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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF MEDICINE

Clinical and Experimental Sciences

INNATE AND ADAPTIVE NATURAL KILLER CELLS
IN THE LIVER AND PERIPHERAL BLOOD

Dr Theresa Hydes

Background and Aims: Natural Killer (NK) cells are innate-like lymphocytes, yet selected murine
populations display antigen-specific ‘memory’ towards haptens and viruses. Liver-specific
adhesion molecules CXCR6 and CD49a act as surface markers. Cytokines can also generate NK
cells with memory-like behaviour. | aimed to identify CXCR6+ and CD49a+ NK cells in humans,
define their phenotype and function and examine the role of cytokines in driving their differentiation
and proliferation. Secondly, following the discovery of an association between reduced STAT4
expression and NK cell tolerance, | aimed to investigate if overactivation of the IL-12/STAT4 axis,
linked to susceptibility of the autoimmune liver disease Primary Biliary Cholangitis (PBC), may
generate hyperfunctional autologous NK cells in this condition, and whether NK cells with a liver-

resident or memory-like phenotype play a role in mediating this.

Results: CD49a+ and CXCRG6+ NK cells comprised 7.8% and 59.5% of intrahepatic NK cells (both
<5% in the circulation). CD49a+ NK cells were present at high frequencies in only 10% of
individuals. They harboured higher frequencies of KIR+ and NKG2C+ NK cells compared to their
CD49a- counterparts, suggestive of clonal expansion and licensing and produced high quantities
of Th1 cytokines. Conversely CXCR6+ NK cells were found universally and were immature
(CD56""CD16"") with upregulation of markers of tissue-residency and cell adhesion. Liver-
resident CD49a+ NK cells underwent rapid expansion following culture with all activating cytokines,
in contrast to CXCR6+ NK cells, however both phenotypes can be induced in the peripheral blood
using IL-12 and IL-15. Cytokine-induced CD49a+CXCR6+ NK cells expressed markers of adaptive
behaviour (NKG2C, IFNy) and tissue-residency (CD69). Furthermore | present the first functional
correlate of the PBC GWAS studies, identifying overactivation of the IL-12/STAT4 axis in NK cells
in PBC. This is manifest by elevated resting levels of pSTAT4 and the generation of CXCR6+ and
CD49a+ NK cells which produce high quantities of IFNy in response to low doses of IL-12.
Hyperfunctional NK cells may home to the biliary tree via their interaction with CXCL16 and

potentially lyse autologous BECs.



Conclusion: Human hepatic CD49a+ NK cells display features consistent with adaptive behaviour,
whereas CXCRG6 is a marker of liver-residency. Cytokine stimulation generates hyperfunctional,
potentially adaptive-like, CD49a+ NK cells in the blood and may induce their migration to the liver
via CXCRG, linking peripheral activation of NK cells with liver-homing. These findings may have
important implications for the development of locally acting immunotherapies for viral hepatitis and
hepatocellular carcinoma. The identification of overactivation of the IL-12/STAT4 signalling
cascade implicates NK cells in the pathogenesis of PBC and suggests a role for the newly
discovered CXCR6+ and CD49a+ liver-resident NK cell subsets in autoimmunity. Inhibition of this

pathway may provide a new therapeutic target for PBC.
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ROS Reactive oxygen species

RPMI Roswell park memorial institute medium
S1PR1 Sphingosine-1-phosphate receptor 1

SDF-1 Stromal cell-derived factor 1

SH2B3 SH2B adaptor protein 3

SIv Simian immunodeficiency virus

SR Spontaneous resolution

STAT Signal transducer and activator of transcription
SVR Sustained virological response

SYK Spleen tyrosine kinase

T-bet T-box expressed in T cells

TGF Transforming growth factor

Th T helper

TIGIT T-cell immunoreceptor with immunoglobulin and ITIM domains
TLR Toll-like receptor

TNF Tissue necrosis factor

TRAIL Tumour necrosis factor—related apoptosis-inducing ligand
Tyk Tyrosine kinase

UDCA Ursodeoxycholic acid

ULBP UL16 binding proteins
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uv

VLA

VSV

Ultra violet
Very late antigen

Vesicular stomatitis virus
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1 Chapter 1: Introduction

1.1 Natural killer cells

NK cells are lymphocytes and are major components of the cellular innate immune response along
with macrophages, dendritic cells, neutrophils, basophils and eosinophils. They are classically
defined as CD3'CD56" lymphocytes and make up 5-15% of the peripheral blood lymphocyte
population. Functional NK cells are broadly divided into those which are CD56°“"CD16  and
CD56°"CD16"*. CD56°""CD16™ NK cells highly express the high affinity IL-2 receptor and release
large volumes of Th1 cytokines, whereas CD56%™CD16" NK cells are more mature and responsible
for natural and antibody-dependent cytotoxicity. CD56°"" NK cells are thought to develop into
CD56°™ NK cells. Unlike T and B lymphocytes, NK cells do not require prior sensitization making
them key effectors of first line immune defence where they have activity against both virally-infected
and tumour-transformed cells. NK cells have several functions. They can initiate programmed cell
death of target cells via the release of toxic lytic granules, hence the name ‘natural killer’ cell. Perforin
creates pores in the target cell allowing granzymes to enter an induce death. NK cells also interact
with the adaptive immune response by killing Immunoglobulin (Ig) G opsonised target cells through
their interaction with the 1IgG Fc receptor CD16 (Antibody Dependent Cell-mediated Cytotoxicity,
ADCC). Secondly they can secrete Th1 (interferon (IFN) y, Tissue Necrosis Factor (TNF) a) and
Th2 cytokines (IL-4, IL-13), which prime the adaptive immune response, in addition to mediating
direct anti-viral effects in the case of IFNy, halting the replication and spread of viruses through non-
cytolytic mechanisms. NK cells also release a number of chemokines including CC-chemokine
ligand (CCL) 3 (Macrophage Inflammatory Protein (MIP)-1a), CCL4 (MIP-18) and CCL5 (RANTES)
in addition to Granulocyte/Macrophage Colony Stimulating Factor (GM-CSF). NK cells are among
the earliest cells to respond to an insult and mount an inflammatory response. However as will be

discussed later they also play a role in maintaining homeostasis and immune tolerance.

NK cell activation is required to trigger both direct cell killing and cytokine release, and this is
dependent on the interaction of NK cell receptors and their ligands (Table 1) [1]. NK cell receptors
can broadly be divided into the extremely polymorphic group of type 1 transmembrane glycoproteins,
Killer cell Immunoglobulin-like Receptors (KIR), type 2 transmembrane glycoproteins, C-type lectin
receptors, and natural cytotoxicity receptors. The former two have both activating and inhibitory loci
whereas the cytotoxicity receptors are solely activating. NK cell activation can be achieved in

multiple ways. Firstly NK cells can be activated via ‘missing self [2,3]. In health, all cells express
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self Major Histocompatibility (MHC) receptors, however these can be downregulated in cells which
become cancerous or become infected with a virus. When inhibitory KIR can no longer engage with
paired MHC ligands the inhibitory signal is lost leading to NK cell activation. This process is
dependent on NK cell licensing (Fig 1-1). In order to become an effector cell, NK cells need to have
encountered a self-MHC ligand which can be recognised by the KIR types expressed by that cell
(Table 1). For example if a patient is homozygous for Human Leukocyte Antigen (HLA) C2 and a
NK cell expressing KIR2DL1 encounters this ligand for the first time, the NK cell will recognise HLA-
C2 as a self MHC molecule and will not mount a response against the target cell, i.e. the NK cell is
licensed and self-tolerant. Thereafter an encounter with a cell which fails to express HLA-C2, will
result in NK cell activation and targeted cell killing. Unlicensed NK cells cannot exert this effect.
Certain KIR-HLA interactions are stronger than others with clinically relevant consequences. The
weaker binding affinity between KIR2DL3 and group 1 HLA-C alleles over KIR2DL2 results in
significantly higher rates of both spontaneous and treatment induced resolution of Hepatitis C Virus

(HCV) infection in this genotype, presumably as result of a weaker barrier to NK cell activation [4,5].

NK cells may also require the interaction of multiple activating receptors to become fully functional,
‘induced-self recognition’. When cell signals from activating receptors exceed those of the inhibitory
receptors, NK cells are activated. Finally an emerging pathway to activation involves interactions
between peptide motifs presented by MHC molecules and inhibitory KIR receptors [6]. Changes at
an amino acid level have been found to antagonise the inhibitory effect of known KIR-self MHC
interactions resulting in NK cell activation. This is known as the ‘altered self hypothesis’ and
demonstrates that NK cells expressing KIR can exhibit broad antigen specificity. Interestingly it has
recently been shown that KIR2DL3-positive NK cells respond more efficiently to changes in peptide

repertoire than those which are KIR2DL2-positive [7].

NK cells, and particularly KIR, display enormous diversity which can impact NK cell function.
Diversity is seen in terms of KIR haplotype resulting in population diversity, at ligand level in terms
of HLA expression, and at an allelic level at the KIR locus. The latter can lead to different individuals
having different numbers of activating and inhibitory KIR. According to the 'rheostat model’ this may
be important for NK cell activation, as it proposes that NK cell reactivity is tuned by the number of
self-MHC class | inhibitory receptors expressed, i.e. the greater number of self-MHC class | inhibitory
receptors, the stronger the effector function and greater the frequency of engagement [8]. During
education the NK cell balances its activation threshold according to the strength of the inhibitory

input to allow NK cells maturation to be optimally determined by the inhibitory signals [9].
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Table 1 NK cell receptors and their known ligands

Activating receptors

Inhibitory receptors

neuroaminidase, heparin

Receptor Ligand Receptor Ligand
KIR KIR
KIR 2DS1 HLA-C2 KIR 2DL1 HLA-C2
KIR 2DS2 HLA-C1 KIR 2DL2 HLA-C1
KIR 2DS3 - KIR 2DL3 HLA-C1
KIR 2DS4 HLA-Cw4 KIR 2DL5 A/B -
KIR 2DS5 - KIR 3DL1 HLA-Bw4 + some HLA-B
KIR 3DS1 HLA-Bw4 + some HLA-B  |KIR 3DL2 HLA-A3, A11
KIR 2DL4 (CD158d) HLA-G KIR 3DL3 -
C-type lectin receptors C-type lectin receptors
NKG2C/E:CD9%4 HLA-E NKG2A:CD9%4 HLA-E
NKG2D ULBP & MIC-A/B Siglec-7
Nkp80 LIR-1
Natural cytotoxicity
receptors
NKp30 BAT3, B7H6, hCMV-pp65
NKp44 Viral haemagglutinins
NKp46 Viral haemagglutinins,

Co-receptors
DNAM-1
2B4

Others
CD16 (FCy-RIIIA)
CcD161
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Figure 1-1 NK Cell Licensing
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1.2 Natural killer cells in the liver

1.2.1 Natural killer cell phenotype and function in the liver

The liver is a fascinating organ in which to study NK cells. NK cells comprise approximately 30-60%
of the lymphocyte population in the healthy liver [10—14] and preferentially reside in the sinusoids
attached to hepatic sinusoidal endothelial cells (HSECs) [15]. It is well established that the liver is a
mediator of immune tolerance and this is largely driven by NK cells. This is necessary as
approximately 2000 litres of blood pass through the portal vein per day, exposing NK cells to large
volumes of antigens through fenestrations in the endothelium. Furthermore HSECs can act as
antigen-presenting cells (APC) themselves. Many reports have revealed different anatomical
distributions of various NK cell subsets, described as being tissue-resident, including the cervix,
uterus, brain, lung, intestine, placenta and secondary lymphoid tissue [16,17]. Tissue-resident NK
cells may develop in situ from tissue-resident stem cells or innate-like lymphocyte (ILC) precursors
[18,19]. There is also evidence however that they may traffic to certain organs, including the liver,
through their interaction with chemokines via CC-chemokine receptor (CCR) 1/2/3/5/7, Chemokine
Receptor (CXCR) 2/3/6 and CX3CR-1, and adopt a tissue-resident phenotype in situ in response to
local environmental stimuli [15,20,21]. While the liver is well established as a site of NK cell
maturation in the foetus [22], only small percentages of NK cell precursors can be found in adulthood
at this site [23].

Phenotype

NK cells have distinct phenotypic and functional features even in healthy livers. The liver is rich in
more immature CD56°""'CD16- NK cells [10,11,15,24,25] and NK cells with this phenotype reside
predominantly in the hepatic sinusoids [15]. Interestingly the phenotype of liver-resident CD56°""
NK cells differs significantly to CD56°"" NK cells isolated from the peripheral blood [15] . Hudspeth
et al recently used nanostring technology to identify 50 differentially expressed genes between
CD56°"9" NK cells isolated from the two tissues and confirmed their findings at a protein level. While
liver-resident CD56""9" NK cells showed reduced expression of the homing receptors, CCR7 and I-
selectin in addition to adhesion molecules CD49e (ITGA5), CD11c (ITGAX) and DNAX Accessory
Molecule (DNAM)-1, they highly expressed chemokine receptors CXCR6 and CCR5 [15]. These
surface markers have been demonstrated to play an important role in the homing of CD56""" NK
cells towards the liver in response to CCL3+ kupffer cells, CCL5+ NK and T-cells and Chemokine
Ligand (CXCL) 16+ endothelial cells [15]. Liver-resident CD56°"9" NK cells were also positive for

CD161 and CD69, a marker of tissue-residency known to inhibit sphingosine-1-phosphate receptor
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1 (S1PR1) which promotes movement of lymphocytes out of tissue [15,25-27]. Conversely the
transcriptional profiles of liver-resident and peripheral blood CD56%™ NK cells were nearly identical
suggesting there may be free movement of these cells between the two compartments [15]. This
may be mediated through their high expression of CCR3, CXCR2 and CX3;CR1 [15]. Hepatic
CD56""" NK cells have also been shown by other groups to express higher levels of the natural
cytotoxicity receptors NKG2D, NKp44, NKp46, which recognise viral and tumour associated
antigens, and stress ligands; in addition to CD94, compared to peripheral CD56°" NK cells. In
contrast differences were minimal between the CD56%™ subsets [11,25]. Studies differ in their

reporting of NKG2A expression between compartments [11,25].

Function

Some variation exists between reports of the function of liver-resident NK cells. This may be a result
of differing stimulation conditions or the presence of background liver disease. Expression of the
death-ligand, Tumour necrosis factor—-Related Apoptosis-Inducing Ligand (TRAIL), has been
reported to be negligible at rest in the healthy liver [15,28], unlike in mice, however its expression
can be induced on hepatic NK cells using IL-2 [28]. This does not occur on peripheral blood NK
cells, where IFNa is required to generate the same effect. Furthermore there is evidence that liver-
resident NK cells contain high levels of perforin and granzymes and are more cytotoxic towards
HepG2 (hepatocellular cell line) and K562 (MHC-1 deficient cell line) targets than their peripheral
blood counterparts [11,14,24,25,28]. In sharp contrast to the peripheral blood, liver-resident
CD56""" NK cells also display enhanced cytotoxicity [11]. Stegmann et al showed however that
liver-resident CXCR6+ NK cells can degranulate in response to PMA/ionomycin but fail to release
high levels of perforin and granzyme B, whereas CXCRG6- liver-resident NK cells produce these
proteins, but do not degranulate [29]. In health IFNy production by liver-resident NK cells has been
reported to be comparable to that of peripheral NK cells following stimulation with IL-12/IL-15 by
Moroso et al [25] and IL-2/IL-12 by Hudspeth et al [15]. However Harmon et al showed IFNy
production by liver-resident CD56°"" NK cells to be significantly reduced compared to CD56"" NK

cells isolated from the peripheral blood in response to IL-2 [11].

Transcriptional profile

Interestingly NK cells isolated from the human liver have a unique transcriptional profile.
Approximately 50% are T-bet®’Eomes™", and the remainder are T-bet""Eomes" [29]. This

contrasts to the blood where the majority are T-bet"®"Eomes'®” (CD56°™ NK cells), and a small
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percentage are T-bet""Eomes™® (CD56°"™ NK cells) [29,30]. Nearly all T-bet®“Eomes™®" liver-
resident NK cells are CXCR6+, and all T-bet"""Eomes™" liver-resident NK cells are CXCR6-. This
supports the premise that CXCR6+ CD56°"9" NK cells remain in the liver, particularly the sinusoids
due to the presence of CXCL16 [31,32], while CD56%™ NK cells move freely between the liver and
the blood. Cuff et al recently examined NK cells isolated from HLA-mismatched donor and recipient
livers and elegantly demonstrated that Eomes™®" (CXCR6+ CD56"""™) NK cells cannot exit the liver
and are long-lived, surviving for over 10 years [33]. This subset of NK cells were shown to be

Meh NK cells into the liver, presumably

replenished via (1) the movement of peripheral blood Eomes
through the expression CXCL16 and CCL5; and (2) the upregulation of Eomes on Eomes™” NK cells
[33]. Therefore liver-resident NK cells in humans are CXCR6+ CD56°“" and are dependent on

Eomes, but not T-bet.

Memory-like NK cells

Finally, the liver may also be a site of residence, and, or priming of a group of NK cells recently
shown to display adaptive- or memory-like features. Liver-resident NK cells expressing the cell
surface markers CD49a(DX5-) and CXCR6 have been shown to be capable of displaying antigen-
specific memory against viruses and haptens in mice [19,34]. NK cells expressing these surface

markers have since been identified in the human liver, but not the peripheral blood [11,15,29,35].

In summary the liver is an organ rich in NK cells. Approximately half are non-terminally differentiated
tolerant CD56°""CXCR6+ NK cells, which home to and reside in the liver. Local environmental
signals including cytokines and antigens however are likely to shape the liver as site of NK cell
differentiation, home to dynamic population shifts and the emergence of subsets with discrete

functions, potentially including those with memory-like features.

1.2.2 The unique hepatic cytokine microenvironment

While the liver is rich in both innate and adaptive immune cells, the innate immune system dominates
with large numbers of NK cells, non-classical Natural Killer T-cells (CD56+ CD3- lymphocytes), yo
T-cells, mucosal-associated invariant T-cells, and antigen-presenting Kupffer and dendritic cells
[10,14,25,36,37]. These liver-resident immune cells are exposed to vast quantities of non-self
antigens from food and bacteria as a result of seventy percent of the hepatic blood flow being

supplied by the portal vein, draining the small intestine, colon and spleen. Liver-resident immune
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cells therefore need to display a degree of tolerance during immunosurveillance and the liver is
described as been in an ‘immuno-privileged state’. This is well illustrated by the fact that liver

transplant donors and recipients do not need to be HLA-matched.

