, p<0.01, ***, p<0.001).
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Figure 3- 3 The variability in NK cell heterogeneity is not related to age, sex or CMV
status

The proportion of total natural killer (NK) cells and CD56"" NK cells were analysed based
on age, gender and CMV status of the donor. Donors were divided into five age groups; 20-30
(n=11), 30-40 (n=7), 40-50 (n=13), 50-60 (n=15) and 60+ (n=4), two gender groups; male
(n=18) or female (n=16), and CMV positive (n=18) or CMV negative (n=16). The percentage
of NK cells in liver perfusate from donors of different age groups (A), in male and female
donors (B) and in CMV positive and negative donors (C) The percentage of CD56™ NK
cells in liver perfusate from donors of different age groups (D), in male and female donors (E)
and in CMV positive and negative donors (F). Age group data was analysed using Kruskal-
Wallis test, with Dunn’s multiple comparison test. Sex and CMV status data was analysed
using Mann-Whitney U test.
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3.2.4 Expression of NKG cytotoxicity receptors on NK cell subsets
NKG2D, a C-type Lectin binding receptor which recognises stress induced ligands such as

MIC-A, MIC-B and ULBPs, is expressed on the majority of both hepatic and peripheral blood
NK cells, but is significantly increased in CD56"""™ hepatic NK cells (MFI 876.3+270 vs
518.4+111.3, p=0.0078, Figure 3-4B). The expression of the activatory receptor NKG2C,
which recognises HLA-E molecules, was significantly lower in CD56"" hepatic NK cells
(8.6£2.3%) compared to their blood counterparts (19.07+6.1%, p=0.0017) (Figure 3-4C).
Expression of the related inhibitory receptor NKG2A, was higher in both CD56"""
(13.2+10.5%, p=0.02) hepatic NK populations compared to matched peripheral blood NK

cells (5.1+3.8%, Figure 3-4D).

NKG2D was similar in hepatic CD56%™ NK cells compared to peripheral blood (MFI
561.7+192.7 vs 411.4+99.4, p=, Figure 3-5B). CD56"™ hepatic NK cells also had lower
expression of NKG2C compared to peripheral blood CD56%™ NK cells (7.9+2.4% vs
13.4+4.2%, p=0.0018, Figure 3-5C). NKG2A was also differentially expressed between

hepatic and peripheral CD56%™ NK cells (9.0+5.6% vs 3.2+1.8%, p=0.009, Figure 3-5D).

3.2.5 Expression of NCR cytotoxicity receptors on NK cell subsets
Hepatic NK calls also have distinct expression of the natural cytotoxicity receptors NKp44

and NKp46. NKp46 is expressed on the majority of both peripheral and hepatic NK cells,
although slightly more hepatic CD56""" NK cells express this receptor (MFI 1271+400) than
peripheral cells (MFI 884+513, p=0.0313, Figure 3-6C). No differences were seen between
natural cytotoxicity receptor expression on hepatic and peripheral CD56%™ NK cells (Figure

3-6D). NKp44 is an activatory receptor which is not expressed on resting NK cells.
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Figure 3- 4 Expression of NKG2 receptors by CD56"" natural killer cell

Mononuclear cells isolated from liver perfusate (LP) and matched peripheral blood (PB), were
stained with monoclonal antibodies. NK cells were identified from the CD45" lymphocyte
- brigh -/ dim
gate as CD56+CD3 .CD56 t CDl16 : and CD56 CD16+ subsets were then gated on. Non-
viable cells were excluded by FVS780 staining. (A) Representative histograms of NKG2D,
NKG2C and NKG2A expression (LP-red, PB-blue, FMO-black). (B-D) Expression of
brigh

NKG2D (B), NKG2C (C), and NKG2A (D) in CD56 e NK cells from LP (black bars) and
PB (white bars). Data presented as mean = SEM. Data analysed using Wilcoxon matched
pairs test. (n=18, * p<0.05, ** p<0.01)
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Figure 3- 5 Expression of NKG2 receptors by CD56%™ natural Killer cell

Mononuclear cells isolated from liver perfusate (LP) and matched peripheral blood (PB), were
stained with monoclonal antibodies. NK cells were identified from the CD45" lymphocyte
- brigh - dim
gate as CD56+CD3 .CD56 " CDl6 : and CD56 CD16Jr subsets were then gated on. Non-
viable cells were excluded by FVS780 staining. (A) Representative histograms of NKG2D,
NKG2C and NKG2A expression (LP-red, PB-blue, and FMO-black). (B-D) Expression of
dim

NKG2D (B), NKG2C (C), and NKG2A (D) in CD56  NK cells from LP (black bars) and
PB (white bars). Data presented as mean = SEM. Data analysed using Wilcoxon matched
pairs test. (n=18, * p<0.05, ** p<0.01)
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Figure 3- 6 Expression of NCRs by natural killer subsets

Mononuclear cells isolated from liver perfusate (LP) and matched peripheral blood (PB), were

stained with monoclonal antibodies. NK cells were identified from the CD45" lymphocyte
- brigh -/ dim

gate as CD56+CD3 .CD56 t CDl16 : and CD56 CD16+ subsets were then gated on. Non-

viable cells were excluded by FVS780 staining. (A) Representative histograms of NKp46

expression in CD56™¢" and CD56%™ NK cells (LP-red, PB-blue, and FMO-black). (B)

Representative histograms of NKp44 expression in CD56™¢" and CD56%™ NK cells (LP-red,
brigh dim
PB-blue, and FMO-black). (C, D) Expression of NKp46 in CD56 ¢ tand CD56 NK cells
brigh
from LP (black bars) and PB (white bars). (E, F) Expression of NKp44 in CD56 . and

dim
CD56  NK cells from LP (black bars) and PB (white bars). Data presented as mean = SEM.
Data analysed using Wilcoxon matched pairs test. (n=18, * p<0.05, ** p<0.01).
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Not surprisingly NKp44 is low or absent on peripheral blood NK cells but the NKp44®
population is significantly increased in the hepatic CD56""" NK cell population (5.7+3.6%,
p=0.0029, Figure 3-6E) confirming the previously described activated phenotype of hepatic
NK cells (Moroso et al., 2010). The receptor is not differentially expressed on CD56%™ NK

cells from the liver or blood (Figure 3-6F).

3.2.6 Intracellular expression of cytotoxic molecules by NK cell subsets

To assess the cytotoxic potential of these hepatic NK cells, we examined expression of the
cytotoxic molecules perforin, granzyme B, granzyme A and granzyme K. Hepatic CD56""¢"
NK cells have lower expression of granzyme B (MFI 678+306) compared to blood CD56°"™
cells (MFI 2021+1258, p=0.0313, Figure 3-7B). However, it is unusual for CD56""" NK
cells in the peripheral blood to express granzyme B at rest. Due to the trauma suffered by
organ donors prior to organ and blood donation, it is possible that peripheral and liver NK
cells undergo activation in vivo (Sotosek Tokmadzic et al., 2012; Spitzer et al., 2017).
Alternatively, long term storage of blood samples (up to 12 hours) and transport and handling
may lead to the release of pro-inflammatory cytokines (Duffy et al., 2017) and activation of
NK cells ex vivo. Granzyme B expression was not seen in CD56”"" NK cells from fresh
healthy donors (Supplemental Figure 1). No significant difference was observed in the
expression of perforin or granzyme A between hepatic and peripheral blood CD56 *"9" NK
cells (Figure 3-7C-D). Granzyme K was significantly increased in hepatic CD56°"" NK
cells compared to peripheral blood counterparts (MFI 422.5£51.7 vs 225.8+23.1, p=0.0381,
Figure 3-7E). CD56"™ NK cells did not differ in their expression of granzyme A, granzyme

B, granzyme K or perforin (Figure 3-8B-E).
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Figure 3- 7 Intracellular expression of cytotoxic molecules by CD56°"%" natural killer cell

Mononuclear cells isolated from liver perfusate (LP) and matched peripheral blood (PB), were
stained with monoclonal antibodies. NK cells were identified from the CD45" lymphocyte
gate as CD56+CD3_. CD56brlght CD16-/+ and CD56dlm CD16+ subsets were then gated on. Non-
viable cells were excluded by FVS780 staining (A) Representative histograms of granzyme B,
granzyme A, granzyme K and perforin expression in CD56™¢" NK cells (LP-red, PB-blue,
and FMO-black). (B-D) MFI values of granzyme B (B), granzyme A (C), perforin (D), and
granzyme K (E) expression in CD56"™¢" NK cells from LP and PB. Data presented as mean +

SEM. Data analysed using Wilcoxon matched pairs test. (n=6, * p<0.05)

97



A 100 100 B c
Granzyme B Granzyme A
/ \su ] 10000 5000
50 8000 4000
6000 — 3000
e ™S
] s )
v » 4000 I
g g 7 2000 1000 —
‘S A 5 O forenerre ? T .
2 3 4 5
0 10 10 10 Q 2
B R 3 i 8 v R
Granzyme A
100 100
4 D perfori E
erforin Granzyme K
* . 10000 600
0 &0 8000
400
40 40 . 6000 o
§ § g‘tmm =
20 20 200
=" =|”
"5 0 “C_) 0 2000
T
\ﬂ 10’ 10 10° 10 \\us \Q 0 10 m] 10 QS 0 T y
° - ° L \» o8 N ®
Perforin Granzyme K
FMO === |P s PP e

Figure 3- 8 Intracellular expression of cytotoxic molecules by CD56%™ natural killer cell

Mononuclear cells isolated from liver perfusate (LP) and matched peripheral blood (PB), were
stained with monoclonal antibodies. NK cells were identified from the CD45" lymphocyte

gate as CD56+CD3-. CD56brlght CD16-/+ and CD56dlm CD16+ subsets were then gated on. Non-
viable cells were excluded by FVS780 staining (A) Representative histograms of granzyme B,
granzyme A, granzyme K and perforin expression in CD56"™ NK cells (LP-red, PB-blue, and
FMO-black). (B-D) MFI values of granzyme B (B), granzyme A (C), perforin (D), and
granzyme K (E) expression in CD56"™ NK cells from LP and PB. Data presented as mean +
SEM. Data analysed using Wilcoxon matched pairs test. (n=6, * p<0.05)
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3.2.9 Degranulation and IFN-y production of hepatic and peripheral blood NK cells
To examine cytotoxic function, NK cells were isolated by negative selection from donor

perfusate and healthy donor blood. Viability of hepatic and peripheral blood NK cells was
98.6+0.7% and 96.3+0.5% respectively. NK cells were identified as CD56" CD3
lymphocytes. Purity of hepatic NK cells was 95.9+0.7% and 93.2+1.2% for peripheral blood
NK cells. Hepatic and peripheral blood NK cells were incubated with MHC class | deficient
K562 target cells in the presence or absence of IL-2. Degranulation was assessed by the
expression of CD107a on the surface of NK cells (Alter et al., 2004). CD107a is found on the
internal membrane of the lysosome, during degranulation the contents of the lysosome are
excised and CD107a appears on the outer cell membrane. Hepatic NK cells display
significantly higher CD107a expression compared to peripheral blood NK cells from healthy
donors. This difference was most evident between CD56°"™ NK cells. In the absence of

cytokine stimulation hepatic CD56°""

NK cells display enhanced CD107a expression
compared to peripheral blood counterparts (28.6£2.5% vs 9.3+£1.3%, p=0.011, Figure 3-9B).
No significant difference was seen between hepatic and peripheral blood CD56%™ NK cells
(13.5+2.7% vs 11.9+1.5%, p=0.8, Figure 3-9C). With the addition of IL-2, expression of
CD107a increased in hepatic CD56™"™ NK cells (53.2+8.6%) and hepatic CD56%™ cells
(38.8+10.4%). These levels were not significantly different from peripheral blood subsets.
This is in contrast to the peripheral blood where CD56°"9" NK cells are primarily cytokine
producers and display low levels of cytotoxicity. CD56°"" hepatic NK cells produced
significantly less IFN-y in response to IL-2 alone (3.2+1.7% vs 25.2+7.5%, p=0.02, Figure 3-
9D) and in combination with target cells compared to peripheral blood CD56"¢" NK cells

(21.4+7.5% vs 58.2+6.7%, p=0.01, Figure 3-9D). No significant differences were noted in

IFN-y production between CD56%™ NK cells from liver or peripheral blood (Figure 3-9E).
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Figure 3- 9 Comparison of degranulation and IFN-y production between hepatic and
peripheral blood NK cells.

NK cells were isolated by negative selection by MACS from liver perfusate (LP) and healthy
donor buffy coats (PB). Purified NK cells were untreated or stimulated with IL-2 (50ng/ml)
for 18hrs. NK cells were then co-incubated with K562 cells (MHC Class I-deficient myeloid
leukaemia cell line) for 4 hours. CD107a antibody was added simultaneously. After 1 hour,
4ug/ml of Golgi-stop (containing monensin) was added. NK cells were identified from the

CD45" lymphocyte gate as CD56+CD3_. CD56brlght CD16-/+ and CD56dlm CD16+ subsets were
then gated on. Non-viable cells were excluded by FVS780 staining (A) Representative flow
plots of CD107a and IFN-y expression from LP and PB NK cell subsets (B) Degranulation of
CD56™" NK cells from liver perfusate (black bars) and peripheral blood (white bar) in
response to target cells, IL-2 and combination. (C) Degranulation of CD56“™ NK cells from
liver perfusate (black bars) and peripheral blood (white bar) in response to target cells, 1L-2
and combination. (D) Production of IFN-y by CD56brlght NK cells from liver perfusate (black
bars) and peripheral blood (white bar) in response to target cells, [L-2 or combination (E)
Production of IFN-y by CD56dlmNK cells from liver perfusate (black bars) and peripheral
blood (white bar) in response to target cells, IL-2 or combination. Data presented as mean =+
SEM. Data was analysed using Kruskal-Wallis test, with Dunn’s multiple comparison test (LP
n=7, PB n=5, *p<0.05).
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3.2.10 Expression of transcription factors Eomes and Tbet
The transcription factors Eomes and T-bet are essential for normal NK cell differentiation in

the bone marrow. A novel population of Eomes™ NK cells have been described in murine liver
and more recently in human liver in both healthy and malignant tissue (Daussy et al., 2014;
Marquardt et al., 2015). This Eomes™ NK cell population was not detectable in human liver
perfusate, liver biopsy or peripheral blood, although a unique population of Eomes" T-bet"
NK cells was identified in liver perfusate and liver biopsies from all donors. This population
accounts for nearly 50% of liver perfusate NK cells (47.2+3.4%), and 61.7+2.8% of biopsy
NK cells (Figure 3-10B). Less than 2% of peripheral blood NK cells express this phenotype
(1.8+0.6%, Figure 3-10B). The Eomes® Thet" population made up the remaining hepatic NK
cell numbers and most of peripheral blood NK cells (Figure 3-10C). The Eomes™ T-bet"
phenotype is almost exclusively confined to the CD56™" subset. In liver perfusate
89.5+1.8% of CD56"™ cells are Eomes™ T-bet'®, while only 7.5+1.5% of perfusate CD56%™
NK cells possesses this phenotype (Figure 3-11B&D). Similarly, 87.5+4% of biopsy
CD56"9" NK cells were Eomes™ Thet", with only 2.8+1% of CD56%™ NK cells sharing this
phenotype (Figure 3-11B&D). Small proportions of blood CD56°"9" and CD56"™ NK cells
were also Eomes™ T-bet'® (10.4+2.3% and 1.8+0.5% respectively, Figure 3-11B&D). The
majority of liver perfusate, biopsy and blood CD56%™ NK cells had an Eomes® Tbet™

phenotype (Figure 3-11C&E).
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Figure 3- 10 Expression of transcription factors Eomes and Thet in NK cells
Mononuclear cells isolated from liver perfusate (LP), liver biopsy (LB) and matched
peripheral bloods (PB) were stained with monoclonal antibodies. NK cells were identified

from the CD45" lymphocyte gate as CD56 CD3 . Non-viable cells were excluded by FVS780
staining (A) Representative plots of Eomes and Tbet expression from LP, LB and PB NK
cells. (B) The percentage of NK cells from LP (black bars), LB (grey bars) and PB (white
hi lo
bar) with an Eomes Tbet phenotype (C) The percentage of NK cells from LP (black bars),
hi o
LB (grey bars) and PB (white bar) with an Eomes Tbet phenotype. Data presented as mean
+ SEM. Data was analysed using Kruskal-Wallis test, with Dunn’s multiple comparison test
(LP & PB n=21, LB=5 ***p<0.001).
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Figure 3- 11 Expression of transcription factors Eomes and Thbet in NK cell subsets

Mononuclear cells isolated from liver perfusate (LP), liver biopsy (LB) and matched
peripheral bloods (PB) were stained with monoclonal antibodies. NK cells were identified

from the CD45" lymphocyte gate as CD56 CD3. CD56 " CD16  and CD56 " CDI16
subsets were then gated on. Non-viable cells were excluded by FVS780 staining (A)
Representative plots of Eomes and Tbet expression in liver perfusate (LP), liver biopsy (LB)
and peripheral blood (PB) NK cell subsets. (B) The percentage of CD56™E" NK cells from
LP (black bars), LB (grey bars) and PB (white bar) with an Eomeshl Tbe‘[10 phenotype (C) The
percentage of CD56™€" NK cells from LP (black bars), LB (grey bars) and PB (white bar)

lo hi .
with an Eomes Tbet phenotype (D) The percentage of CD56%™ NK cells from LP (black

hi o
bars), LB (grey bars) and PB (white bar) with an Eomes Tbet phenotype (E) The
percentage of CD56"™¢" NK cells from LP (black bars), LB (grey bars) and PB (white bar)

1 hi

with an Eomes  Tbet phenotype. Data presented as mean + SEM. Data was analysed using
Kruskal-Wallis test, with Dunn’s multiple comparison test (LP & PB n=21, LB=5, *p<0.05,
**p<0.01, ***p<0.001).
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3.2.11 Functional comparison of Eomesh Tbet'> and Eomes'° Tbet" NK cells
Due to the enhanced degranulation of the hepatic CD56°"9" NK cell population and the fact

that the hepatic CD56°"™ NK cell population is enriched for the Eomes™ T-bet phenotype,
we examined the response of Eomes™ T-bet'® and Eomes™ T-bet™ subsets to target cell and
cytokine stimulation. Hepatic NK cells were incubated with target cells, K562 cells, in the
presence or absence of IL-2. Data from Figure 3-9 was reanalysed to identify CD56°""
subsets based on Eomes and T-bet expression two subsets were examined: Eomes™ Thet'® and
Eomes' T-bet™. No difference was seen in CD107a expression between Eomes™ Thet" and
Eomes® T-bet" subsets from liver perfusate (26.7+3% vs 22.4+2.6%, p=0.08) regardless of
cytokine stimulation (53.7+4.7% vs 50.6+4.3%, p=0.8, Figure 3-12B). However, a
significantly lower proportion of Eomes™ T-bet® NK cells express IFN-y with cytokine
stimulation (0.66+0.6% vs 2.4+1.1%, p=0.01) and cytokine target cell combination

(13.86.7% vs 26.1+4.9%, p=0.02, Figure 3-12D).

3.2.12 Hepatic CD56""%" NK cells express markers of tissue residency
To assess whether these phenotypically distinct NK cells were indeed tissue resident, we

measured the expression of CXCR6 a chemokine receptor which recognises CXCL16, a
chemokine produced in large amounts by liver sinusoidal endothelial cells (Hudspeth et al.,
2015; Parker et al., 2013), CD69 a marker of tissue residency (Mackay et al., 2015), CD49a
and TRAIL (both markers associated with tissue resident murine NK cells (Daussy et al.,
2014; Gordon et al., 2012; Paust et al., 2011)). In contrast to the peripheral blood (3.1+2.0%),
the majority of hepatic CD56"™ NK cells express CXCR6 (LP 68.3+8.1%, LB 28.3+7.2%,
p=0.0002, Figure 3-13B). This phenotype is not reflected in the CD56%™ population which do
express low levels of CXCRG6 in the liver perfusate (1.2+0.3%), liver biopsy (1.5+0.7%) or
peripheral blood (0.13+0.1%, p=0.01, Figure 3-13C). CD69 was expressed on nearly all
CD56™"M" NK cells from liver perfusate (96.2+0.96%), liver biopsy (92.7+4.7%) but only a

small proportion of peripheral blood cells (20.2+12.1%, p=0.04, Figure 3-13D). CD69 is
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expressed by a small proportion of hepatic and peripheral blood CD56™ NK cells (LP

5.9+3.3%, LB 13.4+8.1%, PB 4.4+1.9%, p=0.73, Figure 3-13E).