During health the hepatic cytokine microenvironment is dominated by high levels of Transforming
Growth Factor (TGF)- and IL-10 released from kupffer cells and HSECs, in addition to IL-13 from
T-helper cells. This can lead to enrichment of NK cells expressing inhibitory receptors, including
NKG2A and a dampening of IFNy production [38]. NK cells can also cross-talk with other cells within
the immune system, for example by priming dendritic cells through the release of TGF- and IL-10
to generate the expansion of regulatory T-cells [39] and inhibiting stellate cell activation [40].
Furthermore NK cells can eliminate over-stimulated macrophages, which in turn can control
recruitment and activation of NK cells [41]. Interactions between NK cells and hepatocytes
themselves are also important for maintaining homeostasis. Despite their low levels of of MHC-I
expression [42,43], autologous hepatocytes are not killed by hepatic NK cells during health. Even
during inflammation where intrahepatic IFNa and IFNy levels are raised, leading to upregulation of
TRAIL on NK cells and Th1 cytokine release, hepatocytes are protected through their ability to
increase their expression of self HLA molecules in this state, which are recognised by inhibitory NK
cell receptors [28,44]. Furthermore hepatocytes have been found to express the non-classical MHC
molecule HLA-E. This binds the inhibitory receptor NKG2A, which is strongly expressed by hepatic
NK cells and induces their production of TGF-3 and IL-10 [45]. Therefore the whole immune network

in the liver is optimised towards tolerance.

Central to my hypothesis is the effect of the unique hepatic cytokine environment on modulating NK
cell phenotype and function. Lassen elegantly demonstrated this principal following the discovery in
mice that NKG2A+ Ly49- (MHC binding receptor in mice) were hyporesponsive to stimulation with
IL-12 and IL-18 in terms of IFNy release, although cytolytic potential was preserved [38]. Adoptive
transfer of splenic Ly5.1+ NK cells into Ly5.2+ mice showed NK cells migrate to liver and adopt the
same phenotype and tolerant function as their resident counterparts, suggesting the liver cytokine
environment induced this change. This appeared to be driven by IL-10 as blockade of this receptor
resulted in a reduction in the frequency of hyporesponsive NKG2A+Ly49- cells [38]. Furthermore
Harmon et al recently isolated peripheral blood NK cells from healthy donors and cultured them in
liver-conditioned medium (LCM) for 24 hours [11]. Following stimulation with K562 target cells and
IL-2, IFNy production was reduced in both CD56" and CD56%™ NK cells compared to NK cells

which were not exposed to the LCM, although CD107a expression was not altered. Taken together
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this data suggests that the hepatic cytokine environment suppresses NK cell pro-inflammatory

cytokine release.

Further evidence demonstrating the influence of the hepatic environment on NK cell function comes
from liver transplant studies. Patients undergoing liver transplantation are not HLA matched, yet
chronic rejection rates are significantly lower compared to other organ transplantations and in some
cases immunosuppressive therapy can be withdrawn, providing further evidence of a tolerogenic
immune environment in the liver. Work in the Khakoo laboratory has defined an unusual sub-
population of CD56%™CD16- NK cells in the peripheral blood of liver transplant recipients not found
in healthy controls, suggesting that one step in NK cell maturation occurs in the liver [46].
Furthermore despite HLA mismatching, NK cells in the peripheral blood of recipients expressed
lower levels of activating receptors and were tolerant in terms of both cytotoxicity and cytokine
release. This hypofunctional phenotype occurred independent of the influence of

immunosuppressants (Fig 1-2).

Whole genome microarray analysis followed by quantitative polymerase chain reaction (PCR)
demonstrated an approximate ten-fold downregulation in Signal Transducer and Activator of
Transcription (STAT) 4 mRNA in peripheral NK cells from individuals following liver transplantation
compared to healthy controls (p<0.0005). This data has led me to hypothesize that migration of
NK cells through the liver can alter their phenotype and function, with STAT4 downregulation

leading to tolerant behaviour.

Figure 1-2 Changes in NK cell phenotype and function following liver transplantation
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Fig 1-2 Changes in NK cell phenotype (n=84) and function (n=45) following liver
transplantation: CD56"%" NK cells (A), activating receptor expression (B) and cytotoxic
function (C) were determined in liver transplant recipients (blue bars) and healthy controls
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Finally the liver is known to be rich in chemokines, including CCL3, CCL5 and CXCL16 released
from both kupffer cells and HESCs, which play important roles in the homing of NK cells towards
the liver. There is evidence that chemokines may be redistributed and upregulated during disease,
for example CXCL12 is upregulated in hepatitis B and C leading to the recruitment of CXCR4+
liver-infiltrating lymphocytes [47].

Importantly the presence of hepatitis or cancer leads to a change in the intrahepatic cell milieu and
switch to a more inflammatory cytokine environment dominated by IL-1, IL-2, IL-6, IL-12, IL-15, IL-
18, IFNa, IFNy and TNFa/ [48,49]. These signals may direct NK cell differentiation down discrete
pathways, which could include the generation of a subset which has a strong Th1 cytokine profile
and is highly cytotoxic. | hypothesise that the generation of ‘hyperfunctional’ NK cells may occur

through upregulation of the transcription factor, pSTAT4 (Fig 1-7).

1.2.3 Cross talk between NK cells and other cells in the liver

NK cells cross talk with other immune and non-immune cells resident in the liver. As discussed later
on they can both inhibit stellate cell activation via the release of IFNy and kill activated stellate cells
through TRAIL and FasL [560-52]. In terms of their interaction with innate immune cells, NK cells are
activated by toll-like receptor (TLR) ligand-activated kupffer cells (liver-resident macrophages) via
cell-to-cell contact [53]. In return NK cell derived-IFNy can activate macrophages and increase the
capacity of macrophages to kill phagocytosed bacteria. During liver injury, for example poly 1:C/D
galactosamine-induced fulminant hepatitis, Kupffer cell-derived IL-12 and IL-18 can enhance their
cross talk with NK cells contributing to liver injury [54]. NK cells can also stimulate kupffer cell-
dependent IL-6 production and it this way the two play a protective role against cholestatic injury
[55]. Dendritic cells can induce NK cell activation, promoting the release of IFNy and TNFa, and
enhancing both NK cell cytotoxicity and proliferation through the release of proinflammatory
cytokines (IL-12, IFNa). In HBV, dendritic cell-activated NK cells can lead to hepatocyte death via
Fas/FasL interactions [56]. In turn IFNy and TNFa released by NK cells stimulate dendritic cell
maturation and migration towards inflamed tissue. NKT cells can also enhance NK cell cytotoxicity,

specifically towards hepatocytes, through their release of IL-4 and IFNy [57].

Finally NK cells can interact with adaptive immune cells. T-regulatory cells (in addition to kupffer
cells and HSECs) can suppress NK cell activation via the release of TGFB and IL-10, ameliorating

neonatal bile duct injury [58] and inhibiting the anti-fibrotic functions of NK cells [59]. Furthermore
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NK cells can help direct Th1 T-cell differentiation through their secretion of IFNy and can kill activated
CD8+ T-cells and NKT cells [60—62]. In this way NK cells can help orchestrate the immune response

system by acting as potential regulators of other immune cells.
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1.3 Natural killer cells in liver disease

Natural Killer cells can display an altered phenotype and function in liver disease and can
significantly influence clinical outcomes. They are protective against viral infections, tumour growth
and hepatic fibrosis, but can be detrimental by enhancing hepatocellular damage and inhibiting liver
regeneration. A key issue which this projects aims to address in how these diseases are able to
escape the NK cell response despite the rich NK cell population in the liver and their frequent
exposure to antigens via HESC fenestrations, and whether loss of immune tolerance may lead to
autoimmune disease. Building on our understanding that NK cells can undergo functional
differentiation within the liver, | propose intrahepatic NK cells can be modulated by cytokines and

antigens present in liver disease influencing clinical outcomes.

1.3.1 Hepatitis C

Hepatitis C is a common viral infection of the liver. It was identified in 1989 as the agent responsible
for non-A non-B hepatitis [63]. It belongs to the Hepacivirus genus of the Flaviviridae family and is
a small enveloped positive stranded RNA virus [63]. An estimated 216,000 people in the UK and
150 million people worldwide are infected [64]. Approximately 80% of exposed individuals fail to
spontaneously clear the virus resulting in cirrhosis, liver failure and cancer [65]. A large number of
novel direct-acting antivirals have emerged over the last 5 years and replaced pegylated interferon
and ribavirin as the main stay of treatment. While sustained virological response (SVR) rates
(absence of HCV RNA 6 months post treatment cessation) are generally over 95%, some difficult-
to-treat groups remain, particularly patients who are infected with HCV genotype (G) 3, are cirrhotic
and have failed previous treatment. Furthermore, these medications are unaffordable in some
countries and there is currently no vaccine against HCV viral infection. Understanding the
mechanisms that lead to viral clearance can impact vaccine design and lead to novel immunologic
therapies. In addition to IFN-A3/4 [66—68], polymorphisms within KIR and their HLA alleles are
extremely influential in determining HCV related outcomes (spontaneous and treatment induced

resolution) and can provide a discrete pathway to clearance [69] (Table 2).
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Table 2 KIR and HLA polymorphism in determining HCV resolution

Spontaneous Resolution (SR) Sustained Virological Response (SVR)

Protective Susceptible Protective Susceptible

Genotype Population Genotype | Population Genotype Population Genotype Population

KIR2DL3L3 : [Caucasian, KIR2DL1: [Caucasian, KIR2DL3 : UK KIR2DL2 : Spanish
HLA-C1C1 IAfrican HLA-C2C2 [African HLA-C1 caucasian HLA-C1 caucasian
IAmerican American (n=208) & (n=186) [71]
(n=1037), (n=1037) [4] Spainish
Puerto-Rican caucasian
IAmerican (n=186)
(n=160) [4,70]} [5,71]
KIR3DS1 : Caucasian, KIR2DS3 : |[Irish HCV KIR3DS1 : Spanish KIR2DS2 : Spansih
HLA-Bw4®'  |African HLA-C2C2 |cohort HLA-Bw4*'  |caucasian, | HLA-C1 caucasian
IAmericans (n=543) [72] | in HIV co- HCV G1 (n=186) [71]
(n=1037) [4] infected (n=60) [73]
KIR2DL3 : Puerto-Rican KIR3DL1 : Japanese Centromeric  [Spanish
HLA- JAmericans HLA-Bw4%"! (n=115, motif BB caucasian,
DRB1*1201 |(n=160) [70] (dual & triple [n=200) HCV G1
therapy) [74,75] (n=811) [76]

KIR2DL2/S2 [Caucasian
(dual therapy |(n=44) [77]
post liver
transplant)

Centromeric  |Spanish
motif AA caucasian,
HCV G1
(n=811) [76]

Our knowledge regarding the phenotype and function of NK cells in chronic hepatitis C (CHC) has
grown over the last 10 years although variability exists between studies. ldeally a large multicentre
study is required which can stratify for both viral (HCV genotype) and clinical factors (presence of
cirrhosis, HIV or Hepatitis B (HBV) co-infection) using the same methodology throughout to examine
gene expression. A summary of publications comparing NK cells in the blood and liver in CHC
compared to control groups is presented in Tables 3 and 4. A strong point of consensus exists for
a ‘cytotoxic, poor cytokine release’ phenotype with polarisation towards Th2 cytokine production
within NK cells isolated from the peripheral blood, a feature which persists in the presence of IFNa
(Table 3) [78,79]. In common with the tolerant NK cells found in recipients post liver transplant, this
phenotype is also associated with reduced STAT4 phosphorylation relative to STAT1 [80,81]. A
particularly hypofunctional cohort of terminally differentiated CD56-CD16+ NK cells have also been
found to be expanded in the blood of both HCV [82,83] and Human Immunodeficiency Virus (HIV)
[84] infected patients, displaying not only a cytokine profile skewed towards MIP-13 production, but
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also reduced cytotoxicity. Numbers can however revert back to those found in healthy controls with

the introduction of IFNa therapy, a further example of the role of cytokines on NK cell phenotype.

NK cells isolated from the liver from HCV-infected individuals display altered phenotype and function
compared to controls (Table 4). Enrichment of NK cells in the liver is generally lost [85,86]. Hepatic
NK cells display increased natural cytotoxicity receptors, NKp44 [87] and NKp46 [79,86—88] but also
increased expression of the inhibitory receptor NKG2A [87] and reduced NKp30 [86] which may help
promote chronicity. As in health, hepatic NK cells are less mature than their blood counterparts with
reduced CD16 [86] and KIR [85,87]. Function appears to be improved in terms of both IFNy release
[86] and cytotoxicity [79,86,87] in the liver compared to the blood. Such phenotypic and functional
changes can influence clinical outcomes. For example, a greater percentage of hepatic NK cells is
associated with response to IFN therapy [89], a high proportion of NKp46+ NK cells predicts
treatment failure despite being associated with NK cell activation and increased NK cell cytotoxicity
[86] and lower pre-treatment level of the hypofunctional CD56-CD 16+ NK cell cohort has been linked
to improved SVR rates [79]. Liver-resident NK cells from HCV-infected patients have been shown
to express similar levels of chemokine receptors, CCR2, CCR5, CCR6, CXCR3, CXCR4, CXCR6
and CX3CR1, to healthy controls [90].
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Table 3 A comparison of NK cell phenotype and function in the peripheral blood in chronic hepatitis

C compared to healthy controls

NK cell phenotype

Increase

No change

Decrease

% NK cells in

lymphocyte population

Corado 1997 [91]
Kawarbayashi 2000 [92]
Natterman 2006 [93]
Yamagiwa 2008 [89]
Sene 2010 [94]

Corado 1997 [91]

Meier 2005 [95]
Morishima 2006 [96]
Golden-Mason 2008 [97]
Oliviero 2009 [98]
Bonorino 2009 [85]
Dessouki 2010 [99]
Pembroke 2013 [86]

CD56bright s dim ratio

Meier 2005 [95]
Morishima 2006 [96]
Bonorino 2009 [85]
Bozzano 2011 [100]

Pembroke 2013 [86]

Sene 2010 [94]
Pembroke 2013 [86]

NKp30 De Maria 2007 [78] Dessouki 2010 [99] Natterman 2006 [93]
Pembroke 2013 [86] Bozzano 2011 [100]
Yoon 2011 [101]

NKp44 Ahlenstiel 2010 [79] De Maria 2007 [78]

NKp46 DeMaria 2007 [78] Dessouki 2010 [99] Natterman 2006 [93]
Ahlenstiel 2010 [79] Pembroke 2013 [86]
Kramer 2012 [88]

NKG2A Natterman 2006 [93] Bonorino 2009 [85]

NKG2C Ahlenstiel 2010 [79]

NKG2D Oliviero 2009 [98] Natterman 2006 [93] Dessouki 2010 [99]

NK cell function

Increase

No change

Decrease

Cytotoxicity

Ahlenstiel 2010 [79]
Dessouki 2010 [99]
Oliviero 2009 [98]
Morishima 2006 [96]

Natterman 2006 [93]
Meier 2005 [95]
Corado 1997 [91]
Pembroke 2013 [86]

Th1 cytokine release

De Maria 2007 [78]

Ahlenstiel 2010 [79]
Dessouki 2010 [99]
Oliviero 2009 [98]




Table 4 A comparison of NK cell phenotype and function in the liver in chronic hepatitis C

compared to healthy controls or chronic hepatitis B

NK cell phenotype

Increase

No change

Decrease

% NK cells in
lymphocyte population

Meier 2005 [95]
Boisvert 2003 [90]

Bonorino 2009 [85]
Kawarbayashi 2000 [92]
Sene 2010 [94]
Yamagiwa 2008 [89]
Kramer 2012 [88]
Varchetta 2012 [87]
Meier 2005 [95]
Pembroke 2014 [86]

CD56bright s dim ratio

Meier 2005 [95]

Bonorino 2009 [85]

NKp30, NKp44

Natterman 2006 [93]

(86]

NKp46 Kramer 2012 [88] Natterman 2006 [93]
Ahlenstiel 2010 [79]
Varchetta 2012 [87]
NKG2A Bonorino 2009 [85]
NKG2D Sene 2010 [94]
Oliviero 2009 [98]
Varchetta 2012 [87]
KIR Bonorino 2009 [85]
NK cell function
Increase No change Decrease
Cytotoxicity Bonorino 2009 [85] Kawarbayashi 2000 [92]
Pembroke 2013 [86] Varchetta 2012 [87]
Ahlenstiel 2010 [79]
Varchetta 2012 [87]
Cytokines Pembroke 2013 Kawarbayashi 2000 [92]
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1.3.2 Hepatitis B

Hepatitis B virus infects 400 million individuals worldwide. Clinical outcomes are dictated by the
hepatic immune response which may lead to viral clearance, but at the expense of inflammation and
hepatocyte death. NK cell function has therefore been described as a ‘double-edged’ sword in HBV
[102]. Peripheral and intrahepatic NK cells have been shown to be activated and express high levels
of the death ligand TRAIL, which contributes towards hepatocellular damage and inflammation [103],
in addition to performing an immunoregulatory role by killing HBV-specific T-cells [61,62]. This
cytolytic phenotype may be associated with the high levels of IL-8, IL-12, IL-15, IL-18 and IFNa
[61,103]. On the other hand activated NK cells may promote viral clearance, inhibit stellate cells
reducing progression to fibrosis [104] and protect against hepatocellular carcinoma (HCC) [105]. In
acute and chronic hepatitis B however, NK cells have also been found to have impaired IFNy

production associated with high levels of IL-10 [106,107].

Few large studies have examined the role of KIR polymorphisms in this setting. A protective
association between KIR2DL3 : HLAC1 homozygosity has been demonstrated, with KIR2DL1 :
HLAC2 being disadvantageous [108]. A higher frequency of KIR haplotype A and lower frequency

of haplotype B has also been observed in HBV infected patients compared to controls [108,109].

1.3.3 Hepatocellular Carcinoma

Hepatocellular carcinoma is the 9™ most common cause of cancer death in the UK however this
figure is predicted to rise nearly 60% between 2014 and 2035 [110]. Numerous groups have studied
NK cell frequency in HCC and generally reported reduced absolute numbers of NK cells in the
periphery and tumour-infiltrating areas of the liver, driven by a decrease in the CD56%™ subset,
although numbers are higher in non-tumour infiltrating regions [111-113]. The reduction of CD56°™
NK cells is generally associated with more advanced HCC and correlates with poor survival [114].
Furthermore CD56°™ NK cells have been found be less cytotoxic and release lower levels of IFNy
in tumour infiltrating regions of patients with HCC [113,115], and it has been suggested that NK cell
exhaustion may contribute towards more advanced HCC including multilobular disease and portal

vein invasion [113,115-117].

Crucially NK cell tumour surveillance is also impaired in the presence of pre-cancerous fibrosis and

cirrhosis. This may be dependent on the expression of NK cell receptors, for example KIR3DS1 :
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HLA-Bw4-80(l) is protective against HCC in patients with CHC, as is the activating receptor NKG2D
[118,119]. Again the external cytokine environment may help shape the NK cell response as
transcriptional profiling of NK cells treated with IFNa revealed upregulation of TRAIL promoting killing
of HCV infected hepatoma cells [120]. The use of NK cell immunotherapy to treat HCC is therefore
an extremely promising field with a number of early studies currently being undertaken using NK cell
transfer, gene therapy, cytokine therapy and monoclonal antibodies to generate activated NK cells

able to effectively kill hepatoma cells [121].