CDA49a has previously been shown, in murine and humans, to be expressed on a population of
tissue resident NK cells (Daussy et al., 2014; Marquardt et al., 2015). CD56™"" CD49a
positive cells were only detectable in liver samples, with a higher proportion in liver biopsy
compared to liver perfusate (LP 0.57+£0.18%, LB 6.25+2.3%, PB 0%, p=0.1, Figure 3-14B).
However, this population did not share the Eomes  phenotype previously described.
Similarly, CD56%™ NK cells only expressed CD49a in liver samples but at lower levels than
CD56"1" hepatic NK cells (LP 0.1+0.1%, LB 2.9+1.3%, PB 0.03+0.03, p=0.19, Figure 3-

14C).

TRAIL expression has been shown in tissue resident NK cells in patients with HBV and
murine hepatic NK cells (Gordon et al., 2012; Peppa et al., 2013; Stegmann et al., 2016).
However, TRAIL does not appear to be highly expressed in healthy liver, at levels similar to
peripheral blood. CD56™™ NK cells from liver perfusate (3.8+0.9%), liver biopsy
(4.3£1.3%), and peripheral blood (3.9+1.3%) showed no significant differences in TRAIL
expression (p=0.93, Figure 3-14D). TRAIL was expressed at similar levels in CD56%™ NK
cells from liver perfusate (5.1+2.4%), liver biopsy (4.1+0.9%) and peripheral blood

(2.0+0.8%, p=0.32, Figure 3-14E).
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Figure 3- 12 Comparison of degranulation and IFN-y production between hepatic NK
cell subsets.

NK cells were isolated by negative selection by MACS from liver perfusate Purified NK cells
were untreated or stimulated with IL-2 (50 ng/ml) for 18hrs. NK cells were then co-incubated
with K562 cells (MHC Class I-deficient myeloid leukaemia cell line) for 4 hours. CD107a
antibody was added simultaneously. After 1 hour, 4pg/ml of Golgi-stop (containing
monensin) was added. NK cells were identified from the CD45" lymphocyte gate as
CD56bnghtCD3-. Eomes™ Tbet" and Eomes"® Tbet" subsets were identified as before. Non-
viable cells were excluded by FVS780 staining (A) Representative dot plots of CD107a and
IFN-y expression from Eomes™ Tbet' and Eomes'® Tbet™ NK cell subsets (B) Degranulation
of Eomes™ Tbet" (white bar) and Eomes™ Tbet™ (black bars) NK cells from liver perfusate in
response to target cells, IL-2 and combination. (C) Production of IFN-y by Eomes™ Tbet"
(white bar) and Eomes'® Tbet™ (black bars) NK cells from liver perfusate in response to target
cells, IL-2 and combination Data presented as mean + SEM. Data was analysed using
Friedman test, with Dunn’s multiple comparison test (n=7, *p<0.05).
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Figure 3- 13 Expression of tissue residency markers CXCR6 and CD69 on natural killer
cell subsets

Mononuclear cells isolated from liver perfusate (LP), liver biopsy (LB) and matched
peripheral bloods (PB) were stained with monoclonal antibodies. NK cells were identified

from the CD45" lymphocyte gate as CD56+CD3-. CD56brlght CD16-/+ and CD56dlm CD16Jr
subsets were then gated on. Non-viable cells were excluded by FVS780 staining (A)
Representative histograms of CXCR6 and CD69 expression in LP (solid red line), LB (dashed
red line) and PB (blue line) NK cell subsets (FMO black) (B) Percentage of CXCR6 positive
CD56™€" NK cells in LP (black bar), LB (grey bar) and PB (white bar) (C) Percentage of
CXCR6 positive CD56"™ NK cells in LP (black bar), LB (grey bar) and PB (white bar) (D)
Percentage of CD69 positive CD56"€" NK cells in LP (black bar), LB (grey bar) and PB
(white bar) (E) Percentage of CD69 positive CD56"™ NK cells in LP (black bar), LB (grey
bar) and PB (white bar). Data presented as mean + SEM. Data was analysed using Kruskal-
Wallis test, with Dunn’s multiple comparison test (LP & PB n=8, LB=5 p*<0.05, p**<0.01,
**%p<0.001).

107



1 100
» 10 10
: T
80 MR S8
z X
60 £ 6 EZ 6
I : 3
©
40 l\ § 4 e B4
> \ o 5 B
M e 2 o 2
204 . 3 o
E \ ES 0 o A
u— — 0 T LP LB PB LP LB PB
o 10 R TR TAR '
) >
N i
100 100
A » 10 Y 10
80| 80 - =
60 ) 60 = %
s 6 T E 6
/ 5
x 10 ! .1 40 Q0 4. ‘:o
© g/t 8 8¢
e (8] o
E o\ 1 \ 0 \ w5 2 s 2 |j__|
S o ®
"s 0 bt : . : L - : - ; 0 LP |5 ma 0 .
° 0 10’ w0 ot ae® 0 10° 10° 10! g LP LB PB
S~
TRAIL FMO === [P =——— [B - — - PB ==

Figure 3- 14 Expression of tissue residency markers CD49a and TRAIL on natural killer
cell subsets

Mononuclear cells isolated from liver perfusate (LP), liver biopsy (LB) and matched
peripheral bloods (PB) were stained with monoclonal antibodies. NK cells were identified

from the CD45" lymphocyte gate as CD56+CD3-. CD56brlght CD16_/+ and CD56dlm CD16+
subsets were then gated on. Non-viable cells were excluded by FVS780 staining (A)
Representative histograms of CD49a and TRAIL expression in LP (solid red line), LB (dashed
red line) and PB (blue line) NK cell subsets (FMO black) (B) Percentage of CD49a positive
CD56™" NK cells in LP (black bar), LB (grey bar) and PB (white bar) (C) Percentage of
CD49a positive CD56“™ NK cells in LP (black bar), LB (grey bar) and PB (white bar) (D)
Percentage of TRAIL positive CD56™¢" NK cells in LP (black bar), LB (grey bar) and PB
(white bar) (E) Percentage of TRAIL positive CD56™ NK cells in LP (black bar), LB (grey
bar) and PB (white bar). Data presented as mean + SEM. Data was analysed using Kruskal-
Wallis test, with Dunn’s multiple comparison test (LP & PB n=8, LB=5).
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3.2.13 Characteristic Eomes™ Thet'® hepatic phenotype is lost in culture
In order to determine whether the phenotype of hepatic NK cells is permanently altered by

residing within the liver microenvironment , NK cells were isolated from liver perfusate and
cultured in RPMI supplemented with human AB serum, to more closely replicate the
peripheral blood microenvironment. It was necessary to supplement this culture with IL-15
(5ng/ml) in order to maintain NK cell viability and expression of CD56 (Carson et al., 1997;
Dunne et al., 2001). NK cells were cultured for 7 days with the culture media replaced every

2-3 days.

CD56""" hepatic NK cells have a unique pattern of expression of these transcription factors,
characterised by reduced expression of Tbet. In culture this phenotype is reversed, with Thet
increasing significantly between day O (MFI 461.5+255.5) and day 7 (MFI 1214572,
p=0.042, Figure 3-15C). At the same time Eomes expression increased slightly between day
0 and 7 (p=0.3, Figure 3-15E). In CD56%“™ hepatic NK cells, Thet remained stable throughout
the experiment with the MFI ranging between 2007 MFI at day 0 and 1550 MFI at day 7
(p=0.69, Figure 3-15D). Eomes expression also increased between day 0 (MFI 1463+516)

and day 7 (MFI 3364+1807, Figure 3-15F).

CXCR6 expression differentiated hepatic CD56"" NK cells from their peripheral blood
counterparts and CD56%™ hepatic cells. In culture, CXCR6 expression did not significantly
differ between day 0 (71.8+10.2%) and day 7 (40.3+10.4%, p=0.052, Figure 3-16B). CXCR6
expression in CD56%™ hepatic NK cells increases marginally at the same, probably due to

overlap of the two populations (Day 0 2.5+£1.3%, day 7 6.6+2.4%, p=0.3, Figure 3-16C).
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Figure 3- 15 Eomes™ Thet' phenotype is lost in culture

NK cells isolated from liver perfusate (LP) were cultured for 7 days. Cells were then stained
bright -+
with monoclonal antibodies to assess transcription factor expression. CD56 D16 and

CD56dlm CD16+ subsets were gated. Non-viable cells were excluded by FVS780 staining (A)
Representative histograms of Tbet expression from cells at day 0 (black line), day 3 (blue
line), day 5 (orange line), and day 7 (red line) (B) Representative histograms of Eomes
expression from cells at day 0 (black line),day 3 (blue line), day 5 (orange line), and day 7
(red line) (C) Mean fluorescence intensity (MFI) of Tbet CD56"¢™ NK cells from LP at day
0, 3, 5, and 7. (D) Mean fluorescence intensity (MFI) of Tbet CD56%™ NK cells from LP at
day 0, 3, 5, and 7. (E) Mean fluorescence intensity (MFI) of Eomes CD56""¢"NK cells from
LP at day 0, 3, 5, and 7. (F) Mean fluorescence intensity (MFI) of Eomes CD56%™ NK cells
from LP at day 0, 3, 5, and 7. Data presented as mean + SEM. Data was analysed using
Friedman test, with Dunn’s multiple comparison test (n=3, *p <0.05)
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Figure 3- 16 CXCRG6 expression is maintained in culture

NK cells isolated from liver perfusate (LP) were cultured for 7 days. Cells were then stained
h - dim
* D16 and CD56

CD16+ subsets were then gated on. Non-viable cells were excluded by FVS780 staining (A)
Representative histograms of CXCR6 expression from cells at day 0 (black line), day 3 (blue
line), day 5 (orange line), and day 7 (red line) (B) Percentage of CXCR6 positive CD56"en
NK cells from LP at day 0, 3, 5, and 7. (C) Percentage of CXCR6 positive CD56%™ NK cells
from LP at day 0, 3, 5, and 7. Data presented as mean = SEM. Data was analysed using
Friedman test, with Dunn’s multiple comparison test (n=3).

bri
with monoclonal antibodies to assess CXCR6 expression. CD56
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3.2.14 Liver conditioned media is capable of maintaining Eomes™ Thet'® phenotype in
hepatic NK cells
Hepatic NK cells were isolated from liver perfusate by negative selection and cultured in

RPMI supplemented with 10% human AB serum and IL-15 (5ng/ml) for 7 days (n=3). Liver
conditioned media (LCM) was prepared using donor liver biopsies. Briefly, small tissue
samples (~5mm?®) were placed into 500pl X-VIVO media for 72 hours, whereupon
supernatants were collected. LCM added at 5 or 10% v/v. The media was replenished every 2-

3 days.

Hepatic CD56°"9" NK cells have a unique pattern of Eomes and Thet expression, which is
lost in long term culture. In order to determine the effect of the liver microenvironment on
these transcription factors, we assessed Eomes and Tbet expression after culture
supplemented with liver conditioned media (n=3). Thet expression increases gradually in
cultured CD56™" NK cells. LCM significantly reduced the expression of Thet in a dose
dependent manner, to a level similar to that seen at day 0. At day 7, the MFI of Tbet in
untreated CD56™"9"™ NK cells was 724.3+170.4 MFI, rising from 323.7+34.3 MFI at day O.
This was reduced to 391.0+29.8 MFI with 5% LCM and further reduced to 261.7+11.9 with
10% LCM (p=0.017, Figure 3-17C). Similarly, Eomes expression increased in CD56""9" NK
cells in culture. This was significantly reduced by treatment with LCM in a dose dependent
manner. By day 7, Eomes MFI in untreated NK cells had risen to 3149+389.9 from
1343+204.4 MFI at day 0. Treatment with 5% LCM reduced the MFI to 1774+630.6, with a

further reduction to 983.3+243.1 MFI with 10% LCM (p=0.0278, Figure 3-17E).

Hepatic CD56%™ NK cells behave in a similar manner when treated with LCM although the
effect is not as significant as in CD56™™ NK cells. Thet expression is reduced in a dose
dependent manner (untreated MFI 789.7+171.8, 5% LCM MFI 720.7£19.7, 10% LCM MFI

553.2+7.8, p=0.18, Figure 3-17D). A dose dependent decrease in Eomes expression was also
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seen, returning the MFI of Eomes to levels seen at day O (untreated MFI 2323+4336, 5%

LCM MFI 1157£164.9, 10% LCM MFI 736+118, p=0.0331, Figure 3-17F).

CXCRS is differentially expressed by hepatic CD56""" NK cells. In long term culture, this
receptor is lost from many of these cells. We analysed the expression of CXCR6 on hepatic
NK cells cultured with liver conditioned media (n=3). Treatment with LCM restored some
expression of CXCR6 in hepatic CD56°"9" NK cells. At day 7, CXCR6 was expressed on
45.5+6.4% of CD56°"™ NK cells. This level increased to 58.0+15.5% and 65.3+10.8% with
5% and 10% LCM respectively (p=0.21, Figure 3-18C). No significant change was seen in
CD56"™ NK cells (untreated 6.6+ 2.4%, 5% LCM 3.6+2.1%, 10% LCM 4.1+2.6, p=0.72,
Figure 3-18D).

3.2.15 Liver conditioned media suppresses IFN-y in peripheral blood NK cells

NK cells were isolated from peripheral blood by negative MACS selection (n=5). NK cells
were incubated overnight in the presence of IL-2 (50ng/ml). In addition, 5% liver conditioned
media was added to half of the wells. The following morning K562 target cells were added to
the respective wells, while a CD107a antibody was simultaneously added. After 1 hour,
GolgiStop was added to each well and incubated for a further 3 hrs. After 4 hours, cells were
stained for IFN-y production. No significant difference was observed in the expression of
CD107a in either CD56"" (43.3+6.1% vs 34.9+9.9%, p=0.62) or CD56%™ (36.0+10.5% Vs
23.4+7.4%, p=0.25) populations after treatment with LCM (Figure 3-19B&D). Interestingly,
production of IFN-y was significantly reduced in CD56"" (47.6+0.9% vs 10.9+4.9%,
p=0.01, Figure 3-19C) and CD56%™ NK cells treated with LCM (25.7+1% vs 4.7+1.4%,

p=0.005, Figure 3-19E).
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Figure 3- 17 Liver conditioned media regulates Eomes and Thbet expression

NK cells isolated from liver perfusate (LP) were cultured for 7 days, supplemented with 5 or
10% v/v liver conditioned media (LCM). Cells were then stained with monoclonal antibodies

to assess transcription factor expression. CD56brlght CD16-/+ and CD56Cllm CD16+ subsets were
then gated on. Non-viable cells were excluded by FVS780 staining (A) Representative
histograms of Tbet expression from cells at day 0 (black line), day 7 untreated (blue line), day
7 5% LCM (orange line), and day 7 10% LCM (red line) (B) Representative histograms of
Eomes expression from cells at day 0 (black line), day 7 untreated (blue line), day 7 5% LCM
(orange line), and day 7 10% LCM (red line) (C) Mean fluorescence intensity (MFI) of Tbet
CD56™" NK cells from LP at day 0 & 7 with LCM treatments. (D) Mean fluorescence
intensity (MFI) of Tbet CD56%™ NK cells from LP at day 0 & 7 with LCM treatments. (E)
Mean fluorescence intensity (MFI) of Eomes CD56™#" NK cells from LP at day 0 & 7 with
LCM treatments. (F) Mean fluorescence intensity (MFI) of Eomes CD56%™ NK cells from LP
at day 0 & 7 with LCM treatments. Data presented as mean = SEM. Data was analysed using
Friedman test, with Dunn’s multiple comparison test (n=5, *p <0.05)
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Figure 3- 18 CXCRG6 expression is unchanged by liver conditioned media treatment

NK cells isolated from liver perfusate (LP) were cultured for 7 days supplemented with 5 or
10% v/v liver conditioned media (LCM). Cells were then stained with monoclonal antibodies

to assess CXCR6 expression. CD56brlght CD16-/+ and CD56Cllm CD16Jr subsets were then gated
on. Non-viable cells were excluded by FVS780 staining (A) Representative histograms of
CXCR6 expression from cells at day 0 (black line), day 7 untreated (blue line), day 7 5%
LCM (orange line), and day 7 10% LCM (red line) (B) Percentage of CXCR6 positive
CD56™¢" NK cells from LP at day 0 & 7 with LCM treatments. (C) Percentage of CXCR6
positive CD56%™ NK cells from LP at day 0 & 7 with LCM treatments. Data presented as
mean +£ SEM. Data was analysed using Friedman test, with Dunn’s multiple comparison test
(n=5).
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Figure 3- 19 Liver conditioned media inhibits IFN-y in peripheral blood NK cells

NK cells isolated from peripheral blood (PB) were cultured for 24 hours supplemented with
10% v/v liver conditioned media (LCM). NK cells were then stimulated with IL-2 and K562
target cells. (A) Representative FACS plots of CD56”"" and CD56%™ NK cells treated with
10% LCM or untreated. (B) Percentage of CD56™"™ NK cells positive for CD107a (C)
Percentage of CD56°"9" NK cells positive IFN-y (C) in response to IL-2 and K562 target cell
stimulation with/without 5% LCM. (D) Percentage of CD56"™ NK cells positive for CD107a
(E) Percentage of CD56%™ NK cells positive for IFN-y in response to IL-2 and K562 target
cell stimulation with/without 5% LCM. Data are presented as mean + SEM. Data was
analysed using Wilcoxon matched pairs test. (n=5, *p <0.05; **p <0.01)
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3.2.16 Liver conditioned media regulates Eomes and Thet expression in peripheral blood
NK cells
In order to determine if the liver microenvironment could convert peripheral blood NK cells

to a liver-like phenotype, NK cells were isolated from healthy donor buffy coats and cultured
for 7 days in the presence or absence of liver conditioned media. In culture untreated NK cells
increase their expression of Eomes. Treatment with liver conditioned media reduces the
expression of Eomes to basal level in both CD56™"" and CD56%™ NK cells. In contrast to
hepatic NK cells, blood CD56""™ NK cells do not significantly increase their expression of
Thet in culture (Day 0 954.7£47.5 MFI, Day 7 973.5+88.5 MFI). However, treatment with
LCM induces reduced Thet expression after 7 days of treatment, substantially lower than
basal expression (Day 0 954.7+47.5 MFI, Day 7 5% LCM 443+91.2, 10% LCM 395.3+25.2
MFI, p=0.033, Figure 3-20C). At day 0 the MFI of Eomes was 1514+237.1 for CD56""™
cells, by day 7 the MFI had increased to 2371+267. This was reduced by addition of LCM to
11774209 MFI (5% LCM) and 927.7+34.2 MFI (10% LCM, Figure 3-20E). CD56%™ NK
cells also undergo a significant decrease in Thet expression after LCM treatment (day O
1198+72.8 MFI, Day 7 untreated 1012+99.1 MFI, 5% LCM 418+83.5 MFI, 10% LCM

464.7+21.5 MFI, p=0.017, Figure 3-20D).

At day 0 the MFI of Eomes was 1500+420.5 for CD56“™ NK cells. At day 7 the MFI had
increased to 2155+163.5, this was reduced to basal levels with the addition of LCM (5% LCM
1040+199.5 MFI, 10% LCM 859.9+41 MFI, Figure 3-20F). Peripheral blood NK cells do not
basally express CXCRG6 and the receptor was not detected at any point during the experiment.
LCM is able to alter the expression of Tbet, mimicking a liver-resident phenotype in
peripheral blood NK cells. However, it is not sufficient to induce expression of CXCRS,
indicating a second signal is necessary for conversion of blood NK cells to liver resident

phenotype.
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Figure 3- 20 Liver conditioned media regulates Tbet expression in peripheral blood NK
cells

NK cells isolated from peripheral blood (PB) were cultured for 7 days, supplemented with 5
or 10% v/v liver conditioned media (LCM). Cells were then stained with monoclonal

antibodies to assess transcription factor expression. CD56brlght CD16_/+ and CD56dlm CD16+
subsets were then gated on. Non-viable cells were excluded by FVS780 staining (A)
Representative histograms of Tbet expression from cells at day 0 (black line), day 7 untreated
(blue line), day 7 5% LCM (orange line), and day 7 10% LCM (red line) (B) Representative
histograms of Eomes expression from cells at day 0 (black line), day 7 untreated (blue line),
day 7 5% LCM (orange line), and day 7 10% LCM (red line) (C) Mean fluorescence intensity
(MFI) of Tbet CD56™€" NK cells from PB at day 0 & 7 with LCM treatments. (D) Mean
fluorescence intensity (MFI) of Tbet CD56“™ NK cells from PB at day 0 & 7 with LCM
treatments. (E) Mean fluorescence intensity (MFI) of Eomes CD56™¢" NK cells from PB at
day 0 & 7 with LCM treatments. (F) Mean fluorescence intensity (MFI) of Eomes CD56%™
NK cells from PB at day 0 & 7 with LCM treatments. Data presented as mean + SEM. Data

was analysed using Friedman test, with Dunn’s multiple comparison test. (n=3, *p <0.05)
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3.2.17 The liver microenvironment is rich in immunomodulating cytokines IL-10 and
TGF-B
We next attempted to identify the factor present in liver conditioned media (LCM) responsible

for maintaining this liver resident phenotype. IL-10 and TFG- are two immunosuppressive
cytokines which can suppress IFN-y production in NK cells and T cells (Groux et al., 1998;
Knolle et al., 1998; Viel et al., 2016). Our lab group has previously reported the presence of
several NK related cytokines including the essential IL-15, activatory IL-12 and IL-18, in
addition to IL-10 and TGF-f in healthy tissue (Kelly et al., 2006). Here, we have measured
the levels of secreted IL-15, IL-10 and TGF-B in liver conditioned media. IL-15 has
previously been shown to be essential for NK survival and maintaining phenotype (Liu et al.,
2000). 1L-15 was detected in all LCM tested at an average concentration of 335.3+74.0pg/ml.
TGF-B and IL-10 were also detected in all samples at concentrations of 270.3+63.1pg/ml and

124.3+22.3pg/ml respectively (Figure 3-21).