1.3.4 Hepatic fibrosis

Activated NK cells can protect against fibrosis via the release of IFNy, which blocks stellate cell
activation reducing extracellular matrix deposition [50]. Furthermore NK cells are able to induce
apoptosis of hepatic stellate cells via TRAIL and FasL. This feature is associated with expression
of NKp46 and NKG2D and is enhanced by IFNa [51,52]. Greater NK cell activation and cytotoxicity,
particularly seen in NKp46™®" cells, is associated with less hepatic fibrosis in patients with CHC
[86,88,96]. The downside is that IFNy, TRAIL and granzyme B released by activated NK cells can
lead to hepatocyte death and increased periportal inflammation, limiting regeneration of the liver
[86].

1.3.5 Alcohol and Non-Alcoholic Fatty Liver Disease

Alcohol-related liver disease and non-alcoholic steatohepatitis (NASH) are now the leading causes
of cirrhosis in the UK and are growing in prevalence. Current management includes lifestyle
changes and best supportive care following the development of cirrhosis, with no new therapies on
the horizon. NK cell cytotoxicity is reduced in alcohol-related liver disease [122]. Consequences
of this may include accelerated fibrosis and increased susceptibility to HCC. Similar findings have
been reported in peripheral blood NK cells in obese patients in addition to reduced NK cell
frequencies [123,124]. On the other hand, intrahepatic NK cells have been found to express
enhanced markers of cytotoxicity in the livers of patients with NASH compared to non-alcoholic
fatty liver disease (NAFLD) and healthy controls [125], which may help contribute towards
hepatocyte death. This may reflect NK cell activation in the liver in the presence of inflammatory
cytokine IL-12 and IL-18.
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1.3.6 Autoimmune Hepatitis

Autoimmune liver disease is relatively rare compared to rheumatoid arthritis, Hashimoto’s
thyroiditis, coeliac disease, T1 diabetes mellitus and Graves disease. As described above this is
probably a result of the fact that the rich immunological network in the liver is coordinated to
maintain tolerance. Despite hepatic NK cells being activated and capable of cytolysis, they do not
release high quantities of pro-inflammatory cytokines or kill autologous hepatocytes. Dysregulation
of this state, resulting in activity against autoantigens can lead to autoimmune disease [126,127].
Few studies in humans have explored a role for NK cells in mediating autoimmune hepatitis and it
is generally thought to be driven by autoreactive T-cells [128]. It is interesting to note however that
the first study to identify hepatic NK cells (‘pit cells’) in the 1980s was in a patient with autoimmune
hepatitis and showed them to be in contact with degenerating hepatocytes [129]. A recent murine
study also reported that the activation of hepatic NK cells using polyl:C, a potent type 1 interferon
inducer, led to an NK cell driven hepatitis with histology comparable to that of autoimmune hepatitis

[130]. Blocking this cytokine pathway may therefore help modulate NK cell autoimmunity.

1.3.7 Primary Biliary Cholangitis

Primary Biliary Cholangitis (PBC) is chronic condition characterised by a progressive lymphocytic
cholangitis. Immune-mediated non-suppurative destruction of the small intrahepatic biliary ducts
leads to cholestasis and can advance to cirrhosis and liver failure in some individuals. Highly
specific autoantibodies against the E2 components of the pyruvate dehydrogenase complex (PDC-
E2) are found in 95% of individuals. PBC is estimated to affect approximately 1 in 5000-10,000
individuals in the developed world, and 1 in 1000 women over 40 [131]. Ursodeoxycholic acid
(UDCA) is currently the only licensed treatment. It protects cholangiocytes and hepatocytes from
the detrimental effect of excessive bile acids by decreasing plasma and biliary endogenous bile
acid concentrations and stimulating hepatobiliary secretion. Therefore it addresses complications
of cholestasis, but not the underlying cause. While UDCA use has been shown to lead to an
improvement in liver biochemistry and inflammation seen at histology, there is no strong evidence
it can prevent progression to cirrhosis and improve survival [132]. Moreover, approximately 40%

of patients have been found to have an inadequate biochemical response [133].

Immunological studies in PBC have largely focused on anti-mitochondrial antibodies (AMA)
produced by autoreactive B-cells, and activated CD4+ and CD8+ T-cells which bring about

destruction of the small bile ducts [134]. Decreased number and function of T-regulatory cells and
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IgM hyper-gammaglobinaemia is also seen. Interest has been redirected towards the innate immune
response however following the publication of a number of GWAS studies (Table 5) [135-140].
These have identified 25 differentially expressed genes, in addition to those encoding HLA-II, in
patients with PBC compared to healthy controls. Identified polymorphisms fall broadly into three
biological pathways; TNFa, Nuclear Factor Kappa-light-chain-enhancer of activated B cells (NFkB)
and the IL-12/STAT4 pathway (IL-12A (encodes IL-12a (p35)), IL-12 receptor B2 subunit locus
(encodes IL-12 receptor B2), STAT4/1, SH2B adaptor protein 3 (SH2B3), Tyk2), which has been the
most consistently differentially expressed non-HLA loci across ethnicities. While IL-12A and IL-12RB
polymorphisms were not associated with PBC susceptibility in Japanese cohorts, STAT4 remained
a significant player [139,141]. Whether this latter pathway has a role in influencing PBC susceptibility

through the activity of NK cells is unknown.

The phenotype and function of NK cells in PBC has not been well characterized, however within
both the peripheral blood and liver there appears to be an increase in absolute numbers of NK cells
and a bias towards a ‘cytotoxic, poor cytokine release’ profile [142]. The role of NK cells in PBC
has been most extensively investigated by Shimoda et al using their expertise in isolating and
culturing liver mononuclear cells (MNCs) and biliary epithelial cells (BECs) [143,144]. They
demonstrate that hepatic NK cells from individuals with PBC have enhanced cytotoxicity against
autologous biliary epithelial cells (BECs) compared to controls [145,146]. This aberrant activity
only occurred however where NK cells were stimulated with TLR-4 ligands and in the presence of
IFNa produced by TLR-3 ligand stimulated hepatic monocytes, demonstrating cross talk between
the two immune cells [145]. Of note immunohistochemistry revealed an abundance of NK cells
surrounding destroyed small bile ducts [145]. The group later demonstrated that NK cell function
plays an important role in shaping the adaptive immune response in PBC [144]. Where the ratio of
NK cells : BECs was high, NK cells lysed autologous BECs leading to the release of the PDC-E2
peptide intact within a microparticle, stimulating proliferation and cytokine release from CD4+ T-
cells [144]. NK cells continued to facilitate BEC destruction where their ratio to BECs was lower
through IFNy release which led to the induction of HLA class Il molecules on BECs which enabled
CD4+ T-cells to become more cytotoxic towards them [144]. Finally it has also been suggested
that NK cells induce BEC lysis through a TRAIL receptor 5, which is strongly expressed on
cholangiocytes in PBC and is a mediator of cholestatic liver injury. The upregulation of TRAIL on

hepatic NK cells by inflammatory cytokines may therefore trigger BEC destruction [147,148]

Intrahepatic chemokine receptors also appear to be influential in the pathogenesis of PBC. David

Adams’ group had previously shown that CXCL16 promotes lymphocyte adhesion to BECs in
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inflamed human liver tissue. More recently they showed that CXCL16 is most strongly upregulated
in PBC compared to other liver disease including alcoholic liver disease, with no change in serum
levels [149]. CXCRG6 expression was upregulated in cirrhosis compared to healthy livers on NK
cells, but not CD56- or CD56+ T-cells, with the highest frequency of intrahepatic CXCR6+ NK cells
found in the livers of individuals with PBC. Dynamic flow assays mimicking the sinusoid revealed
that a small molecule inhibitor of CXCR6 could reduce migration of NK cells across the hepatic
endothelium. This work identifies CXCR6+ liver-homing activated NK cells as potentially
pathogenic in PBC. In summary PBC may represent a multi-lineage immune condition driven

initially by innate immune activity which maintains auto-reactivity of the adaptive immune response.

Table 5 Summary of non-HLA susceptibility loci identified by GWAS studies in PBC

Study Population Associated gene SNP
Hirschfield et al. North America & Canada IL12A rs6441286
NEJM. 2009. [135] |536 cases IL12RB2 rs3790567

1536 controls

Hirschfield et al. Europe IL12A

Nature Genetics. 857 cases IL12RB2

2010. [136] 3198 controls IRF5/TNPO3 rs10488631
ZPBP2 rs11557467
MMEL1 rs3748816

Liu et al. Nature Italy IL12A

Genetics. 2010. 453 cases IL2RB2

[137] 945 controls IRF5/TNPO3 rs10488631
ORMDL3/IKZF3 rs9303277
SPIB rs3745516

Mells et al. Nature UK IL12A rs485499

Genetics. 2011. 1840 cases IL12RB2 rs17129789

[138] 5163 controls IRF5 rs12531711
ORMDL3 rs7208487
MMEL1 rs10752747
SPIB rs3745516
STAT4/1 rs10931468
DENND1B rs12134279
CD80 rs2293370
IL7R rs860413
CXCR5 rs6421571
TNFRSF1A rs1800693
CLEC16A rs12924729
NFKB1 rs7665090
RAD51L1 rs911263
MAP3K7I1P1 rs968451
ELMO1 rs6974491
IRF8 rs11117432

Nakamura et al. Japan IL7R

American Journal 487 cases ORMDL3/IKZF3

of Human 476 controls CD80

Genetics. 2012. STAT4

[139] NFKB1
TNFSF15 rs4979462
POU2AF1 rs4938534
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Liu et al. Nature
Genetics. 2012.
[140]

UK
2861 cases
8514 controls

IL12RB2
STAT1, STAT4

IL12A

SH2B3
Tyk2
DENND1B
TMEM39A
NFKB1
IRF5

DDX6
TNFRSF1A

RADS51B
SOCS1

IRF8
ORMDL3/IKZF3/ZPBP2
CRHR1

SYNGR1

rs72678531
rs3024921
rs7574865
rs2366643
rs62270414
rs668998
rs80014155
rs11065979
rs34536443
rs2488393
rs2293370
rs7665090
rs35188261
rs3807307
rs80065107
rs1800693
rs11064157
rs911263
rs1646019
rs12708715
rs80073729
rs11117433
rs8067378
rs17564829
rs2267407
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1.3.8 Primary Sclerosing Cholangitis

Primary Sclerosing Cholangitis (PSC) is a chronic cholestatic condition characterised by destruction
of the intra- and extra-hepatic biliary tree, leading to the formation of fibrous strictures and saccular
dilatations. Eventually complete obstruction of the biliary ducts occurs leading to cirrhosis. It is an
aggressive condition, affecting mainly men in their 20s and 30s and the majority of patients will
require a liver transplant. The pathophysiology of PSC remains unknown, however it is classified as
an autoimmune condition. Some patients have detectable autoantibodies, and there is an higher
incidence of other autoimmune conditions [150,151]. While NK cell frequencies are increased in the
peripheral blood and colonic mucosa, they are not enriched in the liver in PSC [13,152]. Furthermore
NK cells in individuals with PSC are less cytotoxic [13]. Expression of TRAIL receptor 5 is more
highly expressed on cholangiocytes in PSC however and may induce NK cell mediated
cholangiocyte death via this mechanism instead [28]. Increased cholangiocyte expression of CXCL3
and CX3;CL1 has also been reported in PSC and may play a role in recruitment of peripheral blood
NK cells expressing CXCR3 and CX3CR1 to this site [153,154]. Lastly genetic variations in the MIC-
A allele, affecting its binding affinity for NKG2D have been associated with disease susceptibility
[155,156].

1.3.9 Summary

Liver disease is the only major cause of mortality increasing year on year thanks to a rise in alcohol
consumption, obesity and viral hepatitis. Outside the field of HCV and HBV, therapies are strikingly
limited. The alteration of NK cell function in all of these diseases, often closely linked to changes
in the immune or metabolic environment in which they reside, highlights NK cells as an important
target for further study. Manipulation of NK cell differentiation driven by microenvironmental
changes induced by toxins, cancer and viruses may lead to the development of novel cell based

therapies for a wide range of diseases.
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1.4 Natural killer cell maturation

NK cells belong to the ILC family which develop from CD34+ haematopoietic stem cells in the bone
marrow and foetal liver [157]. In vitro studies have revealed five stages in human NK cell
development, although the transcription factor checkpoints for these are much less well defined
compared to mice (Fig 1-3 Freud, Immunological Reviews, 2006 [23]). KIR acquisition occurs
between stages 4 and 5, also the transition from CD56°"9" to CD56%™ [158]. The classical
understanding of NK cell maturation is that they develop in the bone marrow and secondary lymphoid

tissue prior to entering the circulation and may then enter and leave the liver unchanged.

While the bone marrow is certainly the predominant site of NK cell maturation, CD34+CD45+ and
committed NK cell precursors have been identified in the adult human liver, albeit in frequencies of
less than 1% of the lymphocyte population [21,159]. Furthermore CD34+ hepatic progenitors have
been shown to be capable of giving rise to functional CD56°"9" NK cells in vitro [21]. Transplantation
studies demonstrate that NK precursors appear to be recruited to the liver from the circulation and
take on a liver-specific phenotype at maturation stage 3 [21]. This phenomenon was first
demonstrated in 1993 following the identification of hepatic NK cells as ‘low-density large granular
lymphocytes’ [160]. Adoptive transfer experiments demonstrated the migration of fluorescent-
labelled high-density granular lymphocytes from the blood towards the liver and their transformation
into the hepatic low-density fraction of the recipient rat, with morphological features consistent with

hepatic resident cells.

In mice NK cell maturation is dependent on transcription factors ID2, ID3, Ets-1, Nfil3 in addition to
the T-box transcription factors, Eomes (encoded by EOMES) and T-bet (encoded by Tbx21) [161—
164]. T-bet maintains the developmental stability of young NK cells and Eomes is essential for the
sequential maturation of NK cells [163,165]. The intrahepatic microenvironment in mice is non-
permissive for Eomes induction with only 50% of hepatic NK cells expressing this transcription factor,
leading to the stability of Eomes™ NK cells in the liver [19,163]. As described in the following section
T-bet dependence in mice can drive hepatic NK cells down discrete pathways with novel phenotypes

including adaptive-like feature [19,35].

In humans, the opposite occurs, with hepatic NK cells being predominantly Eomes"®"T-bet"
(CXCR6+), and circulatory NK cells Tbet"""Eomes™ in the case of CD56%™ NK cells, and
Eomes""Tbet"?" for CD56™ NK cells [11,30,33,166]. The intrahepatic NK cell population in
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humans is likely to be composed of a small frequency of CD34+ stem cells and NK cell precursors,
approximately 50% CD56°""Eomes"®"T-bet®" liver-resident NK cells (Eomes dependent), and
approximately 50% conventional CD56%"Tbet"®"Eomes®” NK cells which matured in the bone
marrow [11,29,33]. Liver-resident CD56"""Eomes""T-bet NK cells have been shown to be
replenished from the circulation, and through the upregulation of Eomes on Eomes NK cells
suggesting these subsets are part of the same lineage [33]. It is also possible that liver-resident
CD34+ haematopoietic stem cells may give rise to CD56"""Eomes""T-bet®" NK cells. However
CXCR6+CD69+ NK cells have recently been identified in human lymphoid tissue (bone marrow,
spleen, lymph nodes), with comparable phenotype and function to liver-resident
CD56""Eomes""T-bet®” (CXCR6+) NK cells, and were not found to undergo early
hyperexpansion in the bone marrow following haematopoietic stem cell transplantation, unlike

conventional NK cells [167].

Finally the Eomes™®"T-bet®" transcriptional profile of the dominant liver-resident NK cell population
(CD56""CXCR6+), raises the possibility that this may be a subset of ILC-1 lymphocytes. Cuff et
al compared whole transcriptome data from NK cells and ILC-1 subsets isolated from the tonsil and
liver-resident Eomes™"

CD3-CD56+Eomes"¥"T-bet'® lymphocytes are thought to be bona fide NK cells.

NK cells and reported no significant overlap [33]. Therefore liver-resident
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Figure 1-3 Stages of development of a human NK cell
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1.5 Memory and memory-like natural killer cells

1.5.1 Introduction

The innate immune system is ancient, with fundamental features being conserved from plants to
mammals highlighting its necessity for survival [168]. One such feature is antigen recognition
receptors, which are encoded in the germline DNA and recognise fixed pathogen associated
molecular patterns (PAMPs) with no requirement for gene rearrangement. The result is a highly
effective but short-lived activated cell. In addition there is a non-clonal distribution of cells with all
cells of a certain class been identical. Our traditional understanding of NK cells as members of the
innate immune system has been challenged however following the discovery of NK cells with
memory-like features in mice, with some early work in humans. NK cells appear to be able to express
a novel type of ‘memory’ in response to not only antigens, but also cytokines, in some instances

demonstrating robust antigen specificity and in others responding to a wide range of stimuli [169].

Attributes which have led researchers to identify certain NK cells as adaptive are based on our
understanding of T-cell memory, i.e. the ability of specific subsets to undergo clonal expansion and
subsequent contraction, longevity and an augmented functional response on re-exposure to the
original stimuli (Fig 1-4). Current nomenclature refers to NK cells as possessing ‘memory’ where an
enhanced functional response is antigen specific and ‘memory-like’ where NK cells show other
features consistent with memory but without antigen specificity. This is an exciting field as NK cells
do not express recombinase activating genes (RAG) required to re-arrange gene segments in T and
B lymphocytes to create an infinite number of receptors leading to antigen specificity. The
mechanism by which NK cells develop memory-like features is unknown. The majority of this work
has been performed in mouse models and our knowledge of memory-like NK cells in humans is
limited. Despite the vast range of methodology and sensitizing agents used to demonstrate NK cell
memory, an intriguing phenomenon common to nearly all studies is the residence of these
populations in the liver leading to the intriguing question of whether NK cells gain memory in the
antigen-rich liver and is their development induced or supported by the hepatic cytokine
environment. A summary of key papers published in the field of NK cell memory are presented in
Tables 6, 7 and 8 and Figure 1-5.
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Figure 1-4 Immunological definition of ‘memory’
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1.5.2 Antigen-specific memory NK cells in mice and macaques
Hapten-induced contact hypersensitivity

Some of the earliest work in this field came in 2006 when O’Leary demonstrated that RAG deficient
mice, but not mice also deficient in NK cells, could mediate hapten induced contact hypersensitivity
(CHS) [170]. This is a type lll delayed-type hypersensitivity (DTH) reaction requiring a learnt
response specific to the original sensitizing hapten thought to be mediated by adaptive lymphocytes
only. Haptens are reactive chemicals that modify self-proteins causing them to be recognised as
foreign antigens. The group were able to show that the T and B cell independent CHS reaction to
DNFB and OXA was specific to the original sensitizing hapten, and the hapten could be recalled for
up to four months. To support the hypothesis that the CHS reaction was mediated by NK cells, an
adoptive transfer study was performed demonstrating that NK cells were recruited to the site of CHS
in naive mice following a hapten challenge only if from sensitised donors. NK cells with hapten-
specific memory features possessed the MHC receptor, Ly49C-I, suggesting that CHS memory NK

cells are licensed, and were isolated only from donor livers.

In 2010 Paust suggested that the chemokine receptor and adhesion molecule, CXCR6 may be a
surface marker of NK cells with memory-like features [34]. CXCRG6 interacts with CXCL16 expressed
on HSECs, hepatocytes and particularly cholangiocytes [32]. Engagement with CXCL16 is essential
to ensure the presence of CXCR6+ NK cells within the liver [15]. Interestingly CXCL16 is
upregulated by IFNy and hepatic CD4+, CD8+ and CD56+ T-cells express high levels of CXCR6 in
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inflammatory liver disease [32]. With prior knowledge that memory-like NK with activity against
haptens may reside in the liver and that CXCRG6 is expressed on the majority of hepatic NK cells in

rats [171], CXCRG6 was selected as a target.

CXCR6+ NK cells were generally restricted to the liver in mice, with populations of <5% in the
circulation and a small percentage in the spleen [34]. Adoptive transfer of sensitized CXCR6+/- NK
cells revealed only primed CXCRG6+ subsets could elicit a CHS reaction towards OXA and DNFB,
and only those subsets from the liver. Introduction of a CXCRG6 neutralizing antibody into sensitized
mice 12 hours prior to hapten re-challenge blocked this response. In vitro cytotoxicity assays
demonstrated that hapten specific cell killing was limited to CXCR6+ hepatic NK cells, importantly
demonstrating that hapten-sensitised NK cells can mediate killing of target cells that have sufficient
expression of MHC-1 and inhibitory signals can be overridden through this mechanism. Interestingly
the group later described hepatic NK cell mediated CHS to be dependent on IL-12, IFNa and IFNy,
perhaps through their ability to drive activation and proliferation of this subset [172]. This work
provides evidence that an inflammatory cytokine environment is required to support the effector
function of memory NK cells. IFNy production by memory NK cells themselves however was found
to be regulated by the interaction of CXCR6 and CXCL16 [172].

In 2013 Peng et al sought to identify other surface markers of NK cells capable of mediating hapten-
induced memory [19]. They phenotyped NK cells from a variety of organs in mice and identified that
unique to the liver, only 50% of CD161+ NK cells expressed CD49b (DX5) (Very Late Antigen (VLA)
a2 chain). Selecting this as a negative marker, the group demonstrated that hepatic CD49b- NK
cells could confer CHS by sensitising RAG-1/-1 mice with OXA and transferring CD49b+/- NK cells
to wild type recipients. Immunised mice were re-challenged a month later and only recipients of
hepatic CD49b- cells mounted a CHS reaction. The group identified the liver as the site of hapten
priming by demonstrating migration of labelled haptens exclusively to this organ. Syngeneic bone
marrow transplant work and adoptive transfer studies using bone marrow and liver MNCs
demonstrated that CD49b- NK cells originated from hepatic stem cells and were dependent on T-
bet rather than Eomes for development. Furthermore CD49b- NK cells which trafficked to the liver
remained in situ and in a steady state, but were capable of migrating to local sites of inflammation.
Surprisingly CD49b- NK were non-terminally differentiated with low expression of Ly49 in addition to
low CD107a and IFNy. Gene microarray analysis also revealed upregulation of CD49a (integrin a1
or VLA a1 chain) in this group. CD49a heterodimerises with B1 integrin (CD29) to form the a131
integrin duplex and is a receptor for collagen and laminin [173]. Through this interaction, CD49a

plays a role in cell adhesion, leukocyte migration and T cell proliferation and may maintain CD49a+
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NK cells in the liver. Recipients of sensitised CD49a"CD49b™ NK cells displayed a vigorous CHS
response following hapten re-challenge supporting this phenotype as a robust maker of NK cells
capable of hapten mediated CHS. Whether this subset has the potential to developed memory

towards viral antigens is unknown.

NK cell memory against viral antigens

In 2009 Sun used a murine cytomegalovirus (MCMV) model to demonstrate the ability of Ly49H+
NK cells to exert adaptive behaviour [174]. Following mCMV exposure, Ly49H+ NK cells underwent
expansion up to 1000-fold, contracted, then persisted for 70 days in lymphoid and non-lymphoid
tissue including the liver. On re-exposure Ly49H+ NK cells showed more rapid degranulation and
enhanced cytokine production. Adoptive transfer into naive mice followed by re-challenge
demonstrated phenotypic and functional stability in addition to antigen-specificity, with later studies
showing that mCMV memory NK cells fail to show enhanced function or proliferation following
infection with influenzae or listeria [175]. Itis important to consider however that these novel features
are a result of the known interaction between the pathogen specific NK receptor, Ly49H, and mCMV
encoded MHC-1 homolog, m157. Ly49H+ NK cells are not activated by mutant mCMV lacking m157
[175]. The group went onto provide mechanistic insights into their findings, demonstrating that
memory features were lost in IL-12 and STAT4 deficient mice [176] and were also dependent on the
co-stimulatory molecule DNAM-1 [177]. The group later described the importance of mitophagy in
maintaining the memory-like NK cell pool [178]. During proliferation NK cells accumulate polarised
dysfunctional mitochondria leading to a build up of reactive oxygen species (ROS). During
contraction a protective mitophagy pathway returned ROS levels to baseline and reduced the
mitochondrial mass promoting long-term survival of remaining effector cells. Activation of adenosine
monophosphate-activated protein kinase (AMPK) or inhibition of mechanistic target of rapamycin
(mTOR) during the contraction-to-memory phase also led to increased autophagic activity and

enhanced memory NK numbers through an Atg3-dependent mechanism [178].

In addition to exploring the role of hepatic CXCR6+ NK cells in mediating hapten specific CHS, Paust
et al also addressed the potential of these cells to develop a DTH reaction towards viruses [34].
Adoptive transfer of splenic and hepatic NK cells from RAG deficient mice exposed to virus-like
particles from influenza or irradiated Vesicular Stomatitis Virus (VSV) revealed hepatic NK cells
could mediate a vigorous DTH response when re-challenged with the original antigen. Findings
were replicated with HIV-1 despite mice being HIV resistant and not under evolutionary pressure

from this disease. RAG deficient mice were also protected from median lethal doses of VSV
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following immunization with irradiated VSV. Mice sensitized to influenza and VSV could no longer
mount a DTH response however following anti-CXCR6 administration. The vaccination potential of
UV irradiated VSV was also lost in this setting highlighting a potential mechanistic role for CXCR®6 in

mediating NK memory.

Similar adoptive transfer methods were employed by a separate group shortly after, demonstrating
robust antigen-specific NK cell memory against the vaccinia virus for which no cognate germline-
encoded receptor has been identified [179]. This was mediated by hepatic Thy1(+) NK cells leading
to viral clearance and protection against lethal doses of vaccinia using Thy1(+) NK cells primed with

live or attenuated virus [179].

In 2015, the first evidence of antigen-specific NK cell memory in primates was published [180].
Splenic and hepatic NK cells from rhesus macaques infected with S-HIVsri62p3 and simian
immunodeficiency virus (SI1V)mac2s1 demonstrated significant activity against Gag antigen pulsed
dendritic cells, but not towards those which were untreated or treated with another peptide [180].
Remarkably NK cells isolated from macaques 5 years post vaccination using adenovirus vectors
expressing SlVnacz3e and HIV-1 Env could display robust antigen-specific killing of dendritic cells
pulsed with matched, but not mismatched peptides [180]. These results demonstrate that antigen
specific memory following both infection and vaccination, is capable of being preserved without
ongoing antigen stimulation [180]. In common with murine studies only a marginal response was
seen in the case of NK cells isolated from the peripheral blood suggesting NK cells with antigen
memory are tissue-resident, although perhaps not liver specific as suggested in previous studies
[180].

Identification of CD49a+ and CXCR6+ NK cells in the human liver

Since starting this project, both CD49a+DX5- [35] and CXCR6+ [11,15,29,33] NK cells have been
identified in the human liver. Both were largely absent from the peripheral blood. A summary of the
main findings from each paper are presented in Table 8. The Karolinska Institute identified CD49a+
NK cells in 12 out of 29 individuals undergoing resection for cancer, or from donor livers not used
for transplantation. The highest frequency reported was 12.7% of the total hepatic NK cell
population. Their transcriptional profile was T-bet+Eomes-, as seen in mice [19]; more closely
resembling conventional CD16+ NK cells, than the liver-resident CD16-Eomes™¥"T-bet®" subset

described above [11,33]. Intrahepatic CD49a+ NK cells displayed phenotypic and functional
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features consistent with potential adaptive-like properties. Specifically, they showed upregulation of
activating receptors NKp30, NKp46 and NKGD along with the adhesion molecule DNAM-1, and
downregulation of inhibitory NKG2A. The majority of CD49a+ NK cells were positive for NKG2C and
KIR. Furthermore, high resolution KIR phenotyping revealed that KIR expression is not only
oligoclonal, with a single dominating inhibitory KIR profile in some cases, but is also biased towards
self-HLA [35]. These findings suggest CD49a+ NK cells are activated and may represent a subset
of licensed NK cells which have undergone clonal expansion. CD49a+ NK cells were also found to
produce high quantities of IFNy, TNFa and GM-CSF, and demonstrated enhance proliferative
capabilities in culture. In addition, they maintain a stable phenotype. Interestingly despite
upregulation of NKG2C, expansion was not enhanced by the presence of HLA-E transfected targets.
CD49a+ NK cells were not able to produce high levels of perforin or granzyme A however and
degranulated poorly in response to stimulation with PMA and inonomycin. It is therefore not clear if
these lymphocytes would be able to lyse target cells presenting antigens against which they had
developed sensitivity. Finally, as described below, clonal expansion of NKG2C+ NK cells has been
observed in the peripheral blood of people following infections with certain viruses, in particular
hCMV (Table 7). No correlation was observed between the frequency of CD49a+ NK cells and
hCMV serological status however, excluding hCMV as a trigger for the development of this unique
subset. Overall the group concluded that CD49a+ NK cells are the likely human counterpart of

murine CD49a+ NK cells with adaptive-like features.

A number of groups have recently described CXCR6+ NK cells in the human liver (Table 8)
[11,29,33,181]. There is now consensus that this chemokine receptor is a marker of liver-resident
NK cells. As described above approximately half of NK cell found in the human liver are
CD56""CD16-Eomes""T-bet®"CXCR6+. NK cells with this phenotype highly express other
markers of adhesion and tissue-residency. Furthermore they have been shown to remain in the liver
for over ten years, rather than re-circulating. Unlike CD49a+ NK cells, CXCR6+ NK cells do not
highly express KIR or produce high quantities of pro-inflammatory cytokines, although there is a lack
of consensus regarding their ability to degranulate and produce cytolytic proteins (Table 8).
Therefore in people, CXCR6 (expressed on Eomes"®"T-bet® NK cells) appears to be a surface
marker of immunotolerant liver-resident NK cells present in significant frequencies throughout the

population, and not a marker of NK cell memory.
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1.5.3 Cytokine-Induced memory-like NK cells

Comparative studies in mice and humans have demonstrated that cytokines can lead to increased
clonal NK cell proliferation and longevity in addition to significantly enhanced function on secondary
exposure to further cytokines [182,183]. Cooper et al exposed splenic NK cells from RAG deficient
mice to IL-12, IL-18 and low dose IL-15 prior to Carboxyfluorescein Succinimidyl Ester (CFSE)
labelling and transfer into a naive recipient [182]. Donor derived NK cells demonstrated enhanced
proliferation and longevity, but had a similar cytokine profile to naive host NK cells. On re-stimulation
three weeks later with IL-12 and IL-18, pre-activated NK cells from were able to mount an amplified
Th1 cytokine response compared to non-pre-activated controls. Their enhanced capacity to release
IFNy persisted for up to three weeks. Interestingly the group were able to identify daughter
generations of pre-activated NK cells and demonstrate that enhanced functional properties could be

passed on to NK cell progeny and were not a result transcriptional changes induced by proliferation.

These findings were later reproduced in humans [183]. Purified human NK cells were exposed to
IL-12, IL-15 and IL-18 followed by prolonged culture in low dose IL-15. After 7,14 and 21 days cells
were harvested and re-stimulated with IL-12 and IL-15 or K562 target cells. NK cells re-stimulation
with cytokines and target cells displayed enhanced IFNy release and proliferative capacity. In
common with cytokine pre-activated NK cells in mice, degranulation was not enhanced and again
adaptive features could be passed on to their progeny. Adaptive features were associated with
expression of NKG2C in common with viral-driven NK cell expansion, in addition to CD94, CD69,
NKp46 and NKG2A, but not KIR or CD57. Attempts to establish the mechanism driving this
phenotype revealed no alteration in IL-12 or IL-18 receptor expression, in addition to no difference
in STAT4 phosphorylation. Furthermore IFNy mRNA was not more abundant in NK cells following
re-stimulation in the same individual suggesting a post-transcriptional or translational mechanism
behind the observed enhanced cytokine release, i.e. this phenotype may be a result of changes at
an epigenetic level. Indeed epigenetic modifications may be responsible for the maintenance of

memory-like responses in NK cells.

A more comprehensive analysis of triggers required to induce this functional phenotype revealed
that no one cytokine was essential, but a combination of cytokines was required, for example IL-15
and IL-18, IL-15 and IL-12 in addition to IL-12 and IL-18 would be sufficient. The same group later
identified that pre-activation of NK cells with IL-12, IL-15 and IL-18 leads to upregulation of the high
affinity IL-2 Rapy, resulting in IL-2 hyper-responsiveness [184]. Culture with picomolar

concentrations of IL-2 subsequently led to enhanced proliferation, cytotoxicity and IFNy release.
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The discovery of cytokine-induced memory-like NK cells has resulted in a huge leap forward for NK
cell immunotherapy due to their ability to address a number of factors which previously hampered
work in this field. Specifically, cytokine-induced memory-like NK cells demonstrate enhanced anti-
tumour activity in vivo, provide sustained NK cell effector function, and expand in response to
cytokines providing sufficient effector cell humbers. Most significantly Romee et al recently
demonstrated that allogenic cytokine-induced memory-like NK cells can proliferate, expand and
exhibit anti-leukaemic function after adoptive transfer into patients with relapsed or refractory acute
myeloid leukaemia [185]. This formed the first in-human phase 1 trial of adoptively transferred

cytokine-induced memory-like NK cells.

1.5.4 Expansion of NKG2C+ NK cells in the peripheral blood post viral infection

Much less is known about memory-like NK cells in humans and work in this field has taken a different
path to murine studies, perhaps a result of different investigative techniques (Table 7). The
expansion of long-lived NKG2C+ NK cell populations in the peripheral blood of patients post viral
infection including CMV, HBV, HCV, HIV, Chikungunya and Hantavirus is a common feature of all
early studies [79,98,186—-190]. The phenotype of this expanded population has been remarkably
consistent with high expression of markers of terminal differentiation CD16, CD57 and KIR [188—
190]. Interestingly expanded NKG2C+ NK subsets found following infection with CMV and
hantavirus demonstrate oligoclonal KIR expansion with skewing of the KIR repertoire towards self-
specific KIR in the case of CMV [189,190]. This supports the premise that these cells have
undergone clonal expansion and are predominantly licensed. In common with their CD56%"
phenotype, NKG2C+ cells demonstrate high levels of perforin and display vigorous ADCC [190].
While this subset are generally hyperfunctional, activation can be triggered using numerous stimuli
including cytokines or HLA-E transfected targets [189,190]. Furthermore evidence suggests that NK
cells can be primed by CMV are ready for efficient expansion on encountering a second virus
[187,189]. Therefore unlike liver-resident memory NK cells found in mice, expanded NKG2C+ NK
cells do not appear to demonstrate antigen specificity. Full characterisation of the phenotype and
function, including any adaptive features of NKG2C+ NK cells in the human liver is therefore

worthwhile.

NKG2C is an activating receptor, forming a lectin-like heterodimer with CD94 to bind the non-
classical HLA-E ligand in humans [191]. A small number of studies have proposed a mechanistic

relationship between NKG2C and the reconfiguration of the NK cell population post viral infection.
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Deletion of the KLRC2 gene which encodes NKG2C leads to increased susceptibility to HIV, higher
viral titres and rapid disease progression [192]. Furthemore upregulation of HLA-E occurs in HIV
[193], hCMV [194] and hantavirus [189] perhaps leading to the consistent finding of NKG2C+ NK
cell expansion between viruses. A further group suggest NKG2C copy number dictates surface
levels of NKG2C in hCMV seropositive patients independent of HLA-E dimorphism, and that NKG2C
engagement between NK cells from NKG2C+/+ and hemizygous individuals prompt differences in
calcium influx, proliferation and degranulation [195]. There is currently no strong evidence however
to support a functional role for NKG2C in driving the proliferation and longevity of certain NK subsets
following viral infection and this receptor may act as a surrogate marker only. Béziat et al recently
demonstrated that ‘HLA-specific KIR expanded NKG2C-' NK cells adopted the same functional
phenotype, clonal expansion and stability post CMV as their NKG2C+ counterparts [190].
Interestingly the altered KIR repertoire remained stable for years, unlike for example the contraction
seen following Chikungunya virus [188]. Furthermore in vitro generation of these cells following
stimulation with HLA-E transfected 221 cells and IL-15 revealed a less mature CD57- population

[190]. This work suggests the stability of this phenotype may be the result of stem-cell renewal.

A novel subset of NK cells seen to undergo expansion in hCMV seropositive patients was recently
discovered by the Kim group and is characterised by the absence of FCcRy (g- NK cells) [196,197].
These cells were strongly NKG2C and KIR positive, suggesting the latter markers may simply
represent a pre-activated state. The key characteristic of g- NK cells is their vigorous antibody-
dependent functional response towards hCMV infected cells, a feature shared with both NKG2C+/-
populations [197]. The group recently extended this work, identifying g-NK cells to be deficient in
multiple transcription factors including SYK, suggesting that epigenetic modifications of the SYK
promoter may be responsible for inducing a stably maintained pool of antigen experienced NK cells,
continuously re-shaped following repeat exposure to a related antigen in the presence of autologous
immunoglobulins [198]. Their reliance on viral specific antibodies and signalling via CD16
crosslinking appears to be a feature shared with NKG2C+ NK cells, with multiple studies failing to
show enhanced activity of NKG2C+ NK cells towards hCMV infected targets [197,199], unless in the
presence of hCMV specific antibodies [200]. In common with NKG2C+ NK cells, g- cells display
broad antiviral activity, demonstrating enhanced functional capabilities against herpes simplex virus

(HSV)-1 infected target cells [197] and undergoing expansion following infection with influenza [198].

CMV status can therefore be a significant confounder in studies which use human NK cells, leading

to clonal expansion of an activated, mature NKG2C+ population with high expression of self-HLA
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KIR molecules. hCMV is a beta-herpes virus with a reported prevalence of 55-100%. It is a lifelong
infection and therefore positive serological status is more common with increasing age. While it can
cause severe disease manifestations in neonates and patients who are immunocompromised,
individuals are generally asymptomatic and therefore examination of previous exposure using CMV
immunoglobulins or CMV PCR is required. Stratification of patients according to CMV status is

therefore highly relevant to all studies examining NK cell phenotype and function.