3.2.18 TGF-B but not IL-10 is capable of maintaining hepatic Eomes™ Tbet" phenotype
Next we assessed the effect of IL-10 and TGF-B on the phenotype on hepatic NK cells in

culture. CD56™" Eomes™ Tbet® NK cells were isolated by FACS sorting. They were
cultured in RPMI supplemented with 10% human AB serum and IL-15 (5ng/ml) for 7 days
with or without LCM (10% v/v), 1L-10 (10ng/ml) or TGF-B (5ng/ml). Media was replenished
ever 2-3 days. As before Thet and Eomes expression increased during culture. LCM
significantly reduced the expression of Thet as previously described (Figure 3-22B).
Similarly, TGF-§ significantly reduced the expression of Thet compared to untreated cells
(untreated MFI 760.5+46.9, LCM 381.1+ 78.2, TGF-p 385.2+79.8, p=0.0014, Figure 3-22B).

IL-10 had no effect on Thet expression (MFI 792.4+56.4).

119



) Y
X N

Figure 3- 21 The liver microenvironment contains cytokines IL-15, TGF-g and IL-10

Liver conditioned media (LCM) was generated from healthy donor liver biopsies. Tissue was
cultured for 72hrs in X-VIVO media. Supernatants were then aspirated and used for analysis.
ELISA was performed for the cytokines IL-15, TGF-f and IL-10 on matched LCM samples.
(A) Concentration of cytokines IL-15, TGF-f and IL-10 from matched LCM samples. Data
presented as mean + SEM. (n=10)
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Figure 3- 22 TGF-B is capable of regulating Tbet expression in hepatic NK cells

CD56™€" Eomes™ Tbet'® NK cells isolated from liver perfusate (LP) were cultured for 7 days,
supplemented with 10% v/v liver conditioned media (LCM), IL-10 (10ng/ml) or TGF-$3

(5ng/ml). Cells were then stained with monoclonal antibodies to assess transcription factor
expression. Non-viable cells were excluded by FVS780 staining (A) Representative
histograms of Tbet expression from cells at day 0 (black line), day 7 untreated (blue line), day
7 5% LCM (orange line), day 7 IL-10 (red line), and day 7 TGF-B (green line) (B)
Representative histograms of Eomes expression from cells at day 0 (black line), day 7
untreated (blue line), day 7 5% LCM (orange line), day 7 IL-10 (red line), and day 7 TGF-f3
(green line) (C) Mean fluorescence intensity (MFI) of Tbet CD56"€" NK cells from LP at
day 7 with LCM, IL-10 or TGF-B treatments. (D) Mean fluorescence intensity (MFI) of
Eomes CD56™" NK cells from LP at day 7 with LCM, IL-10 or TGE-p treatments. Data
presented as mean + SEM. Data was analysed using Friedman test, with Dunn’s multiple
comparison test. (n=5, *p <0.05, **p<0.01)
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TGF-B reduced Eomes expression to a similar level, however this was not significant (MFI
1288+48.5, p=0.065). I1L-10 induced a small increase in Eomes expression (untreated MFI
1740+196.9, IL-10 MFI 1873+ 228.4, Figure 3-22D). Eomes expression was significantly
reduced by LCM as before (MFI 1187+42.6, Figure 3-22D). In order to formally establish
TGF-B as the factor responsible for inducing the liver-resident phenotype (Eomes™ Thet')
further experiments will be required to block or deplete TFG-B signalling in conditioned

media cultures.
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3.3 Discussion
The study of human liver immunology has proven difficult, due in part to the availability of

healthy human tissue for study. We have attempted to address this issue by using liver
perfusate (a waste product of liver transplantation) and small biopsies from donor organs.
While these materials are a step in the right direction there are caveats to their use that must
be considered. Organs are obtained from brain stem dead patients, often after suffering
significant head trauma, therefore donors cannot be considered truly ‘“healthy”. Once the
organ retrieval process begins organs are exposed to both warm and cold ischaemia (loss of
blood supply), transport in preservative solutions and the perfusion process, all of which can
contribute to sterile inflammation and tissue damage (Chen and Nufiez, 2010; Zhai et al.,
2013). Finally, enzymatic and mechanical digestion of biopsy material can effect NK cell
phenotype (Curry et al., 2000). We have characterised the diverse NK repertoire of healthy
human liver and have identified a novel subpopulation of liver resident NK cells with unique
phenotypic features, effector function and transcriptional regulation. As previously described,
we have shown that the liver is enriched with NK cells, accounting for more than half of
hepatic lymphocytes. Over 40% of these were CD56™9" NK cells. Hepatic NK cells have
increased expression of activating receptors, such as NKG2D, NKp44 and NKp46, which
recognise stress induced ligands and viral and tumour associated antigens. In line with this
activated phenotype and increased cytotoxic molecule expression, hepatic NK cells display
increased degranulation in response to target cell stimulation. Interestingly, the CD56""™
subset which is significantly enriched in hepatic NK cells and is normally considered poorly
cytotoxic, displayed the highest level of CD107a expression. While we have found that
granzyme B expression is reduced in hepatic CD56°"9" NK cells, expression of granzyme A
and perforin were similar to peripheral blood CD56°"9" NK cells. Hepatic CD56""™ NK cells
expressed significantly more granzyme K in addition, which has previously been

demonstrated (Moroso et al., 2010).
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In contrast to the peripheral blood, hepatic CD56”"" NK cells display enhanced
degranulation and significantly reduced IFN-y production. Expression of IFN-y is similar in
CD56"1" and CD56%™ hepatic NK cells. This differs markedly from the prominent difference
in IFN-y production by peripheral blood CD56°"" and CD56%™ subsets. However, these
results represent NK cells activated through target cell recognition with cytokine stimulation,
hepatic NK cells may become activated through other pathways and produce pro-

inflammatory cytokines.

Differentiation of precursor to mature NK cell requires the transcription factors Eomes and
T-bet, which regulate acquisition of cytolytic function and IFN-y production respectively
(Daussy et al., 2014; Gordon et al., 2012; Montaldo et al., 2014). Murine studies have
identified a liver resident NK cell population with altered transcription factor usage (Eomes
T-bet™) (Daussy et al., 2014; Gordon et al., 2012). In human liver, these cells have been
described as poorly cytotoxic CD56”"9™ NK cells which are capable of enhanced pro-
inflammatory cytokine production (Marquardt et al., 2015). While these cells appear to be
liver resident, they account for only a small proportion of hepatic NK cells and are absent
entirely from the majority of liver samples. No distinct Eomes™ T-bet” populations were
detectable in liver perfusate or liver biopsies in this study. However, we detected a small
population of CD49a" NK cells in liver tissue alone. Interestingly, some innate immune
populations appear resistant to perfusion (Kupffer cells, yd T cells, iNKT cells, Fahey et al.
unpublished, Figure 1-1). These populations may resist perfusion through adhesion to liver
sinusoidal endothelium. Tissue processing procedures differed between previously published
work and this study. Marquardt and colleagues made use of grafts unsuitable for
transplantation and uninvolved tissue from liver resections from cancer patients. Due to the
size of these tissues they required significant enzymatic and mechanical manipulation (up to
one hour of tissue dissociation). In the current study, we have limited the tissue dissociation

procedure to a maximum of 20 minutes to minimise the effect of manipulation artefacts.
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Furthermore, analysis of cirrhotic livers has shown a distinct change in NK cell populations, a
loss of Eomes™ Thet" NK cells and the expansion of CD49a" cells (Lunemann et al., 2017;
Martrus et al., 2017). This difference was attributed to the anti-fibrotic function of CD49a"
NK cells but equally may be due to the loss of tissue resident NK cells during chronic
inflammation. We, and others, have identified a significant population of Eomes™ T-bet® NK
cells which are largely absent from the peripheral blood (Harmon et al., 2016; Stegmann et
al., 2016; Aw Yeang et al., 2017). The majority of this population is made up of CD56"""
NK cells, with a small percentage of CD56%™ cells. These cells display enhanced
degranulation and significantly reduced IFN-y expression in response to cytokines (IL-2, IL-
12/15) (Harmon et al., 2016; Stegmann et al., 2016). In addition, these cells express the
chemokine receptor CXCR6, which recognises CXCL16 produced by liver sinusoidal
endothelium (Hudspeth et al., 2015; Parker et al., 2013; Paust et al., 2011). In combination
with CCR5, these receptors act to retain NK cells within the hepatic sinusoids (Hudspeth et

al., 2015). These hepatic NK cells also expressed CD69, a marker of tissue residency.

The functional or phenotypic implications of increased expression of Eomes by hepatic
CD56"9" NK cells are unclear. The origin of Eomes™ T-bet'® NK cells also remains to be
established. We hypothesize that some hepatic NK cells differentiate locally from lymphoid
progenitors, which have been previously described in the adult human liver (Crosbie et al.,
1999; Golden-Mason et al., 2000; Shi et al., 2013). We have analysed the complex cytokine
milieu present in healthy liver tissue. In these studies, we identified cytokines essential for
progenitor differentiation and NK cell activation including IL-15, IL-12, I1L-18 and IL-2
(Golden-Mason et al., 2001; Kelly et al., 2006, 2004). This local microenvironment may also
induce liver specific phenotypical and functional changes in bone marrow derived NK cells
which traffic to the liver. However, others have shown that in transplant recipients, donor NK
cells are retained for many years, but NK cell progenitors of donor origin are not detectable

(Cuff et al., 2016; Shi et al., 2013). Whether these represent long lived or “memory-like” cells
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remains to be determined. They may also develop from single progenitor clones which are

difficult to detect using current methods.

In this study, we have shown that the liver microenvironment is essential for maintaining the
unique Eomes™ Thet phenotype of liver resident NK cells. In culture, this phenotype is lost
over time but can be maintained by supplementing cultures with liver tissue derived factors.
We believe TGF-B is the main regulator of these transcription factors. Furthermore, Thet
expression in peripheral blood NK cells can be modulated by treatment with liver conditioned
media. However, this treatment cannot induce the expression of CXCR®6; therefore a second
signal is required in order to acquire expression of this receptor. Hydes and colleagues have
shown that CXCR6 and CD49a can be upregulated in cytokine activated peripheral blood NK
cells (Hydes et al., 2018). This indicates that NK cells may migrate to the liver after activation
and are retained through CXCR6 and CCR5 expression (Hudspeth et al., 2015); they then
alter their transcription factor usage in a TGF-B rich liver microenvironment. However,
humanised mice develop CD49a™ CXCR6" hepatic NK cells in the absence of any exogenous
stimulation (Aw Yeang et al., 2017). Our lab has further investigated this, and found that
tissue resident NK cells develop poorly in humanised mice and only represent a small fraction
of hepatic immune cells (Appendix Figure 2). Hepatic progenitors may give rise to a
proportion of tissue resident NK cells (Appendix Figure 3). It seems likely that peripheral
NK cells, activated through cytokine release, traffic to the liver, are retained in the sinusoids

and differentiate into tissue resident cells.

The liver is a naturally tolerogenic environment, which maintains unique anti-inflammatory
status even in the presence of immune activating dietary antigens and bacterial components.
In this context, Eomes™ T-bet'® NK cells may provide a potent cytotoxic cellular response

while minimising wider tissue inflammation through reduced pro-inflammatory cytokine
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production. This would allow for a response to intracellular infection and malignant

transformation while maintaining the overall tolerogenic environment in the liver.

The proportion and subset heterogeneity of hepatic NK cells varies greatly between
individuals; while the clinical significance of this variation is largely unknown it is clear that
differences in hepatic NK cell populations can influence an individual’s response to liver
diseases including malignancy, viral infection, autoimmunity, and transplantation. While
increased intra-tumoural accumulation of NK cells in hepatocellular carcinoma correlates
with increased survival (Cai et al., 2008; Jinushi et al., 2005), increased proportion of NK
cells in the liver of patients with hepatic colorectal cancer metastasis can have a negative or
positive impact on patient mortality (Donadon et al., 2017; Pugh et al., 2014). However, it
was unclear from these studies whether distinct NK cell subsets were of benefit or the overall
number of NK cells was of prognostic value. We know from a number of cancer types that the

type of NK cell infiltrate is an important indicator of disease outcome (Stabile et al., 2017).

Chronic HCV infection is a leading cause of liver disease; however, the clinical and
histological severity of HCV varies widely. The proportion of intrahepatic CD56™™ NK cells
has been demonstrated to strongly correlate with preserved graft function post-transplant in
HCV recipients (Doyle et al., 2015). However, several studies have shown dysregulation of
NK cells can contribute to viral replication and more severe tissue damage (Golden-Mason et
al., 2008; Lunemann et al., 2014; Pembroke et al., 2014). There is also emerging data
suggesting NK cells also have immunoregulatory roles in the liver, maintaining tissue
homeostasis (Gao, Radaeva and Park, 2009; Radaeva et al., 2006; Robinson, Harmon and
O’Farrelly, 2016) and minimising immune activation during viral infection (Huber et al.,
2014; Peppa et al., 2013; Waggoner et al., 2012). It has been proposed that these regulatory
roles may extend to transplantation tolerance, where NK cell numbers and related transcripts

have been proposed as markers of operational tolerance (Garcia de la Garza et al., 2015;
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Harmon et al., 2016; Martinez-llordella et al., 2008). Inter-individual variation in levels of
specific hepatic NK populations may help explain the spectrum in susceptibility to these
pathologies and in some cases enhanced protection. The ability of hepatic NK cells to both
regulate and drive liver disease highlights the importance of understanding tissue-resident
immune cell populations and the need for further analysis of the impact of this important liver

immune cell population.
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Chapter 4:

The role of natural Killer cells in colorectal liver metastasis
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4.1 Introduction
Colorectal cancer is the third most common cancer worldwide, with approximately 1.3

million new cases per year (Ferlay et al., 2015). Up to 50% of CRC patients will go on to
develop a metastatic tumour in the liver (CRLM) or other distant organ. If left untreated, the
average survival is between 5-20 months (Arnaud et al., 1984; Simmonds, 2000). The only
curative treatment is surgical removal of the tumour, usually in combination with
chemotherapy or monoclonal antibody therapy (anti-VEGF) (Misiakos, 2011). However
surgical resection is only possible in around 30% of patients with CRLM (De Greef et al.,
2016). Up to 70% of resected patients will develop a recurrent liver tumour or metastasis of
another organ (Tomlinson et al., 2007). Five year survival in resected patients can reach 40%
with chemotherapy and a second resection procedure (Nathan et al., 2010). How these
tumours evade the hepatic immune repertoire is unclear and may represent a novel treatment
target. Despite the success of surgical resection in many patients, the majority are still
unsuitable for surgery and no curative therapy is available. Understanding the mechanism by
which CRLM tumours evade local immunity may provide a novel target for the treatment of

all CRLM patients.

Considering the potent anti-tumour repertoire of the adult human liver, with an enrichment of
cytotoxic CD8" T cells, NK cells, iNKT cells and y5 T cells (Doherty et al., 1999; Golden-
Mason et al., 2004; Hata et al., 1990), it is surprising to find that many cancers metastasise to
the liver. Apart from the lymphatic system, the liver is the most common site of cancer
metastasis (Disibio and French, 2008). Previous work within our lab group has demonstrated
that significant alterations to the hepatic immune system occur during colorectal metastatic
disease. These include a redistribution of yd T cell subsets (Kenna et al., 2004), a reduction in
NKT cells and alteration of their phenotype (Kenna et al., 2003), a depletion of iNKT cells
(Whelan et. al unpublished), while NK cells were found to be increased in tumour bearing
liver and expressed lower levels of inhibitory KIRs (Norris et al., 2003). These changes were
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accompanied by alterations in the hepatic microenvironment. Pro-inflammatory cytokines
such as IFN-y, IL-18, IL-12 and IL-2 were increased, while anti-inflammatory cytokine
production was less clear. IL-10 levels were increased in tumour bearing liver, however TGF-
B levels were significantly reduced (Kelly et al., 2006, 2004). More recent work from our
group has further investigated the tumour microenvironment and extended our analysis to
tissue at the distal resection margin (i.e. tissue considered macro- and microscopically
healthy). Interestingly, the microenvironment of this tissue differs significantly from healthy
donor tissue, with increases in myeloid growth factors and chemokines (GM-CSF, IL-6, and
IL8), and a reduction in cytotoxic cell chemokines such as RANTES (Hand et al. 2018). The
overall effect of this cytokine milieu on hepatic NK cells is unclear. We therefore will
investigate the ability of liver resident NK cells to migrate toward CRLM tumours in vitro.
The presence of NK cells in the tumour of patients with primary colorectal cancer and
metastasis has been found to negatively correlate with patient survival (Galon et al., 2006;
Halama et al., 2011; Pugh et al., 2014). However, in the periphery poor NK cell activity was
associated with the development of metastases (Jobin et al., 2017). Furthermore, CXCL16
produced by tumour cells has been shown to prevent colorectal metastasis, possibly by
drawing hepatic CXCR6" NK cells to the tumour site and preventing dissemination (Kee et
al., 2014, 2013). Therefore it is important to ascertain the ability of liver resident NK cells to

migrate toward CRLM tumours.

The high rate of tumour recurrence has led to the hypothesis that the immune repertoire of the
remaining liver is somehow compromised making immunosurveillance ineffective. It is
possible that intensive chemotherapy regimens, used to reduce tumour size and allow
resection may reduce immune activity and increase the likelihood of recurrence (Nichols et
al., 1994). However, some therapies have been shown to dramatically enhance NK cell

function in cancer patients (Markasz et al., 2007). More likely is the possibility that tumour
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intrinsic factors in the tumour microenvironment have selective effects on local tumour

immunity.

When considering metastasis we must also consider the effect of the primary tumour.
Recently it has become clear that not all tumour phenotypes have the same tendency to
metastasise, subtypes with gene expression enriched in metabolic and epithelial-mesenchymal
transition (EMT) related genes being much more likely to metastasise (Hugen et al., 2014;
Riihimaki et al., 2016; Yaeger et al., 2018). These metabolically highly active tumours are
capable of altering the microenvironment of organs they metastasise to through metabolic by-
products and matrix remodelling (Balkwill et al., 2012; Carmona-Fontaine et al., 2017; Maley
et al., 2017). For example, lactate has been shown to play a number of roles in reorganising
the physical tumour architecture and the immune landscape of many tumour types (Romero-
Garcia et al., 2016). It can act upon vascular endothelial cells to induce angiogenesis and
tumour associated fibroblasts to produce MMPs and matrix degrading enzymes (Carmona-
Fontaine et al., 2017; Hirschhaeuser et al., 2011; Sonveaux et al., 2012; Stern et al., 2002).
Additionally lactate can alter innate immune cell phenotypes and promote an
immunosuppressive environment through polarisation of tumour associated macrophages to
M2-like cells and differentiation of myeloid derived suppressor cells (MDSCs) (Colegio et al.,
2014; Goetze et al., 2011; Husain et al., 2013a). Antigen presentation by dendritic cells is also
perturbed by high levels of lactic acid in the tumour microenvironment, resulting in poor T
cell activation (Fischer et al., 2007; Gottfried, 2006). Furthermore, decreasing pH has been
shown to result in apoptosis of T cells and NK cells in melanoma (Brand et al., 2016).
Reversing tumour acidosis has also been shown to restore NK cell function and improve anti-

tumour activity (Potzl et al., 2017).