1.5.5 Summary

Three distinct groups of memory and memory-like NK cells have been described: (1) murine hepatic
resident NK cells demonstrating antigen specificity towards haptens and viruses, (2) clonally
expanded NKG2C+/KIR+ NK cells found in the peripheral blood of humans post viral infection and
(3) cytokine-primed NK cells which can demonstrate longevity, enhanced proliferation and amplified
IFNy release on re-stimulation (Fig 1-5). At the time this project was commenced, the existence of
CD49a+ and CXCR6+ NK cells in the human liver was unknown and it is extremely exciting to
consider whether they may demonstrate antigen-specific memory and how they are influenced by
cytokines, particularly the ‘adaptive-phenotype inducing cocktail’ of IL-12, IL-15, IL-18 and IL-2.
Adaptive capabilities of hepatic NKG2C+ NK cells have also not been fully explored in the human
liver. Furthermore, cytokine-induced memory-like NK cells provide an interesting layer of complexity
when analysing the influence of the hepatic cytokine environment on the induction of hyperfunctional
NK cells, and an exploration of whether cytokines can induce liver-resident NK cells to display
adaptive qualities would be worthwhile. NK cell ‘memory’ can therefore be targeted in some
instances and diverse in others, opening up wide therapeutic possibilities including priming memory-
like NK cells to respond to virus or cancer specific peptides, but also using therapeutically available

cytokines to boost NK cell function on repeated stimulation.
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Table 6 Summary of studies demonstrating memory-like features of NK cells in mice

MURINE STUDIES

stimulated with IL-12, IL-
15, IL-18 prior to
transfer into a naive
recipient.

displayed greater IFNy
release on re-stimulation &
enhanced proliferation.
Memory-like features were
transferred to NK cell
progeny.

naive NK cells

Surface Study Summary Stimulus Memory-like features . Hepatic Recept'or Ref.
marker involvement expression
Viral Antigens
Ly49H+ NK Adoptive transfer of mCMV Enhanced capacity to Ly49H+ NK cells Mature: Sun 2009
cells Ly49H+ NK cells (m157- undergo expansion following | underwent 1000 fold | 1 KLRG1, [174]
sensitised to mCMV into | Ly49H mCMV. Longevity (> 2 expansion in liver CD43, Ly6C Sun 2012
Ly49H+ deficient mice. |interaction) | months). Enhanced (100 fold in spleen). | | CD27 [176]
Memory features degranulation & IFNy Ly49H+ NK cells
blocked in IL-12 release on restimulation persist in the liver,
receptor or STAT4 specific to mCMV. peripheral blood &
deficient mice. Stable phenotype on lymph nodes.
adoptive transfer
CXCR6+NK Adoptive transfer of Virus-like Sensitised CXCR6+ NK Only hepatic NK Not defined Paust 2010
cells splenic & hepatic NK particles cells can mediate a DTH cells could mediate [201]
cells from RAG-/- mice | from response to virus-like a vigorous DTH
exposed to virus-like influenza, particles in an antigen response when re-
particles & lethal doses | VSV, HIV-1 | specific manner & provide challenged with
of VSV & influenza. an effective vaccination from | virus-like particles
Blockade of protective median lethal doses of VSV
effects using anti-
CXCR6.
Haptens
Ly49C-I+ NK RAG-/- mice can OXA, DNFB | Longevity Only NK cells Mature: O’Leary
cells mediate CHS. Adoptive Hapten specificity isolated from the Ly49C-I+ 2006 [170]
transfer of NK cells from donor liver of
sensitized donors were sensitized mice
actively recruited to the could induce CHS
site of CHS in naive
mice following hapten
challenge
CXCR6+ NK Adoptive transfer of OXA, DNFB | Hapten-specific CHS in vivo | Hapten-specific Not defined Paust 2010
cells sensitized CXCR6+/- NK & hapten-specific cell killing | CHS restricted to [201]
cells followed by hapten in vitro hepatic CXCR6+
challenge & inhibition of NK cells
CXR6 using
neutralizing antibody. In
vitro cytotoxicity assays.
CD49a+ Adoptive transfer of OXA CHS response Only CD49a+ | Ly49 Peng 2013
CD49b- sensitized CD49b- NK CD49a+CD49b- NK cells CD49b- hepatic NK | 1 NKG2C [19]
NK cells cells followed by hapten remain in a steady state in cells could confer | CD107a
re-challenge. Hapten the liver CHS to haptens. | IFNy
labelling. The liver was
Syngeneic bone marrow identified as the site
transplantation & of hapten priming.
adoptive transfer CD49b- NK cells
studies. Gene originated from
microarray. Phenotyping hepatic stem cells.
& functional assays.
Cytokines
Splenic NK cells from IL-12, IL-15, | Cytokine exposed NK cells | Nil known Phenotypically | Cooper
RAG-/- mice were IL-18 from recipient mice similar to 2009 [182]
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Table 7 Summary of studies demonstrating memory-like features of NK cells in humans

HUMAN STUDIES

proliferative capacity & passed features onto daughter cells.

not KIR/CD57

Surface Stimulus Memory-like features Recept.or Ref.
marker expression
Viral Antigens
NKG2C+ hCMV CMYV infection, but not EBV/HSV, associated with 1 NKG2C+ NK | | NKp30, Guma 2004 [186]
NK cells cells in adults / children / post congenital infection. NKp46 Monsivais-Urenda 2010
NKG2C gene copy number may influence NKG2C+ NK cell [202]
frequency. 1 KIR, CD85j, Noyola 2012 [203]
NKG2C+ NK cells expand in transplant patients experiencing CD57 Muntasell 2013 [195]
hCMV reactivation & persist long term, even after clearance of Lopez-Verges 2011 [204]
active infection Foley 2012 [205]
NKG2C+ HIV Expansion NKG2C+ NK cells in HIV-1+ patients. Conflicting Not defined Guma 2006 [187]
NK cells (? primed by | findings re: whether this disappears on consideration CMV Mela 2007 [206]
hCMV) serological status. Brunetta 2010 [207]
1 NKG2C:NKG2A+ ratio in hCMV patients who develop HIV-1 Thomas 2012 [192]
Deletion KLRC2 gene (encodes NKG2C) — 1 risk contracting
HIV, 1 viral titres & rapid disease progression
NKG2C+ HBV Expansion NKG2C+ NK cells in peripheral blood in HBV. Not defined Oliviero 2009 [98]
NK cells (? primed by | Expansion NKG2C+ NK cells in peripheral blood of patients with
hCMV) HBV who were hCMV positive. Béziat, 2012 [208]
NKG2C+ Chikungunya | Transient clonal expansion NKG2C+KIR+ NK cells after acute CD57+ KIR+ Petitdemange 2011 [188]
NK cells virus infection with Chikungunya virus followed by contraction
NKG2C+ HCV Expansion of NKG2C+ NK cells in peripheral blood in HCV. Clonal Ahlenstiel 2010 [79]
NK cells (? primed by | Expansion of NKG2C+ NK cells in peripheral blood of patients expansion of Béziat 2012 [208]
hCMV) with HCV who were hCMV positive. Expanded cells show inhibitory KIR
enhanced cytotoxicity & IFNy/TNFa release on stimulation with | specific for self
Ig coated / HLA-E expressing cells (dampened by KIR HLA-I
engagement)
NKG2C+ Hantavirus (? |4x 1 in NKG2C+ NK cells post infection - persist for > 2 months. CD56"™ Bjorkstrom 2011 [189]
NK cells primed by NKG2C" NK cells uniformly express a single inhibitory HLA-C 1 KIR, CD57
CMV) binding KIR supporting recent clonal expansion. NKG2C+ cells | NKG2A
exposed to hantavirus showed 1 cytotoxicity & Th1 cytokine negative
release on stimulation with HLA-E+ target.
| numbers of NKG2C+ NK cells in CMV IgG-ve patients with
lack of expansion.
NKG2C+ EBV hCMV seropositive children co-infected with EBV had a Saghafian -Hedengren
NK cells higher % of NKG2C+ NK cells. 2013 [209]
KIR+ hCMV Analysis of alterations in the KIR repertoire in > 200 donors Strong Béziat 2013 [190]
NK cells following viral infection revealed skewing of inhibitory KIR expression
repertoire towards self-specific HLA-C1 post CMV infection (not | activating KIRs
EBV/HSV) suggesting clonal expansion of licensed cells. Both (KIR2DS2/4,
NKG2C+/- KIR+ NK cells showed poor IFNy expression, but a KIR3DS1)
strong ADCC response. Expanded subsets maintained stable NKG2C++
cell numbers & phenotype even in absence of NKG2C.
hCMV drives the expansion of CD56"™ KIR+NKG2A- NK cells, CD56"™ Della Chiesa 2014 [210]
even in absence of NKG2C. The expanded subset expressed NKG2A
activating KIR that could trigger NK cytotoxicity & IFNy release. | negative
FcRy- NK hCMV g- NK cells are expanded in hCMV seropositive individuals & 1 KIR, NKG2C |Hwang 2012 [196]
cells (g-NK have greatly enhanced functional capacity compared to 1 NKp30/46 Zhang 2013 [197]
cells) conventional NK cells against hCMV & HSV in the presence of Lee 2015 [198]
virus specific Igs. Long term stability.
Cytokines
NKG2A/C+ | IL-12, IL-15, Purified human NK cells were exposed to IL-12, IL-15 & IL-18 Adaptive Romee, 2012 [183]
NK cells IL-18 in any followed by culture in low dose IL-15. After 7,14, 21 days cells | features
combination were harvested & re-stimulated with cytokines/K562 cells. NK associated with
cells re-stimulated with cytokines had enhanced IFNy release & | NKG2A/C but
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Table 8 Summary of studies identifying murine liver-resident memory-like NK cell equivalents in

the human liver
Surface Tissue Phenotype Function Ref.
marker
CD49a+ NK cells
CD49a+ NK | Liver (12/29 CD56""™ CD16-, CD57- High IFNy, TNFa, GM-CSF Marquardt
cells individuals) CD7+NKp30+NKp44+CD122°"NKG2A- (stimulation with PMA/I) 2015 [35]
NKG2D+CD69+DNAM-1+
Not in afferent | > 80% KIR+ (oligoclonal expression pattern) Perforin®", Granzyme A",
(portal vein) or | Majority NKG2C+ Granzyme B"®"
efferent (hepatic Poor degranulation (stimulation with
vein) blood T-bet+Eomes- PMA/I)
RORyt, HELIOS, CD127 negative (not non-NK
Low frequencies | CD3-CD56+ ILC1) CD49a+ NK cells expand ~ 800-fold
in foetal livers in vitro cultures over 3 weeks &
maintain phenotype (irradiated
PBMCs as feeder cells, IL-15 — no
differences with HLA-E transfected
or untransfected 721.221)
CD49a- NK cells also expanded to a
similar degree - upregulated CD49a,
T-bet, perforin, CD16
CXCR6+ NK cells
CD56""™ Liver: 50% Liver-resident CD56""" NK cells — CD69+, Liver-resident CD56""™ NK cells Hudspeth
CD16- CD56""™ CCR5+, CXCR6+. Also CD161+, I-selectin-, released similar levels of IFNy to 2015 [15]
(CXCRG6+) (localise in CD49e-, CD11c- DNAM-1-, CCR3-, CXCR2-, peripheral CD56""™ NK cells
NK cells hepatic CX3CR1-, TRAIL-. following IL-2/IL-12 stimulation.
sinusoids) )
Liver-resident CD56°™ ‘conventional’ NK cells — Chemotaxis assays show liver-
CD69-CXCR6-CCR5-, express selected integrins, | resident CD56”"" CCR5+CXCR6+
selectins, CX;CR1 NK cells home towards CCL3, CCL5
(expressed by kupffer cells, NK cells
& T-cells) & CXCL16
CXCRG6+ NK | Liver: just <60% | Same frequency of CXCR6+ NK cells in healthy | CXCR6+ vs CXCR6- NK cells: Stegmann
cells CXCR6+ controls & chronic hepatitis B Produce less IFNy in response to IL- | 2016 [29]
CXCR6+ NK cells: CD56°"CD16'CD57-CD69+ | 12/IL-18 (similar with PMA/I)
Same frequency | Not enriched in HLA-DR+ NK cells
in liver tissue & Produce less TNFa/MIP-13 with
perfusion liquid | Hepatic NK cells: PMA/I
(paired samples) | (1) T-bet™"Eomes™ — CXCR®6- GM-CSF production similar
(2) T-bet™Eomes"®" (5-88%, mean 48%) —
CXCRG6+, barely detectable in circulation Degranulate better (CD107a), but
Same for healthy controls & HBV livers / blood produce low quantities OF granzyme
CXCR®6, not CD49a, correlates with TF profile B & perforin ex vivo
Peripheral blood NK cells: TRAIL high (only HBV infected livers
T-bet""Eomes"™ (even peripheral CXCR6+ NK | examined)
cells)
Eomes™"T- | Liver: Liver-resident Eomes™®"T-bet"" Liver-resident CD56""®" NK cells | Harmon
bet® Eomes""T-bet®” | Nearly 90% CD56""™ 60% granzyme B (>75% blood) 2016 [11]
CD56"" " NK | (47.2% . 92% perforin (63.7% blood)
cells perfusate, 61.7% | Liver-resident CD56""" NK cells
parenchyma, 68.3% CXCR6+ (3.1% in the blood) 28.6% CD107a (9.3% blood)

1.8% peripheral
blood)

Eomes negative
subset not seen

97.5% NKG2D+ (92.6% in the blood)
8.6% NKG2C+ (19.1% in the blood)
13.2% NKG2A+ (5.1% in the blood)
93.1% NKp46+ (87.7% in the blood)
8.9% NKp44+ (absent in the blood)

Liver-resident CD56%™ NK cells
1.3% CXCR6+ (0.6% in the blood)

(Target K562 cells)
53.2% CD107a

(Target K562 cells + IL-2)
Same for CD56°"" Eomes™*"T-bet'"
/| Eomes™"T-bet'*

21.4% IFNy (68.6% blood)

(IL-2 + Target K562 cells)
Lower for CD56""" Eomes™"T-bet'*"
vs. Eomes""T-bet"

Liver-resident CD56°™ NK cells
24.1% IFNy (32.3% blood)
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Eomes™"

NK cells

Liver

Eomes™®" (CXCR6+) vs Eomes"" (CXCR6-
CD16+) NK cells (RNA-seq & protein)

Most altered canonical pathways associated with
exiting the circulation & tissue retention

High CXCR6 & CCRS5, lower CX;CR1

Higher CD69, lower S1PR1

Higher ITGA1 (CD49a) & ITGAE (CD103) at
transcript, but not protein level

Lower KIR, higher CD94

Examination NK cells from donor livers before &
after HLA-mismatched liver transplant (LT),
revealed only Eomes™ NK cells exit the liver

Examination livers from patients who had
previously received HLA-mismatched LT now
undergoing 2" LT & post-transplant biopsies
revealed Eomes™" NK cells resided in liver for at
least 13 years; Eomes™ NK cells could not be
detected after 3 years.

Examination of early post LT biopsies revealed
Eomes™ NK cells only are rapidly recruited from
the circulation. By day 8 new subsets of both
Eomes" & Eomes™" NK cells are seen.

Culture liver-resident Eomes'" NK cells (IL-15, IL-
15+TGF-B, IL-15+IL-12) — Eomes™*"T-bet®” NK
cells

Culture peripheral blood Eomes*” NK cells
(IL-15+TGF-B) — Eomes™*"T-bet®” NK cells (1
CCR5, CD49a, CD103; | CX3CR1, S1PR1; no
change CXCR®6)

Eomes-transduced NKL cells expressed higher
levels CD49a & CD103, no change S1PR1

high

Eomes™®" vs Eomes™" NK cells

K562 co-culture/IL-12/IL-12+IL-18/IL-
1B+IL-23:
Eomes"®" degranulate better, but
have reduced cytotoxic capacity
against K562 target cells

Similar IFNy, GM-CSF
Lower TNFa Eomes™" NK cells

Lower perforin & granzyme B, higher
granzyme K

Low production LIF & IL-22 by both
cells

Cuff [33]
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Figure 1-5 Summary of memory and memory-like NK cells identified in mice and humans
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1.6 The role of STAT4 in NK cell differentiation and function

STAT4 is expressed in T-cells, activated blood monocytes, macrophages, dendritic cells and NK
cells [211] . It is well known for its role in driving the differentiation of Th1 and Th17 T cells [90],
monocyte activation and IFNy production [91]. IL-12 is composed of two subunits, p35 (encoded by
the IL-12A gene) and p45 (encoded by the IL-12B gene). Following IL-12 binding the two parts of
the IL-12 receptor, IL-12RB1 and IL-12RB2, heterodimerise and activate janus kinase (JAK) 2 and
Tyk2 receptor-associated JAK kinases. These tyrosine kinases phosphorylate STAT4 which
homodimerises via its SH2 domain and translocates to the nucleus to activate gene transcription for
cytokines including IFNy and TNFa (Fig 1-6). Of the two IL-12 receptor subunits, IL-12RB1 is
constitutively expressed, whereas IL-12RB2 is upregulated by IFNy, therefore creating a positive
feedback loop. In addition to the well-known IL-12-STAT4-IFNy pathway, the STAT4 transcription
factor also binds the IL-12 sensitive enhancer on PRF1, which in turn binds to myeloid ELF-1 like
factor (MEF), which is essential for perforin production. In this way STAT4 may influence NK

cytotoxicity although the exact mechanism is less well established.

Figure 1-6 IL-12 — STAT4 signalling pathway

P

STAT4 | STAT4

66



While IL-12 is the most potent stimulus for STAT4 phosphorylation, Th1 cytokines (IL-2 and IFNa),
in addition to IL-23 have also been shown to induce STAT4 activation [214,215]. IL-23p19
heterodimerises with IL-12p40 to form IL-23, a key component of the Th17 signalling pathway; IL-23
mediated induction of Th17 lymphocytes can however be inhibited by IFNy.

Our understanding of the role of STAT4 in NK cells is supported by a knockout mouse model
demonstrating reduced IFNy production, decreased cytotoxicity and reduced IL-12 driven
proliferation [92] (Table 9). Furthermore STAT4 deficiency blocks memory-like behaviour displayed
by Ly49H+ NK cells against mCMV [176]. The IL-12R-STAT4 axis does not however appear to lead
to the adaptive features displayed by cytokine pre-activated NK cells [183]. It would be interesting
to explore any potential role of STAT4 in the induction of hepatic resident CD49a+ and CXCR6+ NK

cells.

Our preliminary data indicate disruption of the STAT4 axis in peripheral blood NK cells following liver
transplantation, perhaps as a result of the Th2 and Th3 intrahepatic cytokine microenvironment in
the donor liver, resulting in ‘tolerant’ NK cells in terms of both cytokine release and direct cell killing
(Fig 1-7). In addition STAT4 phosphorylation is reduced in CHC resulting in the ‘cytotoxic, poor
cytokine release’ phenotype commonly seen, although this is enhanced by IFNa, [35,36,93].
Furthermore, downregulation of STAT4 can predict more aggressive HCC tumour behaviour [218].
| therefore hypothesise that upregulation of the transcription factor, pSTAT4, may lead to the
generation of ‘hyperfunctional’ NK cells with enhanced production of Th1 cytokine and direct cell
killing (Fig 1-7).