Apoptosis can occur as a result of a number of both intrinsic and extrinsic signals (Figure 4-

1). Extrinsic signals are transmitted through “death receptors” such as TRAIL-R, TNFR1 and
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FAS and is often used by NK cells to kill target cells (de Miguel et al., 2016; Peppa et al.,
2013). This process recruits the death inducing signalling complex (DISC), containing the
FAS associated death domain (FADD) which allows for the self-cleavage of pro-caspase 8
into its active form. Caspase-8 is released into the cytosol and converts pro-caspase 3 to its
active form and initiates the execution pathway. This process can be blocked by association of
c-FLIP with the FADD complex (Elmore, 2007; Taylor et al., 2008). The intrinsic pathway is
regulated by mitochondrial BCL-2 family members, which regulate cytochrome C release.
Cytochrome C activates pro-caspase 9, forming the apoptosome, which regulates caspase 3
activities and execution pathway activation. This process can be activated by loss of growth
factors, metabolic stress, endoplasmic reticulum stress, DNA damage or hypoxia (Elmore,
2007; Taylor et al., 2008). In this study we have investigated the effect of the tumour
microenvironment on liver resident NK cell viability, with particular interest in the pathways

activated by tumour products.
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Extrinsic Pathway
TRAIL, FAS-L, TNF-a

Intrinsic Pathway

Death Receptor

Figure 4- 1 Intrinsic and extrinsic pathways of apoptosis

Diagram shows the pathways leading to apoptosis, how they are activated and the effect of
activation on downstream targets. The extrinsic pathway is activated by death receptor
ligation, leading to activation of caspase 8 through FADD activity. Caspase 8 cleaves BID
and pro-caspase 3 to initiate mitochondrial release of cytochrome c¢ and activation of the
execution pathway leading to apoptosis. The intrinsic pathway can be activated by a number
of stimuli related to cellular stress or damage. This stimuli cause mitochondrial depolarisation
and release of cytochrome c, which goes on to form the apoptosome and caspase-9 activation.
This results in caspase 3 cleavage and activation of execution pathway. (FADD- FAS
associated death domain, BID- BH3 interacting domain death agonist, GF- growth factor,
BAX- BCL2 associated X, apoptosis regulator, BAD- BCL2 associated agonist of cell death,
ER- endoplasmic reticulum, DNA- deoxyribonucleic acid).
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It remains unclear whether liver resident NK cells are important in immunosurveillance in the
liver or whether they perform non-classical functions such as tissue remodelling. In the first
instance we have compared the cytotoxic ability of tissue resident and non-resident NK cells
from healthy liver against metastatic colorectal cancer cell line (SW620). They appear
particularly suited for tumour surveillance but this mechanism fails in many patients.
Identifying the mechanism by which metastatic colorectal tumours subvert the innate
cytotoxic response of the liver may uncover better therapeutic targets. We set out to establish
whether tumour infiltrating liver resident NK cells were still capable of cytotoxicity, by
analysing cytotoxicity receptor and effector molecule expression. In addition, we investigated
the potential for changes in the cytokine milieu to prevent migration of liver resident NK cells
to the tumour site. Finally we assessed the effect of the tumour microenvironment on the
viability of liver resident NK cells. Using an in vitro model of the tumour microenvironment,
developed by generating tissue conditioned media from CRLM tumours (Michielsen et al.,
2011; O’Toole et al., 2014); we investigate the effect of this environment on liver resident NK

cells.
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Rationale:
e Up to 70% of patients with colorectal cancer metastasis to the liver will develop

further tumours after surgical removal of the original tumour
e The liver is enriched with highly cytotoxic tissue resident natural killer cells

e There is a defective immune response to colorectal metastasis

Hypothesis:
Liver resident natural Killer cells are depleted or functionally ineffective in the livers of

patients with colorectal metastasis

Aims:
1. To determine if liver resident natural killer cells are capable of tumour

immunosurveillance
2. Toidentify changes in liver resident natural killer cells in CRLM
3. To characterise phenotypic changes in hepatic natural killer cells in CRLM
4. To determine the mechanism by which liver resident natural killer cells are depleted

from CRLM
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4.2 Results

4.2.1 Study samples
During surgical resection tumour bearing tissue is removed along with a sufficient margin of

healthy tissue to ensure no cancerous tissue remains. Resected tissue is histologically
examined to determine if tissue margins are free of cancer cells. During histological
examination, biopsies are taken from the tumour (n=18) (in large tumours samples are taken
from tumour edge to avoid necrotic tissue), adjacent tissue (n=18) (macroscopically normal)
and the distal margin (n=18) (as far from the tumour edge as possible). Single cell
suspensions were prepared from each section by collagenase digestion and mechanical
disruption. For comparison wedge biopsies, taken at the time of transplant, were also digested
into single cell suspensions for analysis (n=10). Due to differences in the type of resection
and variability in the size of tumour removed, significant variation in the size of tissue
samples were encountered and therefore the number of cells recoverable. Tissue taken from
tumours was generally the smaller samples (0.25+0.06g) but was not significantly different
than adjacent (0.28+£0.06g) or distal tissue samples (0.33+0.07g, Table 4-1). Patients
undergoing resection were mainly men (12/18) with an average age of 64.9yrs. Liver donors

were generally younger (mean 36yrs) and were made up of 6 males and 4 females.

Seven patients had solitary tumours resected, the remainder had multiple lesions removed (2-5
tumours/patient). Where possible multiple tumours were sampled. Tumours varied
considerably in size, ranging from 7mm to 100mm in diameter (average 28mm). Adjacent
tissue was sampled from within 5mm of the tumour invasive margin for all patients. Distal
tissue was sampled from varying distance from the tumour edge depending on size of
resection. The furthest sample taken was 75mm from the tumour edge and the closest 10mm

(average 27.9mm).
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Age (years) 64.9

Gender (M/F) 12/6

Number of tumours (n=)

1 6
2 6
3 4
4 1
5 1
Tumour size (mm, range) 28(7-100)
Distal distance (mm, 27.9(10-75)
range)
Sample weight (g + SEM)
Tumour 0.25+0.06
Adjacent 0.28+0.06
Distal 0.33+£0.07

Table 4- 1 CRC patient demographics

Patient age and gender, number of tumours resected, size of tumours and distance to distal

tissue. Weights of samples taken from tumour, adjacent and distal tissue.
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4.2.2 Hepatic CD56”"" NK cells have increased cytotoxicity receptor expression
In order to determine the role of liver resident NK cells (CD56°"9" CXCR6" Eomes™ Thet')

in immunosurveillance we assessed their cytotoxic potential compared to conventional anti-
tumour CD56%™ NK cells from liver perfusate. Data from Figure 3-4/5/6 was reanalysed to
directly compare liver CD56™"™ and liver CD56%™ NK cell subsets Firstly, liver resident NK
cells display increased expression of several cytotoxicity receptors important in anti-tumour
surveillance. NKG2D was expressed on significantly more tissue resident NK cells compared
to matched CD56%™ cells (MFI 876.3+270.4 vs 422.3+148.6, p=0.0039, Figure 4-2B).
NKp46 was also differentially expressed on tissue resident NK cells with compared to
CD56%™ NK cells (1769+163.9 vs 364.6+28.3, p=0.015, Figure 4-2C). NKp44 is
significantly increased in CD56°™" NK cells compared to matched CD56%™ cells (5.8+1.7%
vs 1.7+£0.4%, p=0.0009, Figure 4-2D). NKG2C did not differ between NK cells subsets
(8.6£1.1%, vs 7.9+1.2%, p=0.177, Figure 4-2E). TRAIL was expressed at low levels on both
subsets in healthy livers (4.3£1.2% vs 4.1+0.9%, p=0.9, Figure 4-2F). This pattern of

6br|ght

receptor expression indicated that CD5 NK cells were capable of tumour cell

recognition.

4.2.3 Cytotoxic molecules of differentially expressed between CD56"™™ and CD56%™
hepatic NK cells
Next we assessed the expression of cytotoxic molecules by NK cell subsets in liver perfusate.

Data from Figure 3-7/8 was reanalysed to compare liver CD56"" and CD56%™ NK cell
subsets. Perforin, a key molecule for the insertion of granzymes into the target cell cytoplasm,
was expressed at significantly lower levels in tissue resident NK cells compared to non-
resident CD56"™ cells (MFI 324.1+80.7 vs 1738+446.2, p=0.0078, Figure 4-3B). Similarly,
Granzyme B was found to be expressed at a much lower level in CD56™"" compared to
CD56%™ NK cells (MFI 824.5+209.5 vs 4315+646.1, p=0.006, Figure 4-3C). Granzyme A
showed no variation between NK cell subsets in liver perfusate (MFI 1713£29.7 vs

1855+215.9, p=0.38, Figure 4-3D). However, granzyme K was significantly increased in
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CD56™" NK cells compared to CD56%™ counterparts (MFI 367.9+33.5 vs 198.7+39.4,
p=0.0313, Figure 4-3E). Cytotoxic molecules were differentially expressed between NK cell
subsets; therefore we attempted to resolve this question using measures of direct cytotoxicity

and degranulation.
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Figure 4- 2 CD56""9" hepatic NK cells have increased expression of cytotoxicity receptors

Mononuclear cells isolated from liver perfusate (LP), were stained with monoclonal antibodies. NK cells were identified from the CD45"
- brigh -/ dim

lymphocyte gate as CD56+CD3 .CD56 t CDl16 ' and CD56 CD16+ subsets were then gated on. Non-viable cells were excluded by FVS780

staining. (A) Representative histograms of NKG2D, NKp46, NKp44 NKG2C and TRAIL expression (CD56™"-red, CD56"™ -blue, FMO-

black). (B) Expression of NKG2D in NK cells from LP. (C) Expression of NKp46 in NK cells from LP (D) Expression of NKp44 in NK cells

from LP. (E) Expression of NKG2C in NK cells from LP. (F) Expression of TRAIL in NK cells from LP. Data presented as mean + SEM. Data

analysed using Wilcoxon matched pairs test. (n=5-18, * p<0.05, ** p<0.01, ***p<0.001)
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Figure 4- 3 Perforin and Granzyme molecules are differentially expressed by hepatic
NK cell subsets

Mononuclear cells isolated from liver perfusate (LP), were stained with monoclonal

antibodies. NK cells were identified from the CD45" lymphocyte gate as CD56+CD3_.
brigh -/ dim
CD36 t CD16 : and CD56 CD16+ subsets were then gated on. Non-viable cells were

excluded by FVS780 staining. (A) Representative histograms of perforin, granzyme B,
granzyme A and granzyme K expression (CD56™¢"-red, CD56"™ -blue, FMO-black). (B)
Expression of perforin in NK cells from LP. (C) Expression of granzyme B in NK cells from
LP (D) Expression of granzyme A in NK cells from LP. (E) Expression of granzyme K in NK
cells from LP. Data presented as mean = SEM. Data analysed using Wilcoxon matched pairs
test. (n=6, * p<0.05, ** p<0.01).
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4.2.4 Hepatic CD56"™" NK cells are capable of direct cytotoxicity against colorectal
cancer cell line SW620
CD56"9" NK cells have previously been described as poorly cytotoxic (Melsen et al., 2016).

Due to the significant phenotypic differences between liver resident NK cells we compared
their ability to degranulate and kill target cells to conventional anti-tumour CD56%™ NK cells.
To examine cytotoxic function, NK cells were isolated by FACS sorting from donor
perfusate. NK cell subsets were identified as CD56" CD3™ lymphocytes, CD56”"" cD16""
and CD56%™ CD16". Purity of hepatic NK cells was 95.9+0.7% and 93.2+1.2% for peripheral
blood NK cells. Two target cell lines were used to assess degranulation and direct
cytotoxicity, K562 (an MHC deficient leukaemia cells line) and SW620 (a metastatic
colorectal cancer cell line isolated from lymph node). Target cells were labelled with cell
trace violet (CTV) and stained with 7-AAD to assess cell death. Hepatic NK cells were
incubated with either K562 or SW620 target cells for 4 hours at a ratio of 5:1 (effector:

target). Degranulation was assessed by the expression of CD107a on the surface of NK cells.

CD56"9" NK cells displayed higher degranulation in response to K562 compared to CD56%™
cells (CD107a" cells: 37.7+4.9% vs 17.8+1.4%, p=0.0169, Figure 4-4C). However this did
not translate into increased cytotoxicity, with both subsets inducing cell death in a similar
number of target cells (7-AAD" target cells 21.2+4.6% vs 20.95+4.3%, p=0.37, Figure 4-4E).
When challenged with SW620, CD56”""™ NK cells degranulated more than CD56%™ cells
(CD107a" cells 12.2+2.0% vs 6.1+1.9%, p=0.109, Figure 4-4D). Both subsets were found to
be capable of inducing cell death in SW620 cells (7-AAD ™ target cells 11.4+2.3% vs
13.3+2.4%, p=0.68, Figure 4-4F). Despite decreased expression of cytotoxic molecules,

CD56"9" NK cells recognise and kill tumour cells at equal levels to CD56%™ NK cells.
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Figure 4- 4 Degranulation and direct cytotoxicity of hepatic NK cell subsets

CD56™" and CD56“™ NK cells were isolated by FACS from liver perfusate (LP). Purified
NK cells were then co-incubated with cell trace violet (CTV) labelled K562 or SW620 cells
for 4 hours. CD107a antibody was added simultaneously. After 1 hour, 4ug/ml of Golgi-stop
(containing monensin) was added. NK cells were identified as CTV negative cells, and
CD107a expression was measured. Target cells were identified as CTV positive and cell death
was measured by 7-AAD uptake. (A) Representative histograms of CD107a expression in
response to K562 (top panel) and SW620 (bottom panel) (FMO-black, CD56%™blue,
CD56™€" red. (B) Representative histograms of 7-AAD uptake in response to K562 (top
panel) and SW620 (bottom panel) (FMO-black, CD56“™-blue, CD56"¢"-red. (C) Expression
of CD107a by NK cells from LP in response to K562 cells. (D) Expression of CD107a by NK
cells from LP in response to SW620 cells. (E) Percentage of K562 cells killed by NK cells
from liver perfusate. (F) Percentage of SW620 cells killed by NK cells from liver perfusate.
Data presented as mean = SEM. Data analysed using Wilcoxon matched pairs test.

(n=5, * p<0.05).
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4.2.5 The proportion of natural Killer subsets in tumour bearing liver
HMNC suspensions were prepared by enzymatically and mechanically disrupting tissue

samples from the tumour, adjacent to the tumour and close to the resection margin (distal).
These were stained with monoclonal antibodies and the proportion of lymphocyte subsets was
analysed. NK cells are significantly depleted from the metastatic tumour itself, accounting for
only 4.5+0.8% of intra-tumoural leukocytes (CD45"). The proportion of NK cells gradually
increases through the adjacent and distal tissue accounting for 13.6+1.9% and 15.6+2.2% of
CD45" leukocytes respectively (p<0.0001, Figure 4-4B). This is similar to level seen in
healthy donor liver (19.8+4.3%). This decrease in the proportion of NK cells is due to a drop
in the absolute count of NK cells rather than increasing proportions of other cell types
(absolute counts: tumour 320.9+143/mg, adjacent 1036+205.8/mg, distal 1310+283.6/mg,

p=0.004, Figure 4-5C).

CD56™9" NK cells are significantly reduced in the tumour compared to surrounding tissue
accounting for 38.1+3.4% of hepatic NK cells. The proportion of CD56°""™ NK cells was
significantly higher in the adjacent (50.+3.2%) and distal tissue (56.0+3.2%, p=0.00009,
Figure 4-5E). This correlated with a decrease in the absolute count of CD56""" NK cells per
milligram of tissue (absolute count: tumour 139.9+86.5/mg, adjacent 547.6+100.2/mg, distal

711.5+150.9/mg, p=0.003, Figure 4-5F).
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Figure 4- 5 Proportion of NK cell subsets in tumour bearing liver

Mononuclear cells isolated from tumour, adjacent, and distal tissue samples were stained with
monoclonal antibodies. Gating strategy: NK cells were identified from the CD45" lymphocyte

gate as CD56+CD3-. CD56brlght CD16-/+ and CD56dlm CD16+ subsets were then gated on. Non-
viable cells were excluded by FVS780 staining. Absolute counts were established using
123Count eBeads. (A) Representative dot plots of lymphoid populations in samples from
tumour, adjacent and distal tissue. (B) The percentage of NK cells in tumour, adjacent and
distal tissue. (C) Absolute counts of NK cells per milligram of tissue from tumour, adjacent
and distal samples (D) Representative dot plots of NK cell subsets in tumour, adjacent and
distal tissue. (E) CD56”"€" CD16"" NK cell frequencies in tumour, adjacent and distal tissue.
(F) Absolute counts of CD56™" NK cells per milligram of tissue from tumour, adjacent and
distal samples. Data presented as mean = SEM. Data analysed using Friedman test, with
Dunn’s multiple comparison test. (n=18 *, p<0.05, **, p<0.01, ***, p<0.001)
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4.2.6 The remaining CD56"9" NK cells display tissue resident phenotype
In order to determine if the NK cells present in tumour bearing liver are tissue resident or

derived from peripheral blood we investigated the expression of the transcription factors
Eomes and Thbet, and markers of tissue residency such as CXCR6, CD69, CD49a and TRAIL.
No significant difference in the expression of Eomes or Thet was observed in NK cells from
resected liver compared to donor. The majority of CD56""" NK cells are Eomes™ Thet" in all
tissues analysed (tumour 86.1+2.3%, adjacent 87.1+2.9%, distal 90.2+2.5, p=0.29, Figure 4-
6B). Similarly, CD56“™ NK cells remained Eomes Tbet" in tumour bearing liver (tumour

97.5£1.2%, adjacent 95.7+1%, distal 95.9+1.2, p=0.23, Figure 4-6C).

We have previously shown that the majority of liver CD56"" NK cells express CXCR6
(Chapter 3). CD56°"" NK cells from tumour bearing liver express CXCR6 at comparable
levels (tumour 55.9+9.9%, adjacent 50.3+£9.6%, distal 49.5+6.5, p=0.69, Figure 4-7B).
Similarly, CD69 expression was not changed between CD56°"" NK cells in tumour or
surrounding tissue (tumour 88.0+4.3%, adjacent 90.4+4.2%, distal 89.7+3.2%, p=0.83,
Figure 4-7C). TRAIL expression did not differ significantly between cells from tumour
bearing liver (tumour 12.8+4.4%, adjacent 16.9+6.9%, distal 12.4+4.7%, p=0.91, Figure 4-
7D) but was found at higher levels compared to healthy NK cells from liver perfusate
(4.3£1.2%). This may indicate activation of tissue resident NK cells throughout the tumour
bearing liver tissue. Finally, CD49a expression was not significantly altered between tumour
infiltrating NK cells and those from the surrounding tissue (tumour 9.9+4.9 %, adjacent
6.2+2.9%, distal 6.7+2.2%, p=0.97, Figure 4-7E). This was found to be similar to the level
seen in healthy donor biopsies (6.3+2.4%). The remaining CD56"""™ NK cells in the tumour
appear to be tissue resident cells and not peripheral blood cells which have infiltrated the

tumour.