STAT4 may also present an important therapeutic target for the autoimmune liver disease, PBC. Six
GWAS studies have identified STAT4, along with IL-12 and the IL-12 receptor, as susceptibility loci
for the development of PBC (Table 5) [135-140]. These findings are supported by a mouse model
of autoimmune cholangitis, in which deletion of the gene coding for the IL-12p40 subunit led to
disease suppression [219]. Therefore blocking components of the IL-12 signalling axis may provide
novel treatment options for PBC. Upregulation of STAT4 could lead to dysregulated hyperfunctional
autoreactive NK cells, breaching NK cell tolerance. This finding would provide the first functional
correlate to the PBC GWAS studies. Whether NK cell autoreactivity is mediated through memory-
like behaviour, with activity against PDC-E2, or induced by a cocktail of inflammatory cytokine in the

liver, presents a completely novel path for investigation (Fig 1-7).
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STAT4 polymorphisms have also been associated with susceptibility to Rheumatoid Arthritis and
Systemic Lupus Erythematosus [220], and potentially Autoimmune Hepatitis [221]. Furthermore
STAT4-deficient mice demonstrate resistance towards models of autoimmune disease [222]. IL-12
polymorphisms have also been linked to psoriasis, and variants within the IL-23 receptor are
associated with susceptibility to both psoriasis and Crohn’s disease [223-225]. Therefore further
investigation of the role of the IL-12/STAT4 pathway on NK cell effector function may have

implications for other autoimmune conditions.

The generation of hyperfunctional potentially ‘memory-like’ NK cells using cytokines, presents huge
therapeutic possibilities in terms of vaccine development and the introduction of novel cell-based
therapies for viral hepatitis and primary liver cancer. Furthermore, blocking the activity of NK cells
with this phenotype, perhaps using the STAT4 axis, may help slow the progression of autoimmune

disease, providing a completely innovative therapeutic role for memory-like NK cells (Fig 1-7).

Figure 1-7 Hypothesis: The influence of the hepatic cytokine environment on STAT4-driven NK cell

differentiation

I LIVER \
HEALTH DISEASE
Th2/Th3 tolerant cytokine Antigen-Exposure
environment Th1 cytokine environment
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VACCINATION & IMMUNE AUTOIMMUNE LIVER
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THERAPIES DISEASE
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68



Table 9 A summary of key studies demonstrating the influence of the STAT4 axis on NK cell

function

Findings

Role of STAT4

Reference

NK cell tolerance

STAT4 knock out mouse

NK cells in STAT4 knock out mice exhibit reduced IFNy
release, decreased cytotoxicity against YAC-1 NK cell
targets & reduced proliferation of pre-activated NK cells
in response to IL-12

Thierfelder 1996 [92]

Tolerant NK cells found in the
peripheral blood of patients who
have undergone non-HLA-C
matched liver transplantation

7x downregulation of STAT4 post liver transplant vs.
healthy controls (10x downregulation in post liver
transplant for non-HCV)

5x downregulation MicroRNA155, a target of STAT4
(role in NK cell differentiation & accelerated maturation)

Jamil 2016 [46]

NK cells in CHC adopt a ‘cytotoxic,
poor cytokine release’ phenotype

Preferential phosphorylation of STAT1 over STAT4 in
response to IFNa therapy in CHC & CMV

Reduced STAT4 phosphorylation directly linked to
‘cytotoxic, poor cytokine release’ NK phenotype in CHC

Miyagi 2010 [81]
Edlich 2012 [80]
Sarasin-Filipowicz
2008 [93]

Downregulation of STAT4 in HCC

RT-PCR from tumour & non-tumour tissue revealed
downregulation of STAT4 in tumour tissue
Negative correlation between STAT4 expression &
tumour TNM stage, hepatic vein invasion, size,
differentiation & worse tumour-free survival

Wubetu 2014 [218]

NK cell memory

Ly49H+ have memory against
mCMV. On adoptive transfer
sensitised Ly49H+ cells undergo
expansion in liver, demonstrate
longevity & amplified degranulation
& IFNy release on restimulation

NK cells from mice deficient in IL-12 receptor or STAT4
failed to expand post mMCMV & mediate enhanced
protection on re-exposure (STAT4-dependent IFNy—
independent mechanism)

Sun 2009 [174]
Sun 2012 [176]

Cytokine pre-activated human NK
cells display enhanced IFNy
release & proliferation on re-
stimulation

There was no significant upregulation of IL-12 receptor
expression at an mRNA or protein level in this group &
no increase in levels of phosphorylated STAT4

Romee 2012 [183]

NK cell autoimmunity

GWAS studies to identify
susceptibility loci in PBC

GWAS have shown an association between IL12A,
IL12RB2, Tyk2, SH2B3 & STAT4 with disease
susceptibility

Hirschfield 2009 [135]
Hirschfield 2010 [136]
Liu 2010 [137]

Mells 2011 [138]
Nakamura 2012 [139]
Liu 2012 [140]

69




1.7 Natural killer cells and autoimmune disease

NK cells display altered distribution, phenotype and function in a number of autoimmune diseases
(Table 10). While they have not been identified as been directly pathogenic, they may play a role in
shaping the adaptive immune response. | am interested in whether overactivation of the IL-
12/pSTAT4 axis may lead to hyperfunctional NK cells, and whether this NK cell subset may display
autoreactivity. | am particularly interested in this model in the autoimmune liver disease, PBC given
the recent identification of susceptibility polymorphisms within this pathway in multiple GWAS studies
(Table 5). Observations regarding NK cells in autoimmune liver disease are discussed in section
1.4 ‘NK cells in liver disease’, however a summary of the main regulatory and pro-inflammatory
functions of NK cells in other autoimmune diseases is presented below as similar biological pathways

are likely to be important.

NK cells are thought to display altered tolerance where activating signals outbalance inhibitory
signals. This may occur through upregulation of activating receptor ligands on autologous cells
through exposure to cytokines, antigenic peptides or a viral or bacterial infection [226,227]. NK cells
may loose their tolerance and kill self-cells, for example oligodendrocytes in multiple sclerosis (MS).
Abnormally activated NK cells can amplify the adaptive immune response, by inducing maturation
of APCs, eliminating T-regulatory cells and secreting inflammatory cytokines (IL-17, IL-22, TNFa,
IFNy) which may maintain the necessary environmental milieu for autologous lymphocyte activity
(Table 10). However NK cells can also help maintain homeostasis for example by secreting IFNy

which inhibits Th17 differentiation and killing activated T-cells and macrophages (Table 10).

Therefore the cytotoxic capacity and cytokine profile of NK cells, in addition to their expression of
activating receptors, important for cell-to-cell interactions, play an active role in determining
outcomes in autoimmune disease both directly and through interactions with the wider immune
response. Furthermore a number of biological agents currently used to treat common autoimmune
conditions are likely to work in some part through their influence on NK cell activity (Table 10). It
will be interesting to see if hyperfunctional cytokine-induced memory-like NK cells, or adaptive liver-

resident NK cells play any role in mediating autologous NK cell activity.
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Table 10 Summary of the role of NK cells in autoimmune disease

Disease NK cell phenotype and function Biological Agents
Psoriasis Inflammatory Ustekinumab (human IgG1k,
5-8% lymphocytes in psoriatic lesions are NK cells — targets p40 subunit of IL-23 & IL-
CD56°"™CXCR3+CCR5+ CD69+[228] 12 receptors)
Home towards CCL5 & CXCL10 [228] Secukinumab (IL-17A inhibitor)
Secrete IFNy — activate keratinocytes [228] ) )
Adalimumab / Certolizumab /
Secrete IL-22 — proliferation keratinocytes & production IL-20 [229] | Ertanercept / Golimumab /
Infliximab (TNFa inhibitors)
Skewing NKG2A+ over NKG2C+ NK cells — lack of recognition
leading to expansion autoreactive T-cells [230]
Rheumatoid Inflammatory Anakinra (IL-1 receptor)
Arthritis Expansion of CD56"®'NK cells in synovial fluid [231]:
Secrete IL-22 & TNFa — proliferation fibroblast-like synoviocytes | Tocilizumab (IL-6 receptor)
[232]
Secrete IFNy — B-cell activation & dendritic cell maturation [231] Rituximab (binds CD20)
Induce osteoclast differentiation from monocytes [233]
Adalimumab / Certolizumab /
Regulatory Ertanercept / Golimumab /
Secrete IFNy — inhibits Th17 T-cell differentiation [231] Infliximab (TNFa inhibitors)
Direct cell killing of activated T-cells and macrophages [234,235]
Inflammatory | Inflammatory Natalizumab (monoclonal
Bowel NK cells secreting IL-17 (along with ILC3s, Th17, NKT and y& T- antibody, binds a431 integrin)
Disease cells), IL-22 and IFNy are enriched in inflamed mucosa [236]
Vedolizumab (humanized
NK cells are stimulated to produce IL-17 following stimulation with | monoclonal antibody, binds
IL-23 or on engagement of PAMPs [237] 04B7 integrin)
Adalimumab / Certolizumab /
Golimumab / Infliximab (TNFa
inhibitors)
Multiple Reduced cytotoxicity of NK cells in peripheral blood [238,239] Natalizumab (monoclonal
Sclerosis antibody, binds a4B1 integrin)
(Relapsing- Inflammatory
Remitting) NK cells are abundant in acute inflammatory MS lesions Alemtuzumab (binds CD52)

NK cells can kill autologous oligodendrocytes (produce myelin)
[240]

Regulatory

Periods of relapse are associated with transient reduced number
and reduced cytotoxicity of NK cells [239]

Interferon B / Daclizumab / Natalizumab — expansion CD56""¢"
NK cells (correlated with positive response) — inhibition of T-cell
activation & T-cell killing via granzyme A & K, inhibit inflammation
[241-243]

Rituximab / Alemtuzumab — activity reliant on NK cell ADCC
towards lymphocytes [244,245]

Daclizumab (binds CD25,
subunit of IL-2 receptor)

Interferon B
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1.8 Hypothesis

| propose that pro-inflammatory cytokines may generate ‘hyperfunctional’ NK cells in the liver and
peripheral blood with potential ‘memory-like’ features and that these may have important implications

for liver disease, including autoimmune liver disease.

1.9 Thesis Aims

1. Characterise liver-resident NK cells

| will examine phenotypic differences between NK cells in the human liver and peripheral blood, with

the aim of identifying liver-specific NK cell subpopulations and potential markers of NK cell ‘memory’.

2. Investigate if markers of liver-residency can be induced on NK cells from the peripheral
blood

| aim to establish whether NK cells with potential liver-resident or memory-like phenotypes can be

induced in the peripheral blood using cytokines.

3. Investigate the role of peripheral blood NK cells in liver disease

| aim to determine whether liver-homing and memory-like NK cells in the peripheral blood play a role

in liver disease, and whether this is related to their response to cytokines.
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2 Chapter 2: Materials and Methods

2.1 Isolation of mononuclear cells from liver tissue

Patients were recruited from University Hospital Southampton NHS Foundation Trust. Liver tissue
was obtained from the margin of 73 adults undergoing resection for hepatic metastases or primary
liver cancer. Liver tissue was weighed then infiltrated with chelating buffer (1x Phosphate Buffered
Saline (PBS) (BioWhittaker, Belgium) 50ml, HEPES 28mg (Sigma, Poole, UK), EGTA 9.5mg
(Sigma), adjusted to pH 7.4 and warmed at 37°C for 30 minutes prior to use) at 1ml/min and the
perfusate collected. Cells were isolated from the liver parenchyma using collagenase digestion
(Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Life Technologies, UK) 50ml, TIV Collagenase
18mg (Collagenase from Clostridium histolyticum, Sigma), calcium chloride 90ul (Sigma) warmed at
37°C for 30 minutes prior to use) infused at 2ml/min, followed by mechanical disaggregation (the
capsule was removed using scissors and tissue cut into 2mm pieces then disrupted using a tissue
homogenizer), or mechanical disaggregation alone. Hepatic MNCs were isolated by layering 35ml
of cell suspension from the perfusate and liver parenchyma onto 15ml Ficoll-Paque (GE Healthcare,
Sweden) and centrifuged at 2000rpm for 30 minutes (brake / acceleration 0/0). Cells were washed
three times in PBS and counted. Cells required for immediate analysis were handled accordingly,
and the remainder were resuspended in foetal bovine serum (FBS) (Hyclone, ThermoScientific,
Northumberland, UK) supplemented with 10% dimethyl sulfoxide (DMSO) (Sigma) and stored at -

80°C for 24 hours then moved into liquid nitrogen.

2.2 Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) isolated from blood donated from patients with
haemochromatosis were stained alongside liver derived MNCs for the first 30 liver samples.
Haemochromatosis is an inherited non-inflammatory chronic liver disease characterised by the
accumulation of iron in the liver. This patient group was chosen firstly because the condition is
managed via venesection, therefore this provides a means of receiving blood without the individual
having to undergo an additional intervention. Secondly haemochromatosis patients were later used
as a control group for liver disease for patients with PBC. Thereafter paired peripheral blood samples
and liver tissue were collected. PBMCs were also isolated from patients with PBC, with a further
cohort of individuals with haemochromatosis and healthy volunteers used as controls. Between 30-
45ml of blood was drawn from each patient in an EDTA tube. Blood was diluted 1:1 in PBS. PBMCs
were isolated by layering 35ml of diluted blood on top of 15ml Ficoll and centrifuged at 2000rpm for
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30 minutes (brake / acceleration 1/1). The PBMC layer was harvested and cells washed three times
with PBS and counted. 5ml of serum was stored at -80°C for potential ELISA analysis at a later
date. Cells required for immediate analysis were handled accordingly, and the remainder were
resuspended in FBS supplemented with 10% DMSO and stored at -80°C for 24 hours then moved

into liquid nitrogen.

2.3 NK cell surface staining

Hepatic perfusate MNCs and PBMCs were analysed in parallel, in addition to liver parenchyma
tissue where cell numbers permitted. Cells were incubated in Zombie Violet Fixable Viability Kit
(Biolegend, London, UK) for 15 minutes at room temperature prior to being washed twice in FACS
washing buffer (PBS with 1% bovine serum albumin (BSA) (Sigma) and 0.1 % sodium azide (Sigma))
150l per 0.5x10° cells, followed by resuspension in blocking buffer (10% human serum (HS)
(Sigma) in FACS washing buffer) 100ul per 0.5x10° cells for 30 minutes at 4°C. Cells were then
washed twice in FACS washing buffer prior to surface antibody staining for 30 minutes at 4°C. NK
cells were identified using the panel shown in Table 11. Cells were fixed using 1%
paraformaldehyde (Sigma) and analysed using a three laser FACS Aria (BD Biosciences, Oxford,
UK) flow cytometer. Compensation beads (BD Biosciences) were used to ensure comparable results
on each day of acquisition. Gates were set using fluorescence minus one (FMO) controls. Antibody
concentrations were titrated using isotype controls. Data was analysed using FlowJo v.10.0
(Treestar, USA). The gating method used is described in Fig 2-1 and examples of FMOs used for

gating positive and negative populations are shown in Fig 2-2.
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Table 11 Antibody panel used for cell surface staining

Antibody Fluorochrome Company Clone Isotype Cat. No. Concn

NK cell identification

Zombie Violet BVv421 Biolegend 423114 1:100

Fixable Viability Kit

CD56 PE-Cy7 Biolegend HCD56 Ms IgG1k (318318 318310 | 1:20
APC Biolegend HCD56 Ms IgG1k 1:20

CD3 Pac Blue BD Biosciences |OKT3 Ms IgG2Ak [48-0037 1:100
BDV450 BD Biosciences |UCHT1 Ms IgG1k [560365 1:100
PerCP Biolegend UCHT1 Ms IgG1k (300428 1:100
BDV500 BD Biosciences UCHT1 Ms IgG1k [561416 1:20
BV510 Biolegend UCHT1 Ms IgG1k (344828 1:33

Maturation

CD117 PE-CF594 BD Biosciences |YB5.B8 Ms IgG1k [662407 1:20

CD16 APC-Cy7 Biolegend 3G8 Ms IgG1k [302018 1:20

CD57 APC Biolegend HNK-1 Ms IgMk  [359610 1:50
PE-CF594 BD Biosciences NK-1 Ms IgMk  |562488 1:100

CD161 BVv421 BD Biosciences DX12 Ms IgG1k [562615 1:20

Education

CD158a

KIR2DL1/S1/S3/S5 FITC Biolegend HP-MA4 Ms IgG2Bk [562407 1:20

CD158b

KIR2DL2/3 FITC BD Biosciences |CH-L Ms IgG2Bk [559784 1:50

KIR2DL2/3 PerCP Miltenyi Biotec DX27 Ms IgG2a [130-095-285 1:100

KIR2DL2/L3/S2/S4 APC R&D systems 180704 Ms IgG2B |[FAB1848A 1:10

Activation

NKG2C PE Miltenyi Biotec REA205 Ms IgG1  [130-103-635 1:100
APC Miltenyi Biotec REA205 Ms IgG1k [130-103-636 1:5
ViobrightFITC Miltenyi Biotec REA205 Ms IgG1k [130-104-778 1:20

CD69 APC-Cy7 Biolegend FN50 Ms IgG1k [310914 1:20

Others

CD49a PE BD Biosciences | SR84 Ms IgG1k [559596 1:10

CD49%9b FITC BD Biosciences |AK-7 Ms IgG1k [555498 1:10

CXCR6 APC Biolegend KO041E5 Ms 1gG2Ak [356006 1:20
PerCP/Cy5.5 Biolegend K041E5 Ms IgG2Ak [356010 1:20
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Figure 2-1 Identification of NK cells (CD3-CD56+ lymphocytes) using flow cytometry
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Fig 2-1 Lymphocyte population selected, followed by single cells with proportional width and area,
then live cells. CD3/CD56 gating was used to select NK cells (CD3-CD56+), CD56+ T-cells
(CD3+CD56+), CD56- T-cells (CD3+CD56-) and CD3-56- lymphocytes (includes B-cells). NK cells
were then gated to select CD56™ and CD56%™ populations in the blood only where two distinct
populations could be seen. The same gating strategy was applied for lymphocytes in A) the
peripheral blood, and B) the liver.
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Figure 2-2 Fluorescent minus one gating controls for surface staining (gated on CD3- lymphocytes)
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2.4 Fluorescence activated NK cell sorting

Freshly isolated hepatic MNCs cells underwent surface staining for Zombie Violet Live/Dead stain,
CD3-PerCP, CD56-PE-Cy7 and CXCR6-APC. Fluorescence-activated cell sorting was used to
isolate live CD3-CD56+CXCRG6- and live CD3-CD56+CXCR6+ hepatic lymphocytes (Fig 2-3).
Sorted NK cells were centrifuged and the supernatant discarded. They were stored in Trizol at -
80°C 300u1/100,000 cells and shipped on dry ice to the Department of Primate Genetics, Gottingen,
Germany for RNA sequencing (Table 12).