147



Thet

A Tumour Adjacent Distal
IEI5 3 105 |E|5'
\
10* 3 1.1% 'y 11.1% 10 2.9%
ID3 E / 103' 103' ’?g?g"
) 90.1% ) ) " o5%
107 107 107
0 [] 0
L Bkl | T T T L ilia } T T T L | T T T
0 10 10 104 10 0 107 10 10 10 0 107 10 10JI 10
'\OSﬁ |ﬂ5_ |U5_
0 100% 1 06.6% s "1 02.0%
D> g e
10 10° 4 1074
0% 2.2% 5.7%
102 lﬂ::' 10°
0 0 0

0 107

T
3 4

5
10 10 10

Eomes

% CD 569" NK cells

(@]

% CD569™ NK cells

Eomes" Tbet'

—_
920 -1
80
70
$ & 3
$ 5
& & &
< &
Thet" Eomes'®
100
—_
- i
96
90
&
& & 5
& ‘.5\* <

Figure 4- 6 Tumour infiltrating NK cells maintain their Eomes™ Tbet" phenotype

Mononuclear cells isolated from tumour, adjacent, and distal tissue samples were stained with
monoclonal antibodies. Gating strategy: NK cells were identified from the CD45" lymphocyte

gate as CD56 CD3. CD56

h -/ dim
t CD16 ' and CD56 CD16+ subsets were then gated on. Non-

viable cells were excluded by FVS780 staining. (A) Representative dot plots of Eomes and
Tbet expression in CD56"€" (top line) and CD56%™ (bottom line) NK cells in samples from
tumour, adjacent and distal tissue. (B) The percentage of Eomes™ Tbet' CD56™¢" NK cells in
tumour, adjacent and distal tissue. (C) The percentage of Eomes'® Tbet" CD56%™ NK cells in
tumour, adjacent and distal tissue. Data presented as mean + SEM. Data analysed using
Friedman test, with Dunn’s multiple comparison test. (n=6)
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Figure 4- 7 Tumour infiltrating NK cells maintain expression of markers of tissue
residency

Mononuclear cells isolated from tumour, adjacent, and distal tissue samples were stained with
monoclonal antibodies. Gating strategy: NK cells were identified from the CD45" lymphocyte

gate as CD56+CD3_. CD56brlght CD16_/+ and CD56dlm CD16+ subsets were then gated on. Non-
viable cells were excluded by FVS780 staining. (A) Representative histograms of CXCR®6,
TRAIL, CD69 and CD49a in CD56™" NK cells in samples from tumour (red), adjacent
(orange) and distal tissue (blue) (black-FMO). (B) The percentage of CXCR6 positive
CD56™" NK cells in tumour, adjacent and distal tissue. (C) The percentage of TRAIL
positive CD56™" NK cells in tumour, adjacent and distal tissue. (D) The percentage of
CD69 positive CD56™¢" NK cells in tumour, adjacent and distal tissue. (E) The percentage of
CDA49a positive CD56™¢" NK cells in tumour, adjacent and distal tissue. Data presented as
mean + SEM. Data analysed using Friedman test, with Dunn’s multiple comparison test.
(n=5)
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4.2.7 Tumour infiltrating CD56°"9" NK cells maintain cytotoxicity receptor expression
Considering liver resident NK cells are capable of direct cytotoxicity against metastatic

colorectal cancer cells and are still present in the tumour we next investigated if infiltration of
the tumour effected cytotoxicity receptor expression, which would prevent tumour cell killing.
NKG2D is an important receptor for recognising stressed or altered cells (Lanier, 2015) and
was found to be increased in liver resident NK cells. No significant changes in NKG2D
expression were noted in tumour infiltrating CD56"""™ NK cells (tumour 93.0+4.2%, adjacent
98.2+1.0%, distal 97.6+£1.1%, p=0.55, Figure 4-8B). Similarly, NKp46 was not significantly
altered in liver resident NK cells from tumour compared to surrounding tissue (tumour
86.7+£1.7%, adjacent 89.1+3.4%, distal 84.7+4.4%, p=0.47, Figure 4-8C). NKp44 was
significantly increased on tumour infiltrating liver resident NK cells compared to those in the
surrounding tissue (tumour 31.1+11.3%, adjacent 14.7+1.0%, distal 11.9+0.9%, p=0.039,
Figure 4-8D). NKp44 was higher in all parts of the tumour bearing liver compared to the
healthy donor liver (5.7£1.7%), indicating that throughout the organ tissue resident NK cells
appear more highly activated. NKG2C was unchanged in NK cells infiltrating the tumour
(tumour 17.2+7.5%, adjacent 7.5+1.2%, distal 5.8+1.1%, p=0.4, Figure 4-8E). Tumour
infiltrating liver resident NK cell maintain cytotoxicity receptor expression and therefore

ability to recognise tumour cells.

4.2.8 Tumour infiltrating CD56"™"™ NK cells maintain cytotoxic molecule expression
We next analysed expression of cytotoxic molecules in tumour infiltrating liver resident NK

cells to determine if cytotoxicity was prevented by dysregulation of effector molecules.
However, perforin, granzyme B, granzyme A and granzyme K expression was unchanged in
CD56™" NK cells from CRLM tumours compared to NK cells in the surrounding tissue.
Granzyme B was expressed at similar levels in all samples tested (MFI tumour 447+114,
adjacent 764+278, distal 867+410, p=0. 0625, Figure 4-9B). Perforin remained at a similar
level in tumour (MFI 129+20), adjacent (MFI 117+£15), and distal tissue (MFI 130%16,

p=0.88, Figure 4-8C).
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Similarly granzyme A was not affected by the tumour environment (MFI tumour 1276+145,
adjacent 1361+269, distal 1512+275, p=0.87, Figure 4-9D). Granzyme K showed a small
reduction in expression in tumour infiltrating CD56°"™ NK cells but this was not significant
(MFI tumour 133+26, adjacent 25777, distal 304+103, p=0.79, Figure 4-9E). Tumour
infiltrating liver resident NK cells maintains cytotoxic potential through cytotoxicity receptor

and effecter molecule expression.

4.2.9 Hepatic CD56""9" NK cells migrate toward tumour conditioned media
In order to address the decreased numbers of liver resident CD56"" NK cells in CRLM

tumours, we first investigated whether these cells are capable of being chemotactically
attracted to these tumours. Tumours were dissected and used to produce conditioned media.
Healthy donor biopsies were used to generate liver conditioned media (LCM). CD56°"9" and
CD56%™ NK cells were FACS sorted from liver perfusate. A chemotaxis assay was then
performed to assess cell migration. Briefly, NK cells were serum starved for 2 hours and
placed in the upper chamber of a transwell insert. The bottom chamber was filled with serum
free media supplemented with 10% v/v LCM or tumour conditioned media from CRLM.
CD56™9" and CD56%™ NK cells showed no difference in migration toward LCM (p=0.31,
Figure 4-10A). However, CD56"" NK cells migrated significantly more toward CRLM
conditioned media compared to CD56%™ NK cells (p=0.0156, Figure 4-10B). This appears to
be due to reduced migration of CD56%™ NK cells, while CD56”"" NK cells have similar
levels of migration to toward both LCM and CRLM conditioned media. Defects in migration

do not appear to account for the depletion of CD56”"™ NK cells in CRLM tumours.
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Figure 4- 8 Expression of cytotoxicity receptors in NK cell subsets in CRLM

Mononuclear cells isolated from tumour, adjacent, and distal tissue samples were stained with
monoclonal antibodies. Gating strategy: NK cells were identified from the CD45+

lymphocyte gate as CD56+CD3_. CD56brlght CD16-/+ and CD56dlm CD16+ subsets were then
gated on. Non-viable cells were excluded by FVS780 staining. (A) Representative histograms
of NKG2D, NKp46, NKp44 and NKG2C in CD56™€" NK cells in samples from tumour
(red), adjacent (orange) and distal tissue (blue) (black-FMO). (B) The percentage of NKG2D
positive CD56™" NK cells in tumour, adjacent and distal tissue. (C) The percentage of
NKp46 positive CD56"" NK cells in tumour, adjacent and distal tissue. (D) The percentage
of NKp44 positive CD56™¢" NK cells in tumour, adjacent and distal tissue. (E) The
percentage of NKG2C positive CD56"8" NK cells in tumour, adjacent and distal tissue. Data
presented as mean + SEM. Data analysed using Friedman test, with Dunn’s multiple

comparison test. (n=5,*, p<0.05)
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Figure 4- 9 Granzyme and perforin expression in tumour infiltrating NK cells

Mononuclear cells isolated from tumour, adjacent, and distal tissue samples were stained with
monoclonal antibodies. Gating strategy: NK cells were identified from the CD45+

lymphocyte gate as CD56+CD3-. CD56brlght CD16-/Jr and CD56Cllm CD16Jr subsets were then
gated on. Non-viable cells were excluded by FVS780 staining. (A) Representative histograms
of granzyme B, perforin, granzyme A and granzyme K in CD56™€" NK cells in samples from
tumour (red), adjacent (orange) and distal tissue (blue) (black-FMO). (B) The expression of
granzyme B in CD56""¢" NK cells from tumour, adjacent and distal tissue. (C) The
expression of perforin in CD56"€" NK cells from tumour, adjacent and distal tissue. (D) The
expression of granzyme A in CD56™E" NK cells from tumour, adjacent and distal tissue. (E)
The expression of granzyme K in CD56™¢" NK cells from tumour, adjacent and distal tissue.
Data presented as mean + SEM. Data analysed using Friedman test, with Dunn’s multiple

comparison test. (n=5)
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Figure 4- 10 CD56°"9" hepatic NK cells are chemotactically attracted to CRLM tumours

CD56™" and CD56“™ NK cells were isolated by FACS from liver perfusate (LP). Purified
NK cells were then serum starved for two hours. Cells were then washed and media
resuspended in fresh serum free media. 1x10° cells were then placed in the upper chamber of
a transwell insert. The lower chamber was filled with serum free media supplemented
with/without 10% conditioned media from healthy donor tissue (LCM) or from colorectal
liver metastasis tissue (CRLM). After two hours the media from the lower chamber was
harvested and absolute cell counts were performed using 123Count eBeads by flow
cytometry. Fold change over media alone was calculated. (A) Fold change in migration of NK
cell subsets from LP in response to LCM. (B) Fold change in migration of NK cell subsets
from LP in response to CRLM. Data presented as mean = SEM. Data analysed using
Wilcoxon matched pairs test. (n=5, * p<0.05).
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4.2.10 Tumour conditioned media induces apoptosis in hepatic CD56""9" NK cells
Liver resident NK cells are chemotactically attracted to CRLM tumour supernatants but are

significantly reduced in tumour samples. We therefore investigated whether the tumour
microenvironment was resulting in the apoptosis of liver resident NK cells. Liver resident
CD56""9" and non-resident CD56%™ NK cells were isolated by FACS sorting. Cells were then
cultured for 24 hours in the presence or absence of 50% v/v, healthy liver conditioned media
(LCM) or conditioned media from colorectal liver metastasis tumours (CRLM). A
concentration of 50% was chosen after titration of CRLM conditioned media at a range of
concentrations (Appendix Figure 4). Apoptosis was then assessed by annexin/7TAAD
staining. Apoptotic cells were identified by binding of annexin (bound to cell surface
phosphatidylserine) and uptake of 7ZAAD (DNA binding dye). CD56"" NK cells cultured in
CRLM underwent significantly more apoptosis compared to matched cells treated with LCM
(LCM- 21.1+2.8%, CRLM-39.2+8.1%, p=0.034, Figure 4-11B). In contrast, there was no
significant change in apoptosis of CD56%™ NK cells treated with LCM or CRLM (LCM-
18.9+6.8%, CRLM-20.0£10.5%, p=0.699, Figure 4-11C). There was no difference between
CD56™" and CD56%™ NK cells cultured with LCM (Figure 4-11D). However, when
cultured with CRLM CD56°"9" NK cells undergo significantly more apoptosis compared to
CD56%™ cells (39.2+8.1% vs 20.0+10.5%, p=0.0313, Figure 4-11E). The proportion of pro-
apoptotic cells (annexin® 7-AAD") decreased in both CD56™" (LCM 32.8+13.2%, CRLM
24.2+10.7%, p=0.98) and CD56"™ ((LCM 31.9+15.6%, CRLM 21.8+12.4%, p=0.87) NK

cells between LCM and CRLM treatment (Appendix Figure 5).

4.2.11 Apoptosis induced by tumour conditioned media is not caspase 8 mediated
In order to determine the mechanism of apoptosis occurring in liver resident NK cells, caspase

8 (a mediator of extrinsic cell death) was inhibited using Z-IETD-FMK (BD Biosciences).
Effective dosage of Z-IETD-FMK was determined using the Jurkat cell line and anti-FAS,
which activates caspase 8 mediated apoptosis (Appendix Figure 6). FACS isolated CD56"""

NK cells from liver perfusate were treated with 50uM Z-IETD-FMK for two hours. Cells
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were then treated CRLM conditioned media for 24 hours. No significant difference in annexin

positive cells was seen (48.2+9.2% vs 46.7+1.3%, p=0.88, Figure 4-12B).

156



A LCM CRLM

B D
A 12% 21.2%|  1*{ 3.1% 39.6% CcDs5gbrn LCM
60 ol 50
. 10%4 o 240
E E 40 E
b= 3 3 g
fD 1073 2 -3
2 [
" 220 T g
8 m:j R ES
0o, i T
) &
oy & s S
) < & &
C _ E
10’4 7.6% 21.3% 10°4 17.1% 25.2% cD569™ CRLM
E| E 60
'.g 10*4 10*4 2 2
© S H T
n © 40 s
[a ] TAE 10°4 E 2
(@] g I g
g2 ES
1Dzj 10 = ¥
a 0 0 . T
T é b\@
b - n S &
< 0 10° 0 h &
M~
AnnexinV

Figure 4- 11 Tumour conditioned media from CRLM induces apoptosis of CD56""9" hepatic NK cells

NK cell subsets were isolated from liver perfusate by FACS. Cells were cultured for 24 hours in the presence of 50% v/v healthy liver
conditioned media (LCM) or conditioned media from colorectal liver metastasis tumours (CRLM). Apoptosis was assessed by annexin V and
7AAD staining. (A) Representative dot plots of annexin V/7AAD staining in CD56""" and CD56%™ NK cells treated with LCM or CRLM. (B)
Percentage of apoptotic CD56°"9™ NK cells after treatment with LCM or CRLM. (C) Percentage of apoptotic CD56%™ NK cells after treatment
with LCM or CRLM. (D) Percentage of apoptotic NK cells after treatment with LCM. (E) Percentage of apoptotic NK cells after treatment with
CRLM. Data presented as mean = SEM. Data analysed using Wilcoxon matched pairs test. (n=5, * p<0.05).
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Figure 4- 12 Tumour conditioned media induced apoptosis is not caspase-8 mediated

CD5619" NK cells were isolated from liver perfusate by FACS. Cells were treated with
caspase 8 inhibitor Z-IETD-FMK for 2 hours. Cells were cultured for 24 hours in the presence
of 50% v/v conditioned media from colorectal liver metastasis tumours (CRLM). Apoptosis
was assessed by annexin V. (A) Representative histogram of annexin V staining in CD56""9"
NK cells treated with CRLM with/without Z-IETD-FMK. (B) Percentage of apoptotic
CD56""" NK cells after treatment with CRLM with/without Z-IETD-FMK. Data presented as
mean = SEM. Data analysed using Wilcoxon matched pairs test. (n=5).
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4.2.12 Characterisation of the CRLM microenvironment
Since apoptosis of liver resident NK cells was not mediated by death signalling acting through

the extrinsic pathway, we next analysed the tumour microenvironment for potential targets
which may induce intrinsic or mitochondrial mediated apoptosis. The intrinsic pathway can be
activated as a result of the loss of growth factors, metabolic starvation, DNA damage or ER
stress (EImore, 2007; Taylor et al., 2008). NK cells are reliant on I1L-15 for cell survival (Liu
et al., 2000). These 24 hour cultures contained no exogenous source of IL-15 so endogenous
levels were measured by ELISA. No significant difference was seen in the levels of IL-15 in
healthy liver conditioned media (LCM) and those from CRLM (LCM-335.6£74pg/ml,
CRLM-300+15.4pg/ml, p=0.84, Figure 4-13A). In our previous experiments we identified
TGF-p as an essential cytokine that maintains liver resident NK cell homeostasis. While TGF-
B levels were increased in CRLM compared to LCM, These differences were not significant

(LCM-222.7£68.2pg/ml, CRLM-331.0+134.7pg/ml, p=0.67, Figure 4-13B).

We next investigated whether glucose deprivation was inducing apoptosis in the CRLM
treated cells. It is well established that tumour cells consume larger amounts of glucose than
healthy cells (Pavlova and Thompson, 2016). In our ex vivo cultures, glucose was provided at
high non-biological levels in cell culture media, therefore it was not surprising that levels did
not differ between LCM and CRLM (LCM- 17.1£3.6mM, CRLM- 17.2+1.5mM, p=0.49,
Figure 4-14A). As an alternative method of measuring glycolysis in these cultures, lactate
levels were measured. CRLM conditioned media contained significantly higher levels of

lactate compared to LCM (LCM- 1.7+0.3mM, CRLM-11.5+2.8mM, p=0.002, Figure 4-14B).
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Figure 4- 13 NK cell related cytokines unchanged in CRLM tumours

Conditioned media from healthy livers (LCM) and colorectal liver metastasis (CRLM) were
generated and analysed for cytokine levels by ELISA. (A) IL-15 concentration in LCM and

CRLM. (B) TGF-B1 concentration in LCM and CRLM. Data presented as mean = SEM. Data
analysed using Wilcoxon matched pairs test. (n=10).
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Figure 4- 14 CRLM tumours produce significantly more lactate than healthy liver tissue

Conditioned media from healthy livers (LCM) and colorectal liver metastasis (CRLM) were
generated and analysed for metabolite levels by biochemical assays. (A) Glucose
concentration in LCM and CRLM. (B) Lactate concentration in LCM and CRLM. Data
presented as mean + SEM. Data analysed using Wilcoxon matched pairs test. (n=10,
**p<0.01).
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4.2.13 CRLM tumours have increased expression of GLUT1 and lactate transporters
CRLM tumours were examined for expression of GLUT1, a major glucose transporter and

MCT1 and MCT4 (the main lactate transporting molecules). Gene expression of these three
receptors was analysed in tissue from tumour and adjacent tissue. SLC16A1 (MCT-1 gene)
was not differentially expressed between tumour and adjacent tissue (p=0.37, Figure 4-15A).
SLC16A3 or MCT-4, the main lactate exporter, was highly expressed in tumour compared to
adjacent tissue (p=0.0391, Figure 4-15B). CRLM tumours also showed increased expression
of SLC2A1 (GLUTL, p=0.0469, Figure 4-15C). These results, in combination with lactate

levels in conditioned media, indicate that CRLM tumours are highly glycolytic.

4.2.14 Metabolic receptors and mitochondrial mass in NK cell subsets
In order to determine if liver resident NK cells are more susceptible to nutrient deprivation in

the tumour environment, we analysed expression of nutrient transporters and mitochondrial
mass. GLUT1 is the main receptor associated with glucose transport in immune cells
(Maclver et al., 2008). However, GLUT1 was not differentially expressed between CD56°"9"
and CD56%™ NK cells from liver perfusate (MFI 147.7+47.9 vs MFI 215.5+69.6, p=0.125,
Figure 4-16B). Similarly, expression of the amino acid transporter CD98 was unchanged
(CD56™""™. MF1 1695+97.2, CD56%™- MFI 967.8+297.1, p=0.315, Figure 4-16C). Likewise,
the transferrin receptor (CD71) was not differentially expressed between NK cell subsets from
liver perfusate (CD56"9"- MFI 131.1+24.8, CD56%™- MFI 118.3+23.5, p=0.625, Figure 4-
16D). We also measured mitochondrial mass, as a surrogate marker of potential ATP
generation, using a mitochondrial dye that binds independently of mitochondrial membrane
potential (MitoTracker dye (Agnello et al., 2008)). Liver resident NK cells displayed
significantly lower mitochondrial mass compared to CD56“™ NK cells from liver perfusate
(MFI 1606+437.7 vs MFI 6917+1976, p=0.046, Figure 4-16E).Whether this is due to
increased mitochondrial number or size in CD56“™ NK cells remains to be determined and

will require further experimentation using confocal or electron microscopy.
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Figure 4- 15 Expression of SCL16A1, SLC16A3 and SLC2A1 mRNA in CRLM tumour
and adjacent tissue

Biopsies were taken from tumour and adjacent liver tissue from patients undergoing liver
resection for colorectal metastases. RNA was extracted; reverse transcribed into cONA and
real time PCR was performed. Gene expression was normalised to internal control B2M. (A)
Expression of SLC16A1 (MCT1) in tumour and adjacent tissue. (B) Expression of SLC16A3
(MCT4) in tumour and adjacent tissue. (C) Expression of SLC2A1 (GLUT1) in tumour and
adjacent tissue. Data presented as mean = SEM. Data analysed using Wilcoxon matched pairs
test. (n=6-7, *p<0.05).
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Figure 4- 16 Expression of nutrient transporters and mitochondrial mass of hepatic NK
cell subsets

Mononuclear cells isolated liver perfusate were stained with monoclonal antibodies. Gating
- brigh
strategy: NK cells were identified from the CD45" lymphocyte gate as CD56+CD3 .CD56 t

CD16-/+ and CD56dlm CD16+ subsets were then gated on. Non-viable cells were excluded by
FVS780 staining. (A) Representative histograms of GLUT1, CD98, CD71 and Mitotracker
Deep Red in CD56™" (red line) and CD56%™ (blue line) NK cells in liver perfusate samples
(black-FMO). (B) The expression of GLUT1 in NK cell subsets from liver perfusate. (C) The
expression of CD98 in NK cell subsets from liver perfusate. (D) The expression of CD71 in
NK cell subsets from liver perfusate. (E) The level of Mitotracker Deep Red uptake in NK
cell subsets from liver perfusate. Data presented as mean = SEM. Data analysed using
Wilcoxon matched pairs test. (n=6, * p<0.05)
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4.2.15 Metabolic receptor expression in CD56""9" NK cells in CRLM tumours
Nutrient receptors are often upregulated in incidences of nutrient deprivation (Aft et al., 2002;

Jensen et al., 2017). Therefore, expression of GLUT1, CD98, and CD71 were analysed in
tumour infiltrating liver resident NK cells. GLUT1 showed no variation in expression
between CD56°"9" NK cells from tumour, adjacent or distal tissue (MFI tumour 307.8+131.4,
adjacent 203.8+41.4, distal 257.4+40.4, p=0.18, Figure 4-17B). CD98 was also unchanged in
tissue resident NK cells from tumour, adjacent or distal tissue (MFI tumour 3430+967,
adjacent 2949+726, distal 3406+958, p=0.69, Figure 4-17C). Similarly, CD71 was not found

to be significantly changed in tumour infiltrating CD56°"""

NK cells compared to adjacent or
distal cells (MFI tumour 39.6+8.7, adjacent 41.8+12.6, distal 58.8+10.1, p=0.125, Figure 4-
17D). Tumour infiltrating NK cells do not upregulate nutrient transporters compared to the

surrounding tissue, indicating nutrient deprivation may not be the cause of apoptosis.

4.2.16 Tumour infiltrating CD56°"""™ hepatic NK cells display mitochondrial stress
Despite phenotypic similarities between tumour infiltrating CD56°"" NK cells and those in

surrounding tissue, they differ significantly in their mitochondrial function. Mitochondrial
mass and dysfunction were measured using Mitotracker and the mitochondrial reactive
oxygen species (ROS) specific dye MitoSox. Tumour infiltrating CD56°"" NK cells
expressed significantly more ROS than liver resident NK cells in the surrounding tissue
(tumour 19.945.6%, adjacent 10.9+5.4%, distal 8.9+4.2%, p=0.0085, Figure 4-18B). No
change in MitoSox positive cells was observed in CD56%™ NK cells from tumour, adjacent or
distal tissue (tumour 2.1+1.3%, adjacent 1.5+0.7%, distal 1.9+£0.6%, p=0.74, Figure 4-18C).
This increased mitochondrial ROS was accompanied by a decrease in mitochondrial mass in
CD569" NK cells (MFI tumour 14634527, adjacent 17274557, distal 2791+874, p=0.0356,
Figure 4-18D). No significant change in mitochondrial mass was seen in CD56%™ cells MFI

(MFI tumour 6146+536, adjacent 58121748, distal 5687+464, p=0.95, Figure 4-18E).
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Figure 4- 17 Expression of nutrient transporters in CD56"%" hepatic NK cells from
CRLM

Mononuclear cells isolated from tumour, adjacent, and distal tissue samples were stained with
monoclonal antibodies. Gating strategy: NK cells were identified from the CD45" lymphocyte

gate as CD56+CD3-. CD56brlght CD16-/+ NK cells were then gated on. Non-viable cells were
excluded by FVS780 staining. (A) Representative histograms of GLUT1, CD98, and CD71 in
CD56™€" NK cells in samples from tumour (red), adjacent (orange) and distal tissue (blue)
(black-FMO). (B) The expression of GLUT1 on CD56"¢"™ NK cells in tumour, adjacent and
distal tissue. (C) The expression of CD98 on CD56™¢" NK cells in tumour, adjacent and
distal tissue. (D) The expression of CD71 on CD56™€" NK cells in tumour, adjacent and
distal tissue. Data presented as mean =+ SEM. Data analysed using Friedman test, with

Dunn’s multiple comparison test. (n=5)
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Figure 4- 18 Production of mitochondrial ROS and mitochondrial mass of NK cells in
CRLM

Mononuclear cells isolated from tumour, adjacent, and distal tissue samples were stained with
monoclonal antibodies and mitochondrial specific dyes to measure mitochondrial ROS
(MitoSox) and mitochondrial mass (Mitotracker). Gating strategy: NK cells were identified

from the CD45" lymphocyte gate as CD56+CD3-. CD56brlght CD16-/+ and CD56"™ CD16" NK
cells were then gated on. Non-viable cells were excluded by FVS780 staining. (A)
Representative histograms of MitoSox and Mitotracker in CD56™¢" NK cells in samples
from tumour (red), adjacent (orange) and distal tissue (blue) (black-FMO). (B) The

bright NIK cells in tumour, adjacent and distal tissue. (C)

percentage of MitoSox positive CD56
The percentage of MitoSox positive CD5 NK cells in tumour, adjacent and distal tissue.
(D) The level of Mitotracker staining in CD56™8" NK cells in tumour, adjacent and distal
tissue. (D) The level of Mitotracker staining in CD56%™ NK cells in tumour, adjacent and
distal tissue. Data presented as mean + SEM. Data analysed using Friedman test, with
Dunn’s multiple comparison test. (n=5, *, p<0.05, **, p<0.01)
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4.2.17 Effect of lactate on CD56°"" liver resident NK cells
The production of lactate in the tumour microenvironment has previously been shown to

effect NK cell function and viability (Brand et al., 2016; Husain et al., 2013a). We therefore
investigated the effects of lactate on liver resident NK cells. From our analysis of lactate in
CRLM conditioned media we identified the physiological range of lactate produced by
CRLM tumours (mean 11.5mM, range 1.5-24.8mM). Using sodium lactate and lactic acid the
effect of lactate on cell viability was assessed as before. In addition, pH stabilised media was
used to determine whether effects were specific to lactate. CD56""" and CD56%™ NK cells
were FACS isolated from liver perfusate. There were then treated with sodium lactate (10 or
20mM), lactic acid (10 or 20mM), pH stabilised media (pH 7.4 or pH 6.4) or untreated media

for 24 hours.

Sodium lactate showed little effect on apoptosis in either NK cell subsets. Liver resident NK
cells showed a small increase in apoptosis after treatment with sodium lactate (media
16.2+£2.8%, 10mM 19.7+3.8, 20mM 23.3+4.5, p=0.28, Figure 4-19B). Similar results were
observed in CD56“™ NK cells from liver perfusate (media 10.0+2.9%, 10mM 13.8+4.1%,
20mM 16.6£3.1%, p=0.34, Figure 4-19C). In contrast, lactic acid induced significantly
higher levels of apoptosis in liver resident CD56°"9" NK cells (media 13.5+2.9%, 10mM
20.7+4.6%, 20mM 43.4+9.1%, p=0.011, Figure 4-20B). CD56%™ NK cells did not appear as
susceptible to lactic acid mediated apoptosis (media 11.2+3.0%, 10mM 21.1+3.6%, 20mM
30.9£5.8%, p=0.066, Figure 4-20C). Finally, the pH of normal media was altered to reflect
the pH produced by 20mM lactic acid. Reducing the pH to 6.4 induced significant apoptosis
in liver resident CD56”"™ NK cells (media 11.5+2.7%, pH7.4 23.9+6.5%, pH6.4 32.9+5.9%,
p=0.042, Figure 4-21B). This effect was not replicated in CD56"™ NK cells (media
13.3+£4.6%, pH7.4 17.9+3.4%, pH6.4 29.8+5.6%, p=0.19, Figure 4-21C). It appears that pH
change caused by the addition of lactic acid is contributing to the apoptosis of liver resident

NK cells in CRLM.
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4.2.18 Lactic acid induces changes in intracellular pH, mitochondrial ROS production
and decreased ATP generation
Having identified lactic acid and low pH as a potent inducer of apoptosis in liver resident NK

cells, we next investigated the mechanism by which this apoptosis is induced. The acidity of
the tumour microenvironment has previously been shown to cause decreases in the
intracellular pH of T and NK cells, resulting in mitochondrial dysfunction and cell death
(Brand et al., 2016). Liver resident CD56"" NK cells were isolated from liver perfusate by
FACS. These cells were cultured with and without lactic acid at 10 or 20mM for 2 hours to
identify early intracellular changes causing apoptosis. The intracellular pH was analysed
using pHrodo, a pH sensitive dye which freely diffuses into the cell cytosol. As a control NK
cells, stained with pHrodo, were incubated with buffers at pH 5.5, 6.5 and 7.5. Standard
curves were generated and intracellular pH associated with lactic acid treatment calculated. A
dose dependent decrease in intracellular pH was observed in CD56""9" NK cells cultured with
lactic acid (Media- pH7.4+0.15, 10mM lactic acid- pH6.9+0.2, 20mM lactic acid-pH6.5%0.4,

p=0.0046, Figure 4-21C).
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Figure 4- 19 Effect of sodium lactate on hepatic NK cell viability

NK cell subsets were isolated from liver perfusate by FACS. Cells were cultured for 24 hours
in the presence of 10 or 20mM sodium lactate. Apoptosis was assessed by annexin V and
7AAD staining. (A) Representative dot plots of annexin V/7AAD staining in CD56°"" and
CD56%™ NK cells treated with 10 or 20mM sodium lactate. (B) Percentage of apoptotic
CD56""" NK cells after treatment with sodium lactate. (C) Percentage of apoptotic CD56%™
NK cells after treatment with sodium lactate. Data presented as mean + SEM. Data analysed
using Friedman test, with Dunn’s multiple comparison test. (n=5).
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Figure 4- 20 Effect of lactic acid on hepatic NK cell viability

NK cell subsets were isolated from liver perfusate by FACS. Cells were cultured for 24 hours
in the presence of 10 or 20mM lactic acid. Apoptosis was assessed by annexin V and 7AAD
staining. (A) Representative dot plots of annexin V/7AAD staining in CD56""" and CD56%™
NK cells treated with 10 or 20mM lactic acid. (B) Percentage of apoptotic CD56""¢" NK cells
after treatment with lactic acid. (C) Percentage of apoptotic CD56%™ NK cells after treatment

with lactic acid. Data presented as mean + SEM. Data analysed using Friedman test, with
Dunn’s multiple comparison test. (n=5, **, p<0.01).
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Figure 4- 19 Effect of altering pH on hepatic NK cell viability

NK cell subsets were isolated from liver perfusate by FACS. Cells were cultured for 24 hours
in media with pH adjusted to 7.4 or 6.4. Apoptosis was assessed by annexin V and 7AAD
staining. (A) Representative dot plots of annexin V/7AAD staining in CD56°"9" and CD56%™
NK cells cultured in media pH 7.4 or 6.4. (B) Percentage of apoptotic CD56"¢" NK cells
after culture in media pH 7.4 or 6.4. (C) Percentage of apoptotic CD56%™ NK cells after
culture in media pH 7.4 or 6.4. Data presented as mean = SEM. Data analysed using Friedman
test, with Dunn’s multiple comparison test. (n=5, *, p<0.05).
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This decrease in intracellular pH was accompanied by evidence of mitochondrial dysfunction
and the release of mitochondrial ROS. MitoSox staining was used to measure mitochondrial
ROS production in NK cells cultured with lactic acid. CD56°"™ NK cells showed a dose
dependent increase in MitoSox positive cells (Media- 10.4+1.9%, 10mM lactic acid-
13.3+2.6%, 20mM lactic acid-20.0£0.9%, p=0.021, Figure 4-21D). We next analysed
intracellular ATP levels, to determine if mitochondrial dysfunction caused a functional defect

in energy production.

As before, a dose dependent decrease in ATP was observed in CD56"" NK cells treated with
lactic acid (Media- 1070+334pmol/10° cells, 10mM lactic acid- 688+230pmol/10° cells

20mM lactic acid-589+178pmol/10° cells p=0.008, Figure 4-22A).
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Figure 4- 21 Lactic acid treatment induces altered intracellular pH and ROS production

CD56"1" NK cells were isolated from liver perfusate by FACS. Cells were cultured for 2
hours in the presence of lactic acid (10 or 20mM). Intracellular pH was assessed by measuring
fluorescence of pH sensitive dye pHrodo. Mitochondrial ROS was measured by fluorescence
of MitoSox staining (A) Representative histogram of pHrodo staining in CD56”"™ cultured in
media (blue line), 10mM lactic acid (orange line) or 20mM lactic acid (red line). (B)
Representative histogram of MitoSox staining in CD56°"" cultured media (blue line), 10mM
lactic acid (orange line) or 20mM lactic acid (red line). (C) Intracellular pH of CD56"™ cells
cultured in media, 10mM lactic acid or 20mM lactic acid. (C) Percentage of MitoSox positive
CD56""" cells cultured in media, 10mM lactic acid or 20mM lactic acid. Data presented as
mean = SEM. Data analysed using Friedman test, with Dunn’s multiple comparison test.
(n=5, *, p<0.05).
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Figure 4- 22 effect of lactic acid on intracellular ATP production

CD569" NK cells were isolated from liver perfusate by FACS. Cells were cultured for 2
hours in the presence of lactic acid (10 or 20mM). Cells were pelleted, wash and resuspended
in lysis buffer containing DTT. ATP levels were determined by an ATP dependent luciferase
assay. ATP levels were calculated by luminescence produced by converted luciferin-D
relative to the number of cells plated (1x10°%). (A) Concentration of ATP in CD56"" NK
cells cultured in media, 10mM lactic acid or 20mM lactic acid. Data presented as mean =+
SEM. Data analysed using Friedman test, with Dunn’s multiple comparison test. (n=5, **,
p<0.01).
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4.2.19 GLUT1 and lactate transporters are not differentially expressed between hepatic
NK subsets _ _
Liver resident CD56""™ and non-resident CD56%™ NK cells display different susceptibilities

to lactic acid induced apoptosis. We therefore analysed their expression of lactate transporters
as a possible cause of this disparity. NK cell subsets were isolated from liver perfusate by
FACS. mRNA was isolated from separated subsets and reverse transcribed to cDNA. gPCR
was performed to determine expression of MCT-1 (SLC16A1) and MCT-4 (SLC16A3). No
significant difference in gene expression was observed between NK cells subsets for
SLC16A1 (p=0.625) or SLC16A3 (p=0.31) (Figure 4-22A&B). Although there was no
difference in mRNA levels, this did not exclude the possibility of differences at a protein

level.

4.2.20 Blocking lactate transport does not prevent mitochondrial ROS production
In order to determine whether these changes in mitochondrial function were a direct result of

lactate entering the cell or a side effect of pH dysregulation, we investigated the effect of
blocking MCT transporters. a-cyano-4-hydroxycinnamic acid («CHC) has been identified as
an inhibitor of MCT transporters and was used to block lactate uptake in liver resident NK
cells treated with lactic acid. CD56°"9" NK cells were isolated from liver perfusate by FACS,
treated for two hours with aCHC (500uM), and then incubated with lactic acid (20mM) for a
further two hours. Cells were then stained with MitoSox to measure mitochondrial ROS
production. aCHC treatment showed no significant decrease in MitoSox positive cells (media
5.2+2.3%, aCHC 8.8+0.2%, lactic acid 20.2+1.4%, lactic acid & aCHC 20.1+3.6%, p=0.17,
Figure 4-23B). While blocking lactate transport showed no effect on mitochondrial ROS

production, aCHC is also acidic and may amplify the effect of any pH related cellular stress.
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Figure 4- 23 Expression of SLC16A1 and SLC16A3 in hepatic NK cell subsets

NK cell subsets were isolated from liver perfusate by FACS. RNA was extracted; reverse
transcribed into cDNA and real time PCR was performed. Gene expression was normalised to
internal control RPS15. (A) Expression of SLC16A1 (MCT1) in CD56"¢" and CD56%™ NK
cells from liver perfusate. (B) Expression of SLC16A3 (MCT4) in CD56”"" and CD56%™ NK

cells from liver perfusate Data presented as mean + SEM. Data analysed using Wilcoxon
matched pairs test. (n=5).
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Figure 4- 24 Effect of blocking lactate transport on lactic acid induced ROS production

CD56"1" NK cells were isolated from liver perfusate by FACS. Cells were pre-treated with
oCHC (500uM) for 2 hours, and cultured for a further 2 hours in the presence of lactic acid
(20mM). Mitochondrial ROS was measured by fluorescence of MitoSox staining (A)
Representative histogram of MitoSox staining in CD56"™ cultured media (black line), lactic
acid 20mM (orange line), aCHC (blue line) or aCHC & 20mM lactic acid (red line). (B)
Percentage of MitoSox positive CD56™"" cells cultured in media, «CHC, 20mM lactic acid
or aCHC & 20mM lactic acid. Data presented as mean + SEM. Data analysed using Friedman
test, with Dunn’s multiple comparison test. (n=3).
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4.2.21 Treatment with MitoTempo rescues CD56"™"™ hepatic NK cells from apoptosis
While lactate transport does not appear to be necessary for the induction of apoptosis in liver

resident NK cells, changes in pH remain essential to induce apoptosis. It remains unclear what
the mechanism of cell death in these conditions is. We therefore investigated whether
mitochondrial ROS was necessary for the induction of apoptosis, or simply a side effect of
oxidative stress. ROS has been implicated in many pathologies as a potent inducer of
apoptosis (Circu and Aw, 2010; Simon et al., 2000). MitoTempo is a mitochondria-targeted
superoxide dismutase mimetic that possesses superoxide and alkyl radical scavenging
properties which been shown to efficiently scavenge mitochondrial ROS (McCarthy and
Kenny, 2016; Porporato et al., 2014). CD56°"9" NK cells were isolated from liver perfusate
by FACS. Cells were pre-treated with MitoTempo (50uM) for two hours. Cells were
subsequently treated with lactic acid (20mM) for either two hours (MitoSox analysis) or 24
hours (apoptosis analysis). After two hours, cells treated with MitoTempo had produced
significantly less mitochondrial ROS (lactic acid- 47.1+11.3%, lactic acid & MitoTempo-
25.6+12.9%, p=0.011, Figure 4-24B). Similarly, at 24 hours post lactic acid treatment, liver
resident NK cells treated with MitoTempo displayed significantly lower levels of apoptosis
compared to untreated controls (lactic acid- 33.5+2.3%, lactic acid & MitoTempo-
20.4+2.5%, p=0.001, Figure 4-25B). This data suggests that lactic acid induced apoptosis is

mediated by the release of mitochondrial ROS.

179



100

80 -
60

60

404 —

40
' 20

% MitoSox Positive

2[]—-

0] F é\
2 3 4 5 v

0 10° 10 10 10
, >
MitoSox

LA LA + MitoTempo

Figure 4- 25 MitoTempo reduces mitochondrial ROS production

CD56""" NK cells were isolated from liver perfusate by FACS. Cells were pre-treated with
MitoTempo (50uM) for 2 hours, and cultured for a further 2 hours in the presence of lactic
acid (20mM). Mitochondrial ROS was measured by fluorescence of MitoSox staining (A)
Representative histogram of MitoSox staining in CD56°" lactic acid 20mM (red line) or
MitoTempo & 20mM lactic acid (blue line). (B) Percentage of MitoSox positive CD56°"™
cells cultured in lactic acid 20mM or MitoTempo & 20mM lactic acid. Data presented as
mean = SEM. Data analysed using Wilcoxon matched pairs test. (n=3, *, p<0.05).
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Figure 4- 26 MitoTempo reduces apoptosis in response to lactic acid

CD569" NK cells were isolated from liver perfusate by FACS. Cells were pre-treated with
MitoTempo (50uM) for 2 hours, and cultured for a further 24 hours in the presence of lactic
acid (20mM). Apoptosis was assessed by annexin V and 7AAD staining. (A) Representative
dot plot of annexin V/7-AAD staining in CD56”"" NK cells treated with lactic acid 20mM or
MitoTempo & 20mM lactic acid. (B) Percentage of apoptotic CD56°"9" cells cultured in lactic
acid 20mM or MitoTempo & 20mM lactic acid. Data presented as mean + SEM. Data
analysed using Wilcoxon matched pairs test. (n=3, **, p<0.01).
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4.3 Discussion
Natural Kkiller cells are an essential component of the anti-tumour immune repertoire. This

importance stems from their ability to recognise tumour cells without prior antigen
sensitisation. This is achieved through recognition of stress induced and tumour associated
antigens, as well as loss of MHC expression (Kruse et al., 2014). Hepatic NK cells appear
particularly adept at targeting tumours that would be otherwise escape immune recognition
(Ishiyama et al., 2006; Vermijlen et al., 2002). The majority of research has focused on the
role of NK cells in HCC, the primary cancer affecting the liver. In this disease, the number of
tumour infiltrating NK cells is strongly associated with improved clinical outcome (Chew et
al., 2012). The pathogenesis of HCC is markedly different from CRC metastasis. HCC
develops on the back of fibrosis and cirrhosis of the liver which disrupts the normal hepatic
immune surveillance (Sun et al., 2015; Zhang and Friedman, 2012). CRC tumours which
metastasise to an otherwise healthy liver do not have the benefit of a dysfunctional hepatic
immune landscape as in the case of HCC. CRC tumours must overcome a repertoire of anti-
tumour cells, of which NK cell are the most prominent. Despite this, liver metastasis is twenty
times more common than primary tumours of the liver. However, in CRC liver metastasis, the
presence NK cells has been correlated with both a reduced life expectancy and improved
disease outcome (Donadon et al., 2017; Pugh et al., 2014), although it was unclear whether
this difference was due to changes in specific subsets or NK cell phenotype. The authors
hypothesised that the CRC tumour was able to evade the local immune repertoire. In the case
of reduced life expectancy the authors further hypothesised that hepatic NK cells may disrupt
an effective T cell response through “fratricide” of antigen specific T cells, as has been
described in viral infection (Peppa et al., 2013; Waggoner et al., 2012). Our identification of
a liver resident NK cells population has added another layer of complexity to this scenario.
We therefore sought to establish whether liver resident NK cells are important in

immunosurveillance against metastatic tumours.
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Compared to non-resident CD56“™ NK cells, which are classically considered cytotoxic and
anti-tumour, liver resident CD56""" NK cells display several common features characteristic
of cytotoxic NK cells. CD56""9" NK cells show increased expression of several cytotoxicity
receptors capable of tumour recognition, including NKG2D, NKp46 and NKp44. CD56°"9"
NK cells displayed lower levels of important cytotoxic molecules, with lower expression of
granzyme B and perforin. However, this was accompanied by significantly higher expression
of granzyme K. While granzyme B has classically been considered the most important
granzyme that mediates tumour cell death (Rousalova and Krepela, 2010), there is increasing
evidence from tumour transcriptomics that granzyme K is a positive prognostic in many
cancers, most prominently breast cancer (Uhlen et al., 2017). Granzyme K is most commonly
found in innate cytotoxic cells such as MAIT cells and CD56""9" NK cells (Jiang et al., 2011;
Kurioka et al., 2015). When co-incubated with metastatic colorectal cancer cell line (SW620)
CD56™" NK cells from the liver showed equal levels of cytotoxicity compared to non-
resident cytotoxic CD56%™ cells, classically considered the most potent anti-tumour NK cell
subset. These findings are similar to those of peripheral blood CD56°"9" NK cells which, after
activation through IL-15, display enhanced cytotoxicity (Wagner et al., 2017). In addition, it
has been shown that activation by IL-12 and IL-15 increases expression of markers of tissue
residency, CXCR6 and CD49a, which may indicate that liver resident NK cells have
previously been activated by cytokines (Hydes et al., 2018). Whether the cell death induced
by liver resident NK cells is mediated through granzyme K is currently under investigation by
our group. Alternatively this cell death could be mediated by death receptor signalling.
TRAIL is only expressed on small proportion of liver resident NK cells in healthy liver, in
tumour bearing and HBV infected liver this level rises dramatically (Figure 4-6, Stegmann et
al., 2016). Also worth noting is the significantly higher proportion of CD56""" NK cells that
degranulate in response to target cells. While granzyme K may not be as efficient as other

cytotoxic molecules (Voskoboinik et al., 2015), this may be compensated for by an increase in
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the number of NK cells activated by tumour cells, increasing the effective ratio of effectors to

targets.