Table 12 Cells sorted prior to RNA sequencing

Patient ID Pathology Cells sorted No. sorted cells
TH35 Colorectal cancer metastases gigsgf 388888 22::2
THS50 Colorectal cancer metastases gigsgf 128888 22::2
TH51 Colorectal cancer metastases gigsgf 118888 22::2

Figure 2-3 Gating strategy for sorting CXCR6- and CXCR6+ hepatic NK cells
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Fig 2-3 Representative flow cytometry plots demonstrating gating strategy for cell sorting. Gated on
lymphocytes, live cells, NK cells, CXCRG6 status.
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2.5 RNA sequencing and analysis

RNA extraction and sequencing was performed by Dr Angela Noll and Professor Lutz Walter
(Department of Primate Genetics, German Primate Centre, Géttingen, Germany) and Dr Gabriela
Salinas-Riesta (Transcriptome and Genome Analysis Laboratory Goéttingen, University Medical

Centre Gottingen, Germany).

Total RNA was isolated using TRIzol reagent (Life Technologies) and digested with RNase-Free
DNase-l. Quantity and quality of extracted RNA were analysed using the Fragment Analyser
(Advanced Analytical) and NanoDrop ND-1000 Spectrophotometer (Thermo Scientific NanoDrop
Technologies, USA). 50ng of each total RNA was used as starting material. TruSeq Stranded Total
RNA Library Prep Kit with Ribo-Zero Human/Mouse/Rat (lllumina Cat. N° RS122-2201) was used to
prepare samples. Accurate quantitation of cDNA libraries was performed using the QuantiFluorTM
dsDNA System (Promega, Germany) and the size range of cDNA libraries determined using the
Fragment Analyser (280bp). cDNA libraries were amplified and sequenced using cBot and HiSeq
2000 (llumina) (SR, 50bp, ca. 30 million reads/sample). Sequence images were transformed with
lllumina software BaseCaller, which were demultiplexed with CASAVA (v.1.8.2). Quality checks were

performed via FastQC (Babraham Bioinformatics).

Normalization of read counts to the library size, estimation of dispersions and testing for differentially
expressed (DE) genes based on a statistical test assuming negative binomial data distribution were
computed in the R/Bioconductor environment (v.2.15.2) loading DESeq (1.10.1) and biomaRt
(2.14.0) packages.[246,247] DESeq normalized produced the smallest coefficient of variation in
terms of diverse library sizes and compositions compared to other common analysis methods.
Significant genes were determined as log2 fold change (log2FC) >1 or <-1, base mean <1000, and
false discovery rate (FDR)-corrected p-value <0.05 with multiple testing correction according to
Benjamini and Hochberg. Data generated conformed to MIAME standards and was submitted to the

Gene Expression Omnibus (GEQO) database.

Gene co-expression was analysed by weighted gene co-expression network analysis (WGCNA)
using the WGCNA R package.[248] WGCNA analysis was performed using a power of 12, minimum
module size of 200, and merge cut height of 0.15. One module contained 1329 co-expressed genes
(including for example CXCR6, NCAM1, KIRs, cytokine receptors, granzymes, EOMES, TBX21) that
were used to construct heat maps and principle component analysis using the R package
DeSeq2.[249]
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2.6 NK cell proliferation assays and expansion of CD49a+ and CXCR6+

NK cell subsets

Freshly isolated paired PBMCs, perfusate and hepatic parenchymal MNCs were counted, then spun
down and resuspended in PBS/0.1% BSA to create a 2x cell solution. This was gently resuspended
in 10uM CFSE staining solution (CellTrace CFSE Cell Proliferation Kit) (Life Technologies, Paisely,
UK) to make a final CFSE concentration of 5uM and incubated for 10 minutes, 37°C. Staining was
quenched with 5 volumes ice-cold Roswell Park Memorial Institute Medium (RPMI) 1640 + Glutamax
(Gibco, Life Technologies) supplemented with 10% FBS, penicillin, streptomycin and glutamine
(Gibco, Life Technologies) (R-10) and incubated for 5 minutes, 4°C. Cells were washed 3 times in
R-10 then recounted. PBMCs, perfusate and liver MNCs were incubated in a 96 well plate at a
concentration of 0.2x10° cells / 200yl R-10 supplemented with 5% HS (Sigma) in addition to
Recombinant Human IL-2 100U/ml (PeproTech, London, UK), IL-12 10ng/ml (PeproTech), IL-15
25ng/ml (R&D Systems, Oxford, UK), IL-18 100ng/ml (Medical and Biological Laboratories, Japan),
or a cocktail of all four for six days. Media and cytokines were changed every 2-3 days. A CFSE
FMO was included for the initial 8 samples which involved stimulation with IL-15 alone. On day 0
and 6 PBMCs and liver MNCs underwent staining with Zombie Violet Fixable Viability Kit, CD3-
BV510, CD56-PECy7, NKG2C-APC, CXCR6-PerCP/Cy5.5, CD49a-PE and CD69-APC-Cy7 to allow
analysis of frequencies and absolute cell numbers of different lymphocyte and NK cell subsets. Cells
were analysed using a three laser FACS Aria flow cytometer. Compensation beads were used to
ensure comparable results on each day of acquisition. Gates were set using FMO controls. Data
was analysed using FlowJo v.10.0. The principal of CFSE staining is demonstrated in Fig 2-4. For
later experiments comparing the induction of CXCR6+ and CD49a+ NK cells in PBMCs in individuals
with PBC, haemochromatosis and healthy volunteers, the same protocol was used excluding the

CFSE staining step and a using shorter culture period of four days.
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Figure 2-4 Principal of CFSE staining.
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2.7 Intracellular staining for interferon gamma and tumour necrosis

factor alpha

Frozen PBMCs and liver MNCs were thawed and counted prior to stimulating for 12 hours with IL-
12 10ng/ml or IL-15 1ng/ml to examine IFNy and TNFa release respectively. Cells were plated in a
48 well plate at 0.5x10°cells / 500ul R-10 supplemented with 5% HS and cytokines. An unstimulated
control was included. BD GolgiStop (BD Cytofix/Cytoperm Plus Fixation / Permeabilisation Kit, BD
Biosciences) a protein transport inhibitor containing monensin was added (4ul/6ml culture medium)
for the last 4 hours of incubation. Cell surface staining was performed for CD3-BV510, CD56-PE-
Cy7, CXCRG6-PerCP/Cy5.5 and CD49a-PE as described above. Cells were then washed once and
incubated for 20 minutes in 100ul Fixation/Permeabilisation solution (BD Cytofix/Cytoperm Plus
Fixation / Permeabilisation Kit, BD Biosciences) per well for 20 minutes. After two washes in 200pl
1x BD Perm/Wash buffer (BD Cytofix/Cytoperm Plus Fixation / Permeabilisation Kit, BD
Biosciences), cells underwent further blocking followed by two more washes and prior to incubation
with anti-IFNy 1:10 (B27, APC, Biolegend) or anti-TNFa 1:10 (MAb11, FITC, Biolegend). Following
intracellular staining, cells underwent a final wash with FACS washing buffer and were analysed
immediately using the BD FACS Aria. Compensation beads were used to ensure comparable results
on each day of acquisition. Gates were set using unstimulated controls. Antibody concentrations
were titrated using isotype controls. Data was analysed using FlowJo v.10.0. In order to examine
IL-12 responsiveness of peripheral blood NK cells in difference aetiologies of chronic liver disease,
a dose titration of IL-12 (0.005ng/ml, 0.5ng/ml, 5.0ng/ml and 10ng/ml) was used to examine IFNy

release. Incubation time remained 12 hours.
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2.8 Phosphorylated STAT4 intracellular staining

PBMCs from healthy volunteers, individuals with haemochromatosis and individuals with PBC were
incubated in a 96 well plate at 0.2x10%ells / 200ul R-10 supplemented with 5% HS and stimulated
with increasing concentrations of IL-12 (0.005ng/ml, 0.5ng/ml, 5.0ng/ml and 10ng/ml) for 1 hour. An
unstimulated control was included. Cell surface staining was performed for CD3-BV510 and CD56-
FITC. Cells were washed once and incubated at 37°C for 10-12 minutes in 100ul pre-warmed Cytofix
solution (BD Biosciences). Cells were centrifuged at 2000rpm for 2 minutes, the supernatant
discarded and the pellet disrupted using vortex, prior to resuspension in 1ml Perm IIl Buffer (BD
Biosciences) and incubated at 4°C for 30 minutes. After two further washes, cells were stained for
pSTAT4 1:2.5 (PY693, AF647, BD Biosciences). Following intracellular staining, cells underwent a
final wash and were analysed immediately using the BD FACS Aria. Compensation beads were
used to ensure comparable results on each day of acquisition. Gates were set using FMO controls.
Antibody concentrations were titrated using isotype controls. Data was analysed using FlowJo
v.10.0.

2.9 Intracellular staining for T-bet and Eomes

Frozen PBMCs from individuals with haemochromatosis were thawed and counted, prior to cell
surface staining for CD3-BV510, CD56-PE-Cy7, CXCR6-PerCP/Cy5.5 and CD49a-PE as described
above. Cells were washed in 150ul FACS washing buffer per 0.5x10° cells and incubated with 200pl
1x Foxp3 fixation/perm solution (Foxp3 Staining Buffer Set, eBioscience) at 18°C for 30 minutes,
before washing once in 200pl 1x permeabilisation buffer (eBioscience) and incubating with 100pl
blocking buffer for 30 minutes at 4°C. Cells were washed twice in 200ul 1x permeabilisation buffer.
After the supernatant was discarded in the final wash, cells were resuspended in their residual
volume followed by a further 100ul 1x permeabilisation buffer and anti-T-bet 1:100 (4B10, BV421,
Biolegend) and anti-Eomes 1:100 (WD1928, efluor660, eBioscience) for 30 minutes at 18°C, prior
to one final wash in 200ul 1x permeabilisation buffer. Cells were analysed immediately in 150yl
FACS washing buffer using the BD FACS Aria. Compensation beads were used to ensure
comparable results on each day of acquisition. Gates were set using FMO controls. Antibody
concentrations were titrated using isotype controls. Data was analysed using FlowJo v.10.0. In
order to examine expression of T-bet and Eomes on NK cells following culture with IL-12, the above
protocol was performed at rest and following stimulation of 0.2x10°ells cultured in 200ul R-10
supplemented with 5% HS alone or with IL-12 0.005ng/ml, 0.5ng/ml, 5.0ng/ml and 10ng/ml for 12

and 36 hours.
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2.10NK cell purification and stimulation with IL-12 and IL-15

Freshly isolated PBMCs from individuals with haemochromatosis or PBC were passed through a
70um filter prior to counting. Cells were then centrifuged at 300g for 10 minutes and resuspended
in NK cell isolation buffer (40ul per 10’ cells) (250mM EDTA 2ml, pH 8, BSA 1.25g, 248ml PBS) and
NK cell biotin-antibody cocktail (10ul per 10" cells) (Human NK cell isolation kit, Miltenyi Biotec,
Woking, UK) and incubated for 5 minutes at 4°C. Cells were then resuspended in a further 30pl of
NK cell isolation buffer per 10’ cells and NK cell micro-bead cocktail (20ul per 107 cells) (Human NK
cell isolation kit, Miltenyi Biotec) and incubated for 10 minutes at 4°C. The cell solution was made
up to a minimum volume of 500l (maximum 10° cells) using NK cell isolation buffer. LS columns
(Miltenyi Biotec) were assembled onto the magnetic field of the MACS separator (Miltenyi Biotec)
and rinsed with 3ml of NK cell isolation buffer. The cell suspension was placed onto the LS column
and unlabelled NK cells collected into a 15ml falcon tube (negative selection). The column was
rinsed again with a further 3ml of NK cell isolation buffer and cell suspension collected in the same
falcon tube. Cells were spun down then resuspended in R-10 and the purified NK cells counted.
Purified NK cells were cultured in a 96 well plate for 12 hours at 0.2x10° cell / 200ul R-10
supplemented with 5% HS and increasing concentrations of IL-12 (0.005ng/ml, 0.5ng/ml, 5.0 ng/ml
and 10ng/ml) in addition to IL-15 25ng/ml. The following day NK cells underwent surface staining
for CD3-BV510, CD56-PE-Cy7 CXCR6-PerCP/Cy5.5 and CD49a-PE.

2.11 Statistical analysis

Surface marker expression, intracellular staining for IFNy, TNFa and pSTAT4 and proliferation assay
results which express cell percentages and absolute cell numbers are presented using the median
and interquartile range (IQR). Comparisons between samples are represented by the Wilcoxon
matched pairs signed rank test and Mann Whitney U test for paired and non-paired samples
respectively. Friedman’s test with Dunn’s multiple comparison test was used to compare multiple
paired groups and Kruskal-Wallis’ test with Dunn’s multiple comparison test was used to compare
three unpaired sample groups. Regression analysis and the coefficient of determination (%) was
used to determine correlation between expression levels of pSTAT4 and CXCR6 or CD49a. Chi-

squared test was used to compare categorical demographic data.

Analysis of the raw data generated from RNA sequencing was performed by the German Primate
Centre using weighted gene co-expression network analysis (WGCNA) and the WGCNA R package

(appendix 7.1.1) [248]. WGCNA analysis was performed using a power of 12, minimum module
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size of 200, and merge cut height of 0.15. One module contained 1329 co-expressed genes
(including for example CXCR6, NCAM1, KIRs, cytokine receptors, granzymes, EOMES, TBX21) that
were used to construct heat maps and principle component analysis using the R package DeSeq2.
All other statistical analysis was performed using GraphPad Prism v7 (GraphPad Prism Software,
La Jolla, USA).

2.12Ethics

Ethical approval to collect paired peripheral blood and liver tissue from patients undergoing hepatic
resection, and peripheral blood samples from patients with Primary Biliary Cholangitis was granted
by the Research Ethics Committee for Wales (REC No. 13/WA/0329). Ethical approval to collect
peripheral blood samples from individuals with haemochromatosis was granted by the Research
Ethics Committee for South Central Hampshire (REC No. 06/Q1701/120). Informed consent of all

participants was obtained.
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3 Chapter 3: Phenotypic analysis of NK cells in the liver

compared to the peripheral blood

3.1 Patient demographics

In total | collected liver tissue from 73 patients (43 paired liver and blood samples and 30 unpaired).
Overall 30 paired and 23 unpaired samples were phenotyped for NK cell surface markers (n=53).

Demographic details of the cohort are described in Table 13.

Table 13 Demographic details of patients who donated liver tissue

Demographic Details (n=53)

Age, years (range) 65 (29-80)
Men, n (%) 33 (54.7%)
Pre-operative chemotherapy, n (%) 29 (54.7)
Reason for resection, n (%)
Metastases, colorectal 33 (62.2)
Metastases, other 8 (15.1)
Hepatocellular carcinoma 7 (13.2)
Cholangiocarcinoma 2 (3.8)
Gastrointestinal stromal tumour 1(1.9)
Hepatic cyst 1(1.9)
Lymphoma 1(1.9)
Background liver histology, n (%)
Normal 30 (56.6)
Mild steatosis 16 (30.2)
Moderate steatosis 3 (5.7)
Fibrosis / Cirrhosis 4 (7.5)
Clear resection margin 50 (94.3)

3.2 Isolation of liver mononuclear cells and influence of digestion

techniques on NK cell phenotype

3.2.1 Yields of liver MNCs

The average weight of liver sample was 6.74g (range 0.2g — 26.4g). The mean number of MNCs
obtained per gram of liver tissue was 2.9x10° for the perfusate (hepatic sinusoids) and 0.9x10° from

tissue digestion (liver parenchyma). The combined total number of MNCs acquired per gram of liver
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was 3.4x10° (range 0.1 — 12.4x10°%). Tissue digestion using the tissue homogenizer and enzymatic

digestion with collagenase yielded the same average number of MNCs per gram (0.9x10°).

3.2.1.1 Comparison of collagenase vs. mechanical digestion of liver tissue on NK cell

phenotype

NK cells were examined from the liver parenchyma in 21 patients, 9 of which were digested using
collagenase followed by mechanical disaggregation, and the rest using mechanical disaggregation
only. This followed initial concerns that enzymatic digestion may alter NK cell surface marker
expression [250]. | performed a direct comparison of the frequencies of NK cells expressing key cell
surface receptors, however did not detect any significant differences in NK cell frequency or

phenotype using the two techniques (Fig 3-1).

Figure 3-1 Comparison of surface receptor expression on NK cells isolated from the liver

parenchyma following enzymatic or mechanical digestion
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Fig 3-1 A) A comparison of the frequency of NK cells within liver tissue digested using collagenase
followed by mechanical digestion (34.9%, n=9), or mechanical disaggregation alone (15.0%, n=17)
(non-paired samples). Dot plot shows individual values and median. (Mann Whitney U test). B) A
comparison of the frequency of NK cell surface marker expression following enzymatic and mechanical
digestion (non-paired samples). Bar chart displays median & IQR. (Mann Whitney U test).
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3.2.1.2 Comparison of NK cell phenotype between liver perfusate vs. liver parenchyma

As NK cells were isolated from the perfusate and liver parenchyma, a direct comparison was
performed of the frequencies of NK cells expressing each surface marker examined within the two
compartments (Fig 3-2). The perfusate, thought to contain NK cells flushed from the sinusoids,
harboured higher frequencies of CD16- NK cells consistent with findings from Hudspeth et al [15].
Although this did not reach significance, frequencies of CD57- NK cells were also higher in the
sinusoids, consistent with more immature NK cells residing here. NK cells expressing all other
surface markers were found at similar frequencies between the two compartments and therefore
perfusate-derived NK cells appear to accurately represent liver-resident NK cells as described in the
literature (Fig 3-2) [12,15]. Given the greater yield of MNCs from the perfusate and their superior
viability, all comparisons between the peripheral blood and ‘liver’ shown hereafter were made using

NK cells obtained from the hepatic perfusate.

Figure 3-2 Comparison of surface receptor expression on NK cells isolated from the liver perfusate

and liver parenchyma
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Fig 3-2 A) Comparison of the frequency of NK cells within the lymphocyte populations isolated from
the liver parenchyma (33.0%, n=21) and hepatic perfusate (38.3%, n=24). Dot plot shows individual
values and median. (Mann Whitney U test). B) Comparison of frequencies of CD16, CD57, CD117,
CD161, CD158a, CD158b, NKG2C, NKp46, CXCR6, CD49a and CD49b expressing NK cells found
within the liver parenchyma and perfusate. Bar chart displays median and IQR. (Mann Whitney U
test). p<0.01**,
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3.2.2 Pre-operative chemotherapy does not alter NK cell surface marker expression

Nearly two thirds of the individuals who donated liver tissue to this study had colorectal cancer
metastases and had undergone a standard course of neo-adjuvant chemotherapy prior to hepatic
resection. This generally consisted of oxaliplatin and capecitabine with additional therapy such as
Fluorouracil added on for some patients. Chemotherapy has been implicated in causing a
steatohepatitis in this patient group and it was therefore important to exclude any effects this may

have on NK cell phenotype as demonstrated below (Fig 3-3) [251].