Liver resident NK cells are competent anti-tumour cells and should provide the liver with
ample anti-tumour immunity. However, in many cancers the liver becomes the main site of
metastases (Ferlay et al., 2015). How these tumours evade the local NK cell immunity
remains to be resolved. As previously reported, we have confirmed that NK cells are depleted
from metastatic CRC tumours (Pugh et al., 2014). We have further identified that tissue
resident CD56™"9" NK cells are preferentially depleted. The remaining tumour infiltrating
CD56"" NK cells appear to be tissue resident, with a distinctive Eomes™ Tbet' phenotype
and expression of CXCR6 and CD69, and are not thought to be infiltrating peripheral blood

cells.

Primary CRC tumours are relatively devoid of NK cells, with surrounding tissue containing
normal levels (Halama et al., 2011). This is assumed to be due to ineffective infiltration into
the tumour mass. The relative depletion of NK cells from the CRLM tumour may therefore be
due to an inability to migrate to the tumour site or the induction of NK cell death (similar to
iINKT cells, Whelan et al. unpublished). We have addressed this question using chemotactic
assays employing liver NK cells and tumour conditioned media from CRLM.
Counterintuitively, CD56”"" NK cells actually migrated toward CRLM tumour conditioned
media significantly more than CD56“™ cells, which make up the majority of tumour
infiltrating NK cells. This may be due to the production of CXCL16 by colorectal cancer cells
(Kee et al., 2014, 2013), which has previously been shown to limit metastases of primary
colorectal tumours, possibly by recruiting NK cells from the liver. With no defect in
chemotaxis, we therefore investigated the effect of the tumour microenvironment on liver

resident NK cell viability and phenotypes. Many tumour types have been shown to alter NK

cells through the production of anti-inflammatory mediators (IL-10, TGF-B, IDO, Argl) or
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metabolic dysregulation of the surrounding tissue (Cortez et al., 2017; Husain et al., 2013a;
Lassen et al., 2010; Mamessier et al., 2011; Pietra et al., 2012; Potzl et al., 2017; Viel et al.,
2016). Using tumour conditioned media we have shown that NK cells undergo apoptosis in
the tumour microenvironment. This process is not mediated by extrinsic death receptor
signalling, as shown by continued apoptosis in the presence of a caspase-8 inhibitor.
Alternatively apoptosis can be triggered by intrinsic cell signals. This process is mediated by
release of cytochrome c from the mitochondria. This process is commonly induced by loss of
a growth factor, DNA damage, nutrient deprivation, endoplasmic reticulum stress, or
mitochondrial stress (Elmore, 2007; Taylor et al., 2008). Ex vivo liver resident NK cells
isolated from CRLM tumours displayed mitochondrial stress (increased mitochondrial ROS
production) and decreasing mitochondrial mass compared to cells from surrounding tissue.
Non-resident CD56%™ NK cells did not display these features of mitochondrial stress. We
therefore began by investigating changes in growth factors known to regulate NK cell
homeostasis. IL-15 levels were unchanged between healthy liver and CRLM. IL-2 likewise
was not altered between healthy and tumour bearing tissue (Hand et al, 2018). We have
shown that tissue resident NK cells require TGF-f to maintain their phenotype, but this was

not significantly changed between healthy and CRLM tissue.

Nutrient deprivation was not considered a cause of apoptosis as glucose levels were
equivalent in healthy and CRLM conditioned media. This is probably due to the use of culture
media which has an excess of glucose and does not accurately reflect glucose availability in
the tumour microenvironment. In order to address this, alternative culture methods are being
developed in the lab to more closely mimic the tumour microenvironment (low glucose, low
glutamine, pH controlled media, addition of tumour cell lines etc.). In order to identify
metabolic differences between tumour and healthy liver tissue we examined lactate levels as a
readout of glycolysis. Lactate was significantly increased in CRLM tumours compared to

healthy tissue, unsurprising given the increased metabolic activity of tumour cells (Jiang,
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2017; Pavlova and Thompson, 2016). Lactate has previously been described as a potent
immune modulator in the tumour microenvironment, polarising macrophages and neutrophils,
suppressing DC activity, dysregulating and killing T and NK cells (Brand et al., 2016;

Colegio et al., 2014; Fischer et al., 2007; Gottfried, 2006; Husain et al., 2013a, 2013b).

We therefore investigated the effect of lactate on liver resident NK cell viability. While
sodium lactate showed little effect on NK cell survival, lactic acid induced significant
apoptosis in vitro. Altering the pH of media using hydrochloric acid displayed a similar effect.
The effect was not abrogated by blocking lactate transporters, using aCHC, indicating that the
effect was mediated by altering pH rather than a direct effect of lactate uptake. This acidic
environment induced a change in the intracellular pH of liver resident NK cells, leading to
mitochondrial dysfunction, production of mitochondrial ROS and reduced ATP generation.
pH dependent apoptosis was reversed by pre-treatment with MitoTempo, a selective
mitochondrial ROS scavenger. In order to confirm this mechanism further experiments will be
required using MitoTempo and tumour conditioned media from CRLM tumours.
Furthermore, using a humanised mouse model, MitoTempo could be tested as an
immunotherapy in a metastatic CRC model such as HT-29 or HCT-116 (Mclintyre et al.,

2015).

We therefore believe that apoptosis of liver resident NK cells is as a result of decreasing pH
in the tumour microenvironment, mediated by lactate production, which results in
mitochondrial stress and ROS dependent apoptosis. Why liver resident NK cells are more
susceptible to pH induced cellular stress compared to CD56%™ NK cells remains unclear.
Lymphocytes have been shown to be able to maintain intracellular pH in acidic conditions to
a certain point (~pH6.8) (Deutsch et al., 1982). This process is maintained by the buffering
capacity of the cell, a combination of intrinsic (various weak bases and amino acid groups)

and the conversion of CO, to HCO". HCO' provides most of the buffering capacity in the cell
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and is produced from CO; generated from mitochondrial respiration (Casey et al., 2010).
Therefore cells with greater mitochondrial mass and active TCA cycle will produce more CO,
and have greater buffering capacity. Liver resident NK cells have significantly lower
mitochondrial mass compared to CD56%™ NK cells, making them more susceptible to
extracellular pH changes. This hypothesis will require further investigation. Whether this
decreased mitochondrial mass is indicative of loss of defective mitochondria through
autophagy after activation remains to be elucidated (Westermann, 2010). Driving
mitochondrial biogenesis through peroxisome-proliferator-activated receptor y co-activator-1o
(PGC-1a) may protect against pH induced changes, as it does in tumour cells (LeBleu et al.,
2014). There is some evidence that biogenesis can be driven pharmacologically however these
treatments require substantial research before entering the clinic (Chowanadisai et al., 2010).
Alternatively, intracellular pH can be maintained by the activity of carbonic anhydrases
(which convert CO, to bicarbonate), sodium/chloride HCO™ exchangers, vacuolor ATPase
(pumps H* out of the cytosol into intracellular vesicles), and MCT lactate transporters (Casey
et al., 2010; Damaghi et al., 2013). While we have not identified differences in MCT
expression between CD56"" and CD56%™ NK cells from liver, further work is required to
address the expression and activity of these other targets. To that end, we have performed
RNA-seq on NK cells isolated from liver perfusate in order to identify changes in pH sensors
and regulators between liver resident and non-resident NK cells. The results of these studies

will inform future functional analysis of the activity of targets of interest.

This lactate mediated mechanism, by which CRLM subverts local innate anti-tumour
immunity, provides opportunities for therapies that target metabolic pathways and
mitochondrial regulation. At the tumour level, the production and export of lactate could be
targeted through regulation of glycolysis through inhibition of enzymes involved in that
pathway, through drugs such as 2-DG, bromopyruvic acid, lonidamine (Hexokinase targeted),

GAPDH inhibitors, pyruvate kinase inhibitors (TLN-22), or lactate dehydrogenase inhibitors
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(Ganapathy-Kanniappan and Geschwind, 2013; Pelicano et al., 2006; Scatena et al., 2008).
Alternatively lactate transport can be targeted to prevent release of lactate from tumour cells,
increasing it to toxic levels (Payen et al., 2017; Sonveaux et al., 2012, 2008). Significant
clinical improvement has been reported with the use of systemic bicarbonate buffering, which
neutralises tumour acidity, reduces tumour invasiveness and improves immune response
(Ibrahim-Hashim et al., 2017; Potzl et al., 2017; Silva et al., 2009). Despite these positive
results, patient adherence to treatment is difficult as large quantities of sodium bicarbonate
must be consumed which proves difficult for many patients. An alternative approach would
be to develop treatment which targets immune cells and prevents ROS induced apoptosis. The
use of mitochondria targeted scavengers has shown some efficacy in murine models of cancer
and other inflammatory diseases, maintaining immune activity and clearing tumour cells (Li
et al., 2013; Nazarewicz et al., 2013; Porporato et al., 2014). MitoQ, a mitochondrial ROS
scavenger, is available as an over the counter food supplement, purported to reduce
mitochondrial stress and improve metabolic health, however no substantial studies of this

effect have been published.

The recurrence of CRC liver metastasis after successful resection occurs in up to 70% of
patients. It is clear from this that the immune surveillance mechanisms of the liver remain
compromised after removal of the tumour. It remains unclear how these tumours reappear,
whether from microscopic deposits present before resection or migration from the primary or
another secondary site. Either way, treatment targeting lactate production may benefit these
patients, improving immune surveillance, reducing the invasiveness of metastatic tumours and
limiting tumour growth. Further characterisation of the tumour microenvironment in CRLM is
essential in order to identify therapeutic targets specific to tumour cells and restore local
innate immune function. We believe this approach will substantially reduce the recurrence
rate after surgical resection. In addition this treatment will benefit patients with inoperable

CRLM, reducing tumour growth and restoring local tumour immunity.
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Chapter 5: General Discussion
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The adult human liver is an organ of predominately innate immunity. It has evolved to
tolerate a large antigenic load from the gastrointestinal tract. This is achieved through a
unique population of tissue resident macrophages, Kupffer cells, which sample portal blood
contents, remove antigenic molecules and maintain organ tolerance rather than initiating a
systemic adaptive response. This tolerogenic environment, while necessary, presents some
difficulty in the setting of hepatotrophic viral infection and malignancy. In the absence of
efficient antigen presentation, T cell activation becomes problematic, and there is a body of
literature describing these difficulties (Bowen et al., 2004; Crispe, 2003; Crispe and Metz,
2000; Huang et al., 1994; Mehal et al.,, 1999; Shuai et al., 2016). In chronic liver
inflammation, these tolerogenic mechanisms breakdown and pathology ensues (Heymann et
al., 2015; Robinson et al., 2016). In the setting of CRLM, the otherwise healthy liver into

which the CRC tumour metastasises may remain tolerogenic and prevent T cell activation.

To complement this tight regulation of essential anti-tumour and anti-viral immunity, the liver
is densely populated with cytotoxic innate lymphocytes including NK cells, vy T cells, MAIT
cells and iNKT cells (Doherty et al., 1999; Hata et al., 1991, 1990; Kenna et al., 2004; Norris
et al., 1999). Hepatic NK cells have been characterised by their enhanced cytotoxicity and
ability to clear tumour cells, regulate stellate cells and prevent fibrosis (Bahjat et al., 2007;
Moroso et al., 2010; Peng et al., 2016; Sojka et al., 2014b; Zhang et al., 2011). It has become
increasingly evident that NK cells isolated from tissues throughout the body differ from those
of the peripheral blood (Freud et al., 2017; Sojka et al., 2014b; Tang et al., 2016). We
therefore set out to examine the diversity of NK cells in the adult human liver and identify key

features of liver resident NK cells.

Much work has been carried out in murine models to identify liver resident NK cells (Daussy

et al., 2014; Gordon et al., 2012; Peng et al., 2013). These cells were characterised by poor
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cytotoxicity and increased pro-inflammatory cytokine production. This population was
identified by their lack of Eomes expression, a transcription factor necessary for the
differentiation and acquisition of effector function of NK cells, and the expression of the
integrin CD49a. Furthermore these cells were identified in humans, but was only present in a
minority of livers studied and only accounted for a tiny proportion of hepatic NK cells (~1%)
(Marquardt et al., 2015; Martrus et al., 2017). It is now becoming clear that this population is
in fact a non-NK cell ILC1 type cell (Marotel et al., 2016). Accounting for only a small
number of hepatic ILC cells, we hypothesised, that in humans, multiple tissue resident

populations of NK cells may exist.

Here, we have characterised the diverse NK cell repertoire of healthy human liver and have
identified a novel subpopulation of hepatic NK cells with unique phenotypic features, effector
function and transcriptional regulation. These CD56°"™ NK cells are characterised by an
Eomes™ Thet® phenotype, have increased degranulation in response to target cells and
produce significantly less IFN-y. This population also had increased expression of NCRs and
NKG2D, receptors which recognise stress induced ligands (expressed by tumour and virally
infected cells). In addition, Eomes™ Thet' NK cells express markers of tissue residency
including the chemokine receptor CXCR6, and the C-type lectin CD69 previously described
in liver sinusoidal NK cells and tissue resident T cells (Hudspeth et al., 2015; Mackay et al.,
2015). A small population of CD49a* CD56"™ NK cells was detected in liver biopsies but
not liver perfusate or peripheral blood. Unlike the population described by Marquardt and
colleagues, these cells were not Eomes’. Their absence from liver perfusate may indicate that
they are resistant to perfusion or may reside outside of the liver sinusoids, similar to Kupffer
cells whose cellular projections cross into in the Space of Disse (Wardle, 1987). This
population has been further characterised in cirrhosis where it does not possess an Eomes

phenotype (Lunemann et al., 2017). Alternatively, NK cell phenotype may be altered by shear

191



stress during removal of preservative fluid from donor liver (“flushing”), or migration into the

transport media may alter expression of adhesion molecules.

During the course of this work, the Eomes™ Tbet® Liver NK cell has been described by
several groups (Aw Yeang et al., 2017; Cuff et al., 2016; Harmon et al., 2016a; Hudspeth et
al., 2016; Hydes et al., 2017; Lunemann et al., 2017; Stegmann et al., 2016). From this series
of studies much has been discovered about these liver resident NK cells. They appear
unchanged phenotypically and functionally in chronic hepatitis B infection (Stegmann et al.,
2016). They display reduced IFN-y production in response to cytokine stimulation but not
when treated with PMA (Aw Yeang et al., 2017; Harmon et al., 2016; Stegmann et al., 2016).
This may be due to the differences in signalling pathways activated by PMA (NFAT) and pro-
inflammatory cytokines (JAK-STAT). They degranulate at greater levels than non-resident
NK cells (Harmon et al., 2016; Stegmann et al., 2016). They appear long-lived, as donor liver
resident NK cells are detectable in transplanted organs years after transplantation (Cuff et al.,
2016). In cirrhotic liver, their phenotype appears altered, with a loss of Eomes™ Thet'® NK
cells and expansion of CD49a" NK cells characterised by increased Hobit expression, a
transcription factor associated with T cell tissue residence (Lunemann et al., 2017; Mackay et
al., 2016). Whether this is an expansion of a distinct CD49a" population or a shift in the
phenotype and function of liver resident NK cells remains unclear. It will be necessary to
develop mouse models of liver disease in order to investigate this process. Normal mouse
models have not shown the presence of any equivalent of the human Eomes™ Thet"® NK cell.
However, humanised mice, immunodeficient mice transplanted with human haematopoietic
stem cells, show the presence of CD49e” NK cells as described in humans (Aw Yeang et al.,
2017). We have further investigated the phenotype of these NK cells in an NSG mouse
transplanted with adult human stem cells. We have found the presence of CXCR6", CD49a"
and CD69" CD56™" NK cells (Appendix Figure 2). These cells have reduced Thbet

expression but did not possess the increased Eomes expression characteristic of human liver
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resident NK cells. This may be in part due to differences between human and murine liver
microenvironments (Robinson et al., 2016). With the advent of CRISPR technology, next
generation humanised mouse models may be able to more accurately reflect human hepatic
immune repertoires. It appears human hepatocytes may be essential for the development of
human-like immune populations in murine models (Billerbeck et al., 2016; Dorner et al.,
2011; Guo et al., 2018). Furthermore if an activation signal is required to recruit NK cells to
the liver to become resident populations, then a systemic treatment may be necessary to drive

this recruitment (Hydes et al., 2018).

They were also only present in small numbers (~2.5% of CD45" cells) making the study of
their function difficult when compared to their numbers in humans. In the absence of an
efficient murine model, it will prove difficult to determine the ontogeny of human liver

resident NK cells and their shifting phenotypes.

In order to address this, we have developed a rudimentary culture system to mimic the hepatic
microenvironment. By culturing liver tissue ex vivo and collecting these supernatants, we can
establish culture conditions with biologically relevant concentration of hepatic cytokines and
growth factors produced by human hepatocytes stromal and immune cells (O’Toole et al.,
2014). However, it must be noted that surgical stress, ischemia and reperfusion can cause
damage to tissue and may altered their production of cytokines and growth factors (Chen and
Nufiez, 2010; Zhai et al., 2013). This is unavoidable even in murine models and is a caveat to
microenvironmental research. Using this system, we have determined that liver resident NK
cells rely on soluble factors present in the liver microenvironment to maintain their unique

phenotype.
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NK cells isolated from liver perfusate lose their unique Eomes™ Thet® phenotype when
cultured but this can be reversed by addition of liver conditioned media. Liver conditioned
media suppresses Tbet expression in cultured hepatic and peripheral blood NK cells. The liver
is rich in immunoregulatory cytokines, including TGF-$ and IL-10, produced by Kupffer cells
and immature dendritic cells (Bamboat et al., 2009; Kelly et al., 2006; Knolle et al., 1995;
Robinson et al., 2016). Liver resident NK cells cultured with TGF-$ but not IL-10 maintain
their unique phenotype, indicating that TGF—f is essential for maintaining liver resident
populations in the liver. Further experiments are required to confirm this mechanism,
including blocking TGF-f signalling in liver resident NK cells and peripheral blood NK cells
cultured with LCM, using the small molecule inhibitor SB431542 (Inman et al., 2002).
Culture with LCM can maintain CXCRG6 expression, but it does not appear to induce
expression of CXCR6 on peripheral blood NK cells. Peripheral blood NK cells require
stimulation with cytokine (IL-12, IL-15) in order to express CXCR6 or CD49a (Hydes et al.,
2018). Therefore, liver resident NK cells probably acquire CXCR6 expression in the
periphery, through cytokine activation, migrate to the liver, where CXCL16, RANTES and
CCL3 present in the liver sinusoid retain activated NK cells (Hudspeth et al., 2015; Paust et
al., 2011). TGF-B (produced by resident macrophages and dendritic cells) alters transcription
factor expression, repressing the production of pro-inflammatory cytokines (IFN-y).
Significant work has been performed investigating the effect of TGF-f3 on NK cells, and it has
been shown to have potent immunosuppressive effects and alters NK cell development (Allan
et al., 2010; Viel et al., 2016). Furthermore, TGF- has been shown to suppress glycolysis and
inhibit the pro-inflammatory effector functions of CD56™™ NK cells, such as IFN—y
production (Zaiatz-Bittencourt et al., 2018) Recently, TGF-p has been shown to be involved
in the conversion of NK cells to ILC1-like cells with reduced cytotoxicity in tumour models
(Cortez et al., 2017; Gao et al., 2017). This process does not appear to occur in liver resident

NK cells but may be worth further investigation in peripheral blood or other tissue resident
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populations. Use of a strong pro-inflammatory signal, such as PMA, appears to overcome this
TGF-p mediated repression and restore IFN-y production (Aw Yeang et al., 2017; Stegmann
et al., 2016). From RNA-seq analysis we have identified changes in several signalling
pathways involved in TGF-b signalling and repression of JAK-STAT signalling necessary for
cytokine activation. This suppression did not extend to T cell related signalling pathways such
as NFAT, which is activated by PMA treatment (Robinson et al. unpublished). So while in
healthy liver these resident NK cells have suppressed pro-inflammatory function, this can be

overcome with sufficient stimulation.