Figure 3-3 Comparison of surface receptor expression on NK cells isolated from the liver of

individuals who have undergone pre-operative chemotherapy and those who have not
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Fig 3-3 Comparison of the frequency of NK cells within the lymphocyte population, and frequencies of
CD16 (n=17, n=9), CD57 (n=9, n=6), CD158a (n=16, n=6), CD158b (n=16, n=5), CD161 (n=8, n=5),
CD69 (n=10, n=5), NKG2C (n=19, n=14), CD49a (n=20, n=13) and CXCRG6 (n=13, n=10) expressing
NK cells found within the liver from patients who have received chemotherapy and those who have
not. Dot plots display individual values and median. (Mann Whitney U test).
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3.3 The liver contains a high frequency of NK cells

The liver was found to be rich in innate immune cells, including NK and CD56+ (Natural Killer) T
cells compared to the peripheral blood (Fig 3-4). The liver perfusate contained the greatest
percentage of NK cells within the lymphocyte population (38.3% perfusate [range 9.8% - 66.3%],
33.0% liver parenchyma [range 8.8% - 60.5%],) in line with other studies that have found NK cells to
predominantly reside in the sinusoids (Fig 3-5). Furthermore the majority of NK cells found in the
liver appeared to be CD56"™", as opposed to the CD56°™ NK cells predominant in the circulation.
However as these two populations could not be clearly discriminated on the FACS plots for all

individuals, percentages were not examined (Fig 3-5).

Figure 3-4 Composition of the lymphocyte population within the peripheral blood and liver
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Fig 3-4 Composition of lymphocytes within the peripheral blood (n=33) and liver (n=30).
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Figure 3-5 A comparison of NK cell frequencies between the peripheral blood and liver
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Fig 3-5 A) Representative flow cytometry plot displaying lymphocytes subsets, NK cells (CD3-, CD56+),
CD56+ T-cells, CD56- T-cells and CD3-CD56- lymphocytes from the peripheral blood and liver, in
addition to CD56""" and CD56°™ NK cell populations. B) A comparison of the frequency of NK cells
within the peripheral blood (median 14.1%) and liver perfusate (median 30.4%) (paired samples, n=14).
Dots represent individual values. (Wilcoxon matched pairs test). C) A comparison of the frequency of
NK cells within the peripheral blood (12.6%), liver parenchyma (33.0%) and liver perfusate (38.3%)
(paired & unpaired samples, n=34, n=21, n=24). Dot plots display median and IQR. (Mann Whitney U
test). p<0.001**, p<0.0001****,
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3.4 The liver is rich in stage 4 NK cells

NK cell precursors (maturation stage 3, Fig 1-3) (CD3-CD56+CD16-CD117+ lymphocytes) were not
present in significant frequencies in either the liver or the blood (Fig 3-6). Instead the liver contained
high frequencies of stage 4 CD16- NK cells and fewer stage 5 CD16+ NK cells and terminally
differentiated CD16°CD57" NK cells compared to the peripheral blood. A direct comparison of
markers of NK cell maturity between the liver and peripheral blood revealed reduced frequencies of
CD16+, CD57+ and KIR+ (KIR2DL1/S1/L2/L3/S2) (CD158a and CD158b) NK cells, with increased
percentages of CD161+ NK cells (Fig 3-7). The c-type lectin-like receptor, CD69 was present on
52.0% of hepatic NK cells, compared to 5.0% of circulating NK cells, highlighting this activating
receptor as a likely marker of liver-residency (Fig 3-7) [15,29,33,35].

Figure 3-6 Frequencies of NK cells at different stages of maturation in the liver and blood
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Fig 3-6 A comparison of the frequencies of NK cells at stage 3 (0.9%, 0.9%) (n=11, n=13), stage
4 (55.4%, 11.8%) (n=25, n=28), stage 5 (44.6%, 88.3%) (n=25, n=28) and terminal stages (27.5%,
72.3%) (n=13, n=13) of maturation within the liver and peripheral blood. Dot plots display median.
(Mann Whitney U test). p<0.0001****,

92




Figure 3-7 Markers of NK cell maturity in the peripheral blood and liver

Gated on CD3- lymphocytes
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Fig 3-7 A) Representative paired flow cytometry plots gated on CD3- lymphocytes comparing
CD16+, KIR+, CD57+, CD161+ and CD69+ NK cell frequencies within the peripheral blood and
liver. B) A comparison of the frequency of CD16+ NK cells (88.3%, 44.8%) (n=28, n=26), KIR+
NK cells (26.2%, 10.5%) (n=37, n=35), CD57+ NK cells (72.3%, 27.5%) (n=13, n=13), CD161+
NK cells (75.5%, 90.4%) (n=14, n=18) and CD69+ (5.0%, 52.0%) (n=7, n=11) NK cells within
the peripheral blood and hepatic NK cell populations. Dot plots display median values. (Mann
Whitney U test). p<0.01**, p<0.0001****,
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Furthermore CD16— NK cells isolated from the liver contain a lower percentage of NK cells
expressing classical markers of maturity (CD57, KIR) compared to CD16- NK cells found in the
peripheral blood, in addition to a greater frequency of CD161+ NK cells (Fig 3-8). Frequencies of
CD117+ NK cells were comparable for CD16- NK cells within the two compartments. This suggests

the existence of an ‘immature stage 4 CD16-° NK cell subset in the human liver.

Figure 3-8 CD16- NK cells in the liver harbour reduced frequencies of NK cells expressing markers

of maturity compared to those in the peripheral blood
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Fig 3-8 A comparison of the frequency of CD57+ NK cells (28.9%, 12.0%) (n=13, n=13); KIR+ NK
cells (9.0%, 4.2%) (n=34, n=30), CD161+ NK cells (32.0%, 91.4%) (n=15, n=13) and CD117+ NK
cells (0.9%, 0.9%) (n=9, n=8) found within the peripheral blood and hepatic CD16- NK cell
populations respectively. Dot plots display median values. (Mann Whitney U test). p<0.05%,
p<0.01**,
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3.5 Mature innate-like lymphocytes are not found in high frequencies in

the human liver

Following the formal identification of ILCs in mucosal tissue there has been much interest in their
role and residence in other organs. There are three distinct subsets [252]. ILC1s express the
transcription factor T-bet and release IFNy and TNFa in response to IL-12 and IL-18. They closely
resemble NK cells but are CD56-CD94-Eomes-. ILC2s express the transcription factors GATA3 and
RORa and release Th2 cytokines IL-5 and IL-13. Finally ILC3s are RORyt+ and release IL-22 and
IL-17. A subset of these express natural cytotoxicity receptors, in particular NKp44. | retrospectively
analysed my phenotyping data to assess whether any of these populations could be found in the
human adult liver. As this analysis was reliant on previously selected cell surface markers it was
only possible to look for ILC1 and ILC3 populations. These were defined as CD3-CD56-CD117-
CD161+(ILC1) and CD3-56-CD117+CD161+NKp46+ (ILC3) lymphocytes. Frequencies of both ILC
subsets were extremely low within the hepatic lymphocyte population (1.2% ILC1, 0.06% ILC3) and
were comparable to those observed in the peripheral blood (Fig 3-9). Therefore the human adult

liver does not appear to be enriched in ILCs.

Figure 3-9 Frequencies of ILC1 and ILC3 subsets within the hepatic and peripheral blood lymphocyte

populations
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Fig 3-9 A comparison of the frequency of ILC1 (CD3-CD56-CD117-CD161+) (n=9, n=9) and ILC3
CD3-56-CD117+CD161+NKp46+ (n=11, n=12) subsets within the hepatic and peripheral blood
lymphocyte populations. Dot plots display median values. (Wilcoxon-matched pairs test).
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3.6 The human liver contains CXCR6+ and CD49a+ NK cells

Following phenotypic analysis of paired peripheral blood and liver samples | identified both CD49a+
and CXCR6+ NK cell populations in humans. Hepatic CXCR6+ NK cells were found in all individuals,
with a median frequency of 59.5% (range 17.4 — 91.1%), whereas CD49a+ NK cell frequencies were
lower, median frequency 7.8% (range 2.3 - 69.0%) (Fig 3-10). Both subsets were virtually absent
from the peripheral blood; CXCR6+ NK cells 4.0% (range 0.5 — 29.5%) and CD49a+ NK cells 2.0%
(range 0.3 — 12.0%) (Fig 3-10). Frequencies of CXCR6+ and CD49a+ NK cells were similar whether
perfusion or tissue digestion isolation techniques were used (CD49a 7.8%, 9.6%, p>0.05; CXCR6
59.5%, 53.1%, p>0.05 respectively) (Fig 3-10).

Only 4/36 individuals (11%) had high frequencies of hepatic CD49a+ NK cells (defined as greater
than 30%), compared to 32/35 (91.4%) for CXCR6+ NK cells (Fig 3-10). Thus CXCR6+ NK cells
represent the dominant liver-specific NK cell sub-population. Separation of hepatic NK cell subsets
into CD49a+CXCR6+, CD49a+CXCR6-, CD49a-CXCR6+ and CD49a-CXCR6- populations
demonstrated that only 4.1% of hepatic NK cells were CD49a+CXCR6+ double-positive’ (range 1.5
— 41.7%) with a third of individuals (9/28) displaying higher frequencies (6.3 - 41.7%), dictated by
CD49a expression (Fig 3-10). The majority of NK cells in the human liver were CXCR6+CD49a-
(41.9%) or CXCR6-CD49a- (31.7%) (Fig 3-10). Out of the four patients with significant enrichment
of hepatic CD49a+ NK cells, two had hepatocellular carcinoma (i.e. 50%, compared to 10% (5/49)
for individuals with < 30% hepatic CD49a+ NK cells), one had an aggressive colorectal cancer with
synchronous lesions and bi-lobar liver metastases and the forth had colorectal metastases extending
to the resection margins (Table 14). Therefore more aggressive disease associated with an
inflammatory cytokine environment may lead to expansion of CD49a+ NK cells in the liver. All these
patients were also over the age of 70 however and it is possible that age or CMV status may also

play a role in the generation of CD49a+ NK cells in these individuals.
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Figure 3-10 CD49a+ and CXCR6+ NK cells are found in the human liver
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Fig 3-10 A) Representative flow cytometry plots showing gating strategy and individual frequencies of
CD49a+ and CXCR6+ NK cell populations within the peripheral blood and hepatic perfusate. B) A
comparison of the frequency of CXCR6+ (n=23) and CD49a+ (n=21) NK cells within the peripheral blood
and hepatic perfusate (paired samples), and peripheral blood, hepatic perfusate and liver parenchymal
(paired and unpaired samples, CD49a n=36, n=36, n=19; CXCR6 n=27, n=35, n=12). Dot plots display
individual values (Wilcoxon matched pairs test) for paired samples, and median (Mann Whitney U test) for
non-paired samples. C) Frequencies of CD49a+CXCR6+, CD49a+CXCR6-, CD49a-CXCR6+ and CD49a-
CXCRG6- NK cell subsets in the human liver (n=28). Dot plot displays median. D) Representative flow
cytometry plots gated on NK cells showing examples of individuals with average and high frequencies of
CD49a+CXCRG6+ NK cells. Distribution of frequencies of CD49a+ (n=36) and CD49a+CXCR6+ (n=28) NK
cells within the hepatic lymphocyte population. Individuals with high frequencies of CD49a+ NK cells are
plotted with a cross. Dot plot displays individual values and median. p<0.0001****,

Table 14 Phenotypic description of patients with high levels of CD49a+ hepatic NK cells

ID Age Sex Underlying Background Operation Co- Pre-op % CD49a
pathology liver histology morbidities Chemotherapy NKcells
A20 76 Male HCC (grade Normal Left hemi- Aortic No 69.0%
2/3), vascular hepatectomy & aneurysm
invasion, clear cholecystectomy T2 diabetes
of resection
margin, pT2
pNO,
A24 79 Male  CRC, right lobar  Minimal Right posterior High Oxaliplatin / 37.1%
metastases, steatosis and sectionectomy, cholesterol Capecitabine /
focally extends mild nodular wedge excision Hypertension Bevacizumab
to margin regenerative of the liver,
hyperplasia cholecystectomy
TH10 76 Male  Moderately Steatohepatitis Obesity No 48.8%
differentiated & macronodular
HCC, cirrhosis
completely
excised.
TH34 72 Male  Synchronous Normal Extended right T2 diabetes Folfox / 32.9%
colon cancers hepatetomy & Gout Cetuximan
(splenic flexure cholecystectomy Hypertension
& sigmoid), liver (2 lesions Ischaemic
metastases in remained stroke
both lobes, local requiring radio-
excision frequency
complete ablation)
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3.7 Hepatic CD49a+ and CXCR6+ NK cells are phenotypically and

functionally distinct

Both CD49a and CXCRG6 are markers of NK cell memory in mice. Therefore to determine whether
CD49a+ and CXCR6+ NK cells might represent ‘memory-like’ NK cells in humans, | compared their
expression of markers of maturity and function. Liver-resident CXCR6+ NK cells have an immature
phenotype. They are CD56"" (Fig 3-10), and contain low frequencies of CD16+ (25.9%) and
CD57+ (6.4%) NK cells. They nearly all express CD161+ (97.2%) however, a marker associated
with stage 4 of maturation. CXCR6+ NK cells have higher frequencies of cells expressing surface
markers associated with liver-residency, such as CD69 (69.8%) and CD49a (8.9%) compared to
CXCRG6- NK cells (39.3%, 7.1% respectively). However, there is significant donor variability (Fig 3-
11). NK cell surface receptors are known to display considerable variation between individuals and
in the same individual overtime[253]. This can be influenced by disease status, previous CMV
infection, gender and age, with the greatest variability being observed for the percentage of cells
expressing a receptor, rather than cell surface density of a particular marker, i.e. the MFI [253].
Frequencies of KIR+ NK cells (4.9%) were significantly lower in comparison to CXCR6- NK cells
(14.7%) (Fig 3-11).

Conversely the liver-resident CD49a+ subpopulation contained similar frequencies of CD16+
(44.5%) and reduced percentages of CD161+ (74.8%) NK cells compared to hepatic CD49a- NK
cells (50.5%, 91.5% respectively). This suggests they are relatively immature compared to NK cells
found in the peripheral blood, but more mature than the majority of liver-resident CXCR6+ NK cells.
Similarly CD49a+ populations contained fairly comparable frequencies of NK cells expressing the
traditional marker of terminal differentiation, CD57 compared to CD49a- NK cells (18.4% vs. 21.8%)
(Fig 3-11). Interestingly despite over 50% of CD49a+ NK cells being CD16-, CD49a+ NK cells were
more likely to be KIR+ (18.3% vs 10.1%, p<0.05) or NKG2C+ (10.3% vs 4.8%, p<0.001) in
comparison to CD49a- NK cells, suggesting a subset of these cells may be licenced and products of
previous clonal expansion (Fig 3-11). Frequencies of CD69+ (65.4%) and CXCR6+ NK cells
(70.8%) were both high within the CD49a+ NK cell population, consistent with a liver-resident
phenotype (Fig 3-11). Finally, human CD49a+ NK cells found in both the liver and blood did not
express CD49b (3.2% vs. 2.9%).
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Figure 3-11 Phenotypic analysis of liver-resident CXCR6+ and CD49a+ NK cells
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Fig 3-11 A) Comparison of the frequency of CD16+ 25.9%, 62.5% (n=18), CD57+ 6.4%, 30.5% (n=15),
CD161+ 97.2%, 82.9% (n=5), CD69+ 69.8%, 39.3% (n=15), KIR+ 4.9%, 14.7% (n=36), NKG2C+
5.9%, 8.5% (n=27) and CD49a+ 8.9%, 7.1% (n=29) NK cells within the hepatic CXCR6+ and CXCR6-
NK cell populations. Dot plot displays median values. (Wilcoxon matched pairs test). B) Comparison
of the frequency of CD16+ 44.5%, 50.5% (n=16), CD57+ 18.4%, 21.8% (n=10), CD161+ 74.8%,
91.5% (n=8), CD69+ 65.4%, 54.1% (n=11), KIR+ 18.3%, 10.1% (n=15), NKG2C+ 10.3%, 4.8% (n=17)
and CD49a+ 70.8%, 61.2% (n=29) NK cells within the hepatic CXCR6+ and CXCR6- NK cell
populations. Dot plot displays median values. (Wilcoxon matched pairs test). p<0.05%, p<0.01**,
p<0.001***, p<0.0001****.

Analysis of CD49a+CXCR6+, CD49a+CXCR6-, CD49a-CXCR6+ and CD49a-CXCR6- hepatic NK
cell subsets demonstrated that CXCR6+ populations harboured low frequencies of CD16+ and
CD57+ NK cells, and high frequencies of CD69+ NK cells, independent of CD49a status (Figure 3-
12). CD49a+ NK cells were more likely to be NKG2C+ or KIR+ compared to CD49a- NK cells,
irrelevant of CXCR®6 expression. Therefore, CD49a+CXCR6+ NK cells were CD69+CD16°"CD57""
with a higher frequency of KIR+ and NKG2C+ NK cells compared to CD49a- NK cells (Figure 3-12).
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Figure 3-12 Phenotypic comparison of CD49a+CXCR6+, CD49a+CXCR6-, CD49a-CXCR6+ and

CD49a-CXCRG6- NK cells
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Fig 3-12 A) Representative flow cytometry plots gated on CD49a+/- and CXCR6+/- NK cells showing
frequency of CD16, CD57, CD69, NKG2C and KIR+ NK cells. B) Comparison of frequency of CD16
(n=12), CD57 (n=12), CD69 (n=11), NKG2C (n=22) and KIR+ (n=9) NK cells between liver-resident
subpopulations CD49a+CXCR6+, CD49a+CXCRG6-, CD49a-CXCR6+ and CD49a-CXCR6- (Wilcoxon
matched pairs test). p<0.05%, p<0.01**, p<0.001***, p<0.0001****,
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Following stimulation with IL-12 10ng/ml or IL-15 1ng/ml, overnight, hepatic NK cells expressing
CD49a produced greater quantities of IFNy (7.5% vs. 1.6%, p<0.05) and TNFa (22.5 vs. 2.4%,
p<0.05) compared to CD49a- NK cells (Fig 3-13). In CD49a+ NK cells IFNy production remained
high independent of CXCR6 expression. TNFa expression was particularly high in CD49a+CXCR6+
NK cells (Fig 3-13). Thus double-positive CD49a+CXCRG6+ cells behave more like single-positive
CD49a ‘adaptive’ NK cells, than single-positive ‘liver-resident’ CXCR6+ NK cells.
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Figure 3-13 Th1 cytokine profile of CD49a+ and CXCR6+ NK cells

Fig 3-13 A) Representative flow cytometry plots gated on CD49a+/- and CXCR6+/- NK cells showing
IFNy and TNFa expression. B) Percentage of IFNy+ (n=7) and TNFa+ (n=6) NK cells within the
hepatic CD49a+, CD49a-, CXCR6+ and CXCRG6- NK cell subsets following stimulation with 1L-12
10ng/ml and IL-15 1ng/ml for 12 hours respectively. Dot plots display individual values. (Wilcoxon
matched pairs test). C) Percentage of IFNy+ (n=7) and TNFa+ (n=6) NK cells within the hepatic
CD49a-CXCR6+ and CD49a-CXCR6- NK cell
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3.8 Transcriptomic analysis of CXCR