The role of liver resident NK cells in local immunity is unclear. They were found to be
unchanged in chronic HBV infection, but had increased expression of TRAIL (Stegmann et
al., 2016). In previous studies, CD56°"" NK cells had been shown to be important in
controlling HCV infection and preventing fibrosis (Doyle et al., 2015). Much work has been
done by our group and others, characterising the dysfunctional nature of NK cells in chronic
hepatitis (Eisenhardt et al., 2012; Golden-Mason and Rosen, 2013; Lunemann et al., 2014;
Nel et al., 2016). In light of the discovery of liver resident NK cells these studies will need to
be repeated to determine whether loss of liver resident NK cells is responsible for the severe
pathology seen in some HCV patients. Liver NK cells have previously been shown to
promote immune regulation through deletion of virus specific and autoimmune T cells (Huber
et al., 2014; Peppa et al., 2013; Su et al., 2001; Waggoner et al., 2012), whether this function
is carried out by liver resident NK cells remains to be elucidated. Hepatic NK cells have been
demonstrated to be essential for controlling liver fibrosis in alcoholic liver disease,
NAFLD/NASH and autoimmunity (Abu-Tair et al., 2013; Heymann and Tacke, 2016; II-
Jeong et al., 2008; Notas et al., 2009; Radaeva et al., 2006). It remains to be seen if this
function is attributable to this Eomes™ Tbet" subset of NK cells. The loss of this subset in
advanced cirrhosis indicates that this population may be essential for control of fibrosis

(Lunemann et al., 2017).
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Finally, NK cells are essential for the control of tumour metastasis (Krasnova et al., 2015;
Lépez-Soto et al., 2017). Hepatic NK cells have been characterised by their enhanced
cytotoxicity and have been isolated from liver perfusate for use as immunotherapy in
recurrent HCC after liver transplantation (Bahjat et al., 2007; Moroso et al., 2010; Nishida et
al., 2013; Ohira et al., 2012). In this study, we have demonstrated that liver resident CD56"%"
NK cells display comparable levels of cytotoxicity compared to CD56%™ cells (against
colorectal and leukemic cell lines), despite their reduced expression of granzyme B and
perforin. This is similar to the cytotoxic profile displayed by IL-15 activated CD56""" NK
cells and correlate with the requirement of cytokine activation to acquire CXCR6 (Hydes et
al., 2018; Wagner et al., 2017). This deficiency may be overcome using other granzymes (K
or A), or death receptor ligation (FAS-FASL, TRAIL-TRAIL-R). TRAIL expression has been
shown to be increased in liver-resident NK cells in HBV infection (Stegmann et al., 2016).
Alternatively, the increased proportion of degranulating CD56°"™ cells may provide an
increased effective effector to target ratio. Depletion of NK cells has previously been shown
in metastatic liver tumours but high T and NK cell infiltration of tumours are a positive
prognostic for patient survival (Donadon et al., 2017; Pugh et al., 2014). Work from our group

has previously shown that NK cells in the CRLM tumour bearing tissue are still functional

and have reduced expression of inhibitory receptors (Norris et al., 2003).
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Therefore we further analysed the composition of tumour infiltrating NK cells and those of
the surrounding tissue. NK cells are significantly depleted from the tumour compared to
adjacent and distal tissue. Upon further phenotyping, it was determined that this depletion was

mainly from the liver resident CD56""¢" NK cells.

The remaining tumour infiltrating CD56°""™ NK cells maintained their tissue resident
phenotype, expressing CXCR6, CD69 and Eomes™ Thbet. As in healthy liver, a small
population of CD49a” NK cells was also detected but these were not Eomes™ as described by
Marquardt and colleagues (Marquardt et al., 2015). Furthermore, expression of cytotoxicity
receptors and cytotoxic molecules was unchanged in tumour infiltrating cells compared to NK
cells in the adjacent and distal tissue, indicating retention of cytotoxic capabilities.
Unfortunately, low cell numbers precluded us from performing functional analysis of tumour
infiltrating cells. A previous study by our group demonstrated that NK cells isolated from
adjacent tissue were capable of cytotoxicity at similar levels to cells from healthy liver tissue
(Norris et al., 2003). Using tumour conditioned media from CRLM tissue, we performed
functional and viability assays to assess this mechanism of depletion. Liver resident CD56""
NK cells were chemotactically attracted to CRLM conditioned media, significantly more than
CD56%™ cells. In vivo, this should have correlated with an increased proportion of liver
resident NK cells in CRLM tumours; however this was not the case. We therefore
investigated the effect of tumour conditioned media (TCM) on NK cell viability and
determined that liver resident NK cells undergo apoptosis in TCM, more so than CD56%™ NK

cells.

Apoptosis can be induced in a number of ways, through two distinct pathways; the intrinsic
(mitochondrial mediated) or extrinsic (death receptor mediated) (Circu and Aw, 2010;
Elmore, 2007; Taylor et al., 2008). We first investigated the extrinsic pathway, as colon

cancer cells have previously been shown to release soluble death receptor ligands and NK
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cells induce apoptosis of other immune cells through death receptor ligation (Nielsen et al.,
2012; Peppa et al., 2013; Song et al., 2001). Blocking caspase-8 activity renders the extrinsic
pathway inoperable, however inhibition of caspase-8 using z-IETD-FMK did not affect TCM
induced apoptosis in our model (Guo et al., 2004). Next, we attempted to identify evidence of
mitochondrial stress in tumour infiltrating NK cells. Indeed, liver resident NK cells from
CRLM tumours displayed increased levels of mitochondrial ROS and reduced mitochondrial
mass compared to NK cells in surrounding tissue, indicating increased mitochondrial stress.
These results were similar to the effect of lactate on T and NK cells in metastatic melanoma

models recently described (Brand et al., 2016).

Mitochondrial stress can be caused by a number of triggers, including loss of growth factors,
metabolic deprivation, DNA damage, ER stress or dysregulation of metabolism (Circu and
Aw, 2010; McCarthy and Kenny, 2016; Simon et al., 2000). NK cells are dependent on IL-15
for survival and homeostasis, we therefore measured levels of secreted IL-15 in healthy liver
and CRLM tumour supernatants (Budagian et al., 2006; Ranson et al., 2003). However, there

was no significant change in IL-15 or other NK cell related cytokines (Hand et al 2018).

Tumours often deprive immune cells of sources of essential energy sources such as glucose
and glutamine (Pavlova and Thompson, 2016; Renner et al., 2017), however in our culture
system, both are present in excess in culture media. While depletion of these factors in vivo
may contribute to the loss of tumour infiltrating NK cells, in this system they were not
affected by the presence of tumour tissue. The effects of glucose deprivation and reduced
glutamine availability on liver resident NK cells are currently under investigation in our lab.
While tumour glycolysis was not depriving NK cells of glucose in our system, there was an

accumulation of lactate, the main “waste” product of glycolysis.

Lactate is of increasing interest in tumour immunity due to its profound effect on stromal

cells, immune cells and tumour cells themselves (Dart, 2016; Hirschhaeuser et al., 2011; Xie
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et al., 2015). In the context of tumour heterogeneity, highly glycolytic tumours have been
shown to share space with low glycolytic neighbouring tumours, that use lactate as a fuel
source for mitochondrial respiration (Hui et al., 2017). Lactate promotes tumour
vascularisation  through production of VEG-F by endothelial cells and induction of
angiogenesis (Vegran et al., 2011). VEG-F was found to be significantly increased in
supernatants from our CRLM cohort (Hand et al. 2018). Furthermore, in primary tumours
lactate induces matrix degradation and the migration and metastases of tumour cells (Goetze
et al., 2011; Payen et al., 2017; Romero-Garcia et al., 2016; Stern et al., 2002). In addition,
lactate contributes to the polarisation of the innate immune system toward tolerance and
immunosuppression. This is achieved through promotion of “M2” macrophages,
differentiation of MDSCs, and inhibition of dendritic cell activity (Colegio et al., 2014;
Goetze et al., 2011; Gottfried, 2006; Husain et al., 2013b). Finally, lactate has been shown to
inhibit T and NK cell functions and, at high concentrations, induces apoptosis of these
essential anti-tumour cells (Brand et al., 2016; Fischer et al., 2007; Husain et al., 2013a; Potzl
et al., 2017). Whether these effects are due to accumulation of acid (reducing pH) or a direct

effect of lactate uptake remains unclear.

In vitro lactic acid induced the apoptosis of liver resident NK cells but not CD56%™ cells.
After treatment with sodium lactate and lactic acid, it became clear that the proton donating
acidic form was a much more potent stimulus of apoptosis. Treatment with physiologically
relevant levels of lactic acid induced a decrease in intracellular pH, increased mitochondrial
ROS production and decreased ATP production, resulting in cell death. A similar affect was
observed when media pH was altered using hydrochloric acid. This indicated that pH change
rather than a direct effect of the lactate molecule was causing the observed apoptosis.
Furthermore, blocking lactate transport, through aCHC, did not affect mitochondrial ROS
production. ROS production has complex consequences for immune cells. It is essential for

phagocytosis and is often observed in activation of immune cells (LeBleu et al., 2014; Mehta
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et al., 2017; Mills et al., 2017). On the other hand, ROS accumulation causes extensive
cellular damage to organelles and DNA when released in an uncontrolled manner, resulting in

apoptosis (Holze et al., 2017; Kesavardhana and Kanneganti, 2018; Simon et al., 2000).

Therefore, blocking the accumulation of ROS could protect immune cells from pH induced
apoptosis. Treatment with MitoTempo, a mitochondria specific ROS scavenger, reduced the
accumulation of ROS and inhibited apoptosis in liver resident NK cells treated with lactic
acid. It remains unclear why liver resident CD56""9" NK cells are more sensitive to this form
of apoptosis compared to CD56%™ NK cells. One explanation may be the difference in
mitochondrial mass we observed in healthy NK cells from liver perfusate. While all cells can
regulate intracellular pH to a certain extent through intrinsic buffering capacity (amino acids,
phosphates etc.), the largest contributor to pH regulation is the release of CO, from
mitochondria and its conversion to bicarbonate (Casey et al., 2010; Damaghi et al., 2013;
Deutsch et al., 1982). Therefore, the greater mitochondrial mass of CD56™ NK cells may
provide them with a larger store of bicarbonate to counter the acidic environment; further
experiments will be required to confirm this hypothesis. Alternatively, phenotypic differences
between liver resident and CD56%™ NK cells in terms of ion transporters may regulate the
accumulation of hydrogen ions within the cell (Casey et al., 2010). To address this, we have
performed RNA-Seq analysis of CD56°"" and CD56%™ NK cells from liver perfusate in
order to identify differences in gene expression of these transporters, however no significant
differences have been observed in genes associated with pH maintenance (Robinson et al.

unpublished).
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Figure 5- 3 Mechanism of liver resident NK cell apoptosis

Liver resident NK cells undergo apoptosis in the tumour microenvironment. At normal pH
(blue cytoplasm) NK cells can metabolise glucose to pyruvate via glycolysis and produce
ATP through mitochondrial respiration. Lactate produced by tumour glycolysis permeates the
microenvironment where it releases a hydrogen ion (H") and becomes lactic acid. This acidic
environment lowers the intracellular pH of intratumoural NK cells (pink cytoplasm). This
decrease in pH induces mitochondrial stress resulting in decreased mitochondrial mass, the
production of reactive oxygen species (ROS) and loss of ATP generation. ROS production
induces apoptosis of tumour infiltrating liver resident NK cells.
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The glycolysis pathway is an attractive target for cancer therapy. It provides the biochemical
intermediates for several essential processes required for cell growth and division (Xie et al.,
2015). However, our immune response is also dependent on glycolysis for acquisition of
effector functions, especially T and NK cells which are the main mediators of tumour
immunity (Assmann et al., 2017; Buck et al., 2015; Keating et al., 2016; Maclver et al., 2008;
Mehta et al., 2017). Therefore, therapeutically targeting this pathway will require precision
and specificity. Simple treatments such as systemic buffering with sodium bicarbonate have
been surprisingly effective, however the practicality of such a treatment is questionable (Hu et
al., 2017; lbrahim-Hashim et al., 2017; Potzl et al., 2017; Silva et al., 2009). Perhaps with
more direct delivery systems this process could be harnessed on a larger scale. Partial
inhibition of GAPDH, using koningic acid, has been shown to significantly inhibit tumour
growth without impacting on tumour immunity (Liberti et al., 2017). Similarly, blocking
lactate transporters specifically upregulated in tumour cells prevents tumour metastases and
maintains NK cell function (Noble et al., 2017; Payen et al., 2017; Sonveaux et al., 2012).
Metabolic therapies are in early stages of clinical trials and more research is required before
they are seen commonly in clinical use (Altman et al., 2016; Doherty and Cleveland, 2013;
Ganapathy-Kanniappan and Geschwind, 2013). In the context of CRLM, any new treatment
approach would be most welcome. Current therapy has limited success, with up to 70% of
patients developing a recurrence after surgical removal of the tumour, while more than half of
patients are completely unsuitable for surgery. In addition, treatment with anti-VEGF therapy
while reducing nutrient supply to these tumours, cuts off essential fuel and nutrients for
immune cells and prevents the removal of lactate from the microenvironment, compromising

local anti-tumour immunity (Patel et al., 2014).

In conclusion, the human liver is host to a variety of NK cell subsets. We have identified a
population of liver resident NK cells specific to humans. These cells are characterised as

CD56""" Eomes™ Thet® CXCR6" CD69", they display enhanced cytotoxic capabilities and
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reduced pro-inflammatory cytokine production(Cuff et al., 2016; Harmon et al., 2016;
Hudspeth et al., 2015; Hydes et al., 2017; Stegmann et al., 2016). In addition, we have also
confirmed the presence of a CD56°"" CD49a* previously described in humans and mice
(Daussy et al., 2014; Marquardt et al., 2015). The immunosurveillance functions of liver
resident NK cells are compromised in CRLM. We have identified a significant depletion of
liver resident NK cells from CRLM tumours compared to surrounding tissue. This absence is
not due to defects in chemotaxis but the induction of apoptosis through the release of lactate
from tumour cells. We propose that CRLM tumours are highly glycolytic, producing large
amounts of lactate (Holroyde et al., 1979; Xie et al., 2015). This lactate is converted to lactic
acid, reducing the pH of the tumour microenvironment. This affects liver resident NK cells by
reducing intracellular pH, either through the uptake of hydrogen ions or an inability to export
endogenously produced hydrogen ions. This leads to mitochondrial stress and reduced ATP
generation. The release of mitochondrial ROS activates the intrinsic apoptosis pathway and

liver resident NK cells become depleted from the tumour.

We believe this process provides an ideal opportunity to develop new metabolic targeted
therapies for the treatment of CRLM. With the success of immunotherapy in recent years, this
approach may complement immune activating therapies and produce a synergistic anti-
tumour effect by not only relieving the detrimental effects of lactate but by also augmenting

local NK cells and driving tumour eradication.
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Appendix Figure 1 Granzyme B expression in freshly isolated PBMC sample

PBMC’s were isolated from a healthy blood donor from local volunteer. NK cells were identified

- brigh -/ dim
from the CD45" lymphocyte gate as CD56 CD3.CD56 ' CD16  and CD56  CD16
subsets were then gated on. Non-viable cells were excluded by FVS780 staining. (A)

Representative histograms of granzyme B expression in CD56" e (red) and CD56%™ NK
cells (blue).
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Appendix Figure 2 Characterisation of liver resident NK cells in humanised mice

Adult mice were irradiated and injected with human cord blood CD34" stem cells with
analysis 12-13 weeks post stem cell transfer. Livers were harvested and single cell
suspensions were prepared by mechanical digestion. Mononuclear cells were isolated from
and stained with monoclonal antibodies. (A) Engraftment of human immune cells was
measured by comparing the presence of human CD45" (hCD45) cells compared to murine
CD45+ cells. (B) The proportion of NK cells in hCD45" lymphocytes. (C) Proportion of
CD56™¢" (black bar) and CD56"™ (white bar) NK cells in liver of humanised mice. (D)
Percentage of tissue residency marker (CXCR6, CD49a and CD69) positive CD56™€" NK
cells from humanised mouse liver. (E) Expression of Tbet in liver CD56™¢" (black bar) and
CD56%™ (white bar) NK cells in liver of humanised mice. (F) Expression of Eomes in liver
CD56™" (black bar) and CD56"™ (white bar) NK cells in liver of humanised mice. Data
presented as mean + SEM. Data analysed using Wilcoxon matched pairs test. (n=6-8).

245



4 wHesc 3

ol . ol
CD10 CD117
A A Bsu .

CD56dim

% Lymphocytes
5

CD94
CD16

Appendix Figure 3 Presence of NK cell progenitors in liver perfusate

Mononuclear cells isolated from liver perfusate (LP) were stained with monoclonal
antibodies. Progenitors and mature NK cells were identified from CD45" cells. Non-viable
cells were excluded by FVS780 staining. (A) Representative FACS plots of NK cell
progenitors in liver perfusate. (B) Percentage of NK progenitors in liver perfusate. (HPSC-
Haematopoietic stem cell (CD34", CD10°), S1- Stage 1 progenitor (CD34", CD10"), S2-Stage
2 progenitor (CD34", CD117"), S3-Stage 3 progenitor (CD34", CD117"), Stage 4-CD56"¢"
NK cell, Stage 5-CD56“™ NK cell.)
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Appendix Figure 4 Optimisation of tumour conditioned media treatment

NK cell subsets were isolated from liver perfusate by FACS. Cells were cultured for 24 hours
with increasing dose of tumour conditioned media; 10, 20 or 50% v/v conditioned media from
colorectal liver metastasis tumours (CRLM). Apoptosis was assessed by annexin V and
7AAD staining. (A) Percentage of pro-apoptotic CD56”"™ NK cells. (B) Percentage of
apoptotic CD56°"9™ NK cells. (C) Percentage of pro-apoptotic CD56%™ NK cells. (D)
Percentage of apoptotic CD56"™ NK cells. Data presented as mean = SEM. Data analysed
using Kruskal-Wallis test, with Dunn’s multiple comparison test. (n=3, *, p<0.05)
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Appendix Figure 5 Pro-apoptotic NK cell subsets after treatment with LCM and CRLM
conditioned media.

NK cell subsets were isolated from liver perfusate by FACS. Cells were cultured for 24 hours
in the presence of 50% v/v healthy liver conditioned media (LCM) or conditioned media from
colorectal liver metastasis tumours (CRLM). Apoptosis was assessed by annexin V and
7AAD staining. (A) Percentage of pro-apoptotic CD56"" NK cells. (B) Percentage of pro-

apoptotic CD56%™ NK cells. Data presented as mean + SEM. Data analysed using Wilcoxon
matched pairs test. (n=5).
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Appendix Figure 6 Optimisation of z-IETD-FMK treatment

Jurkat cells were treated with increasing concentrations of z-IETD-FMK (caspase-8 inhibitor)
for 2 hours. Jurkat cells were then stimulated with an anti-FAS antibody for 24 hours.
Apoptosis was measured by annexin V/7-AAD staining. (A) Percentage of apoptotic cells
after incubation with anti-FAS and z-IETD-FMK.
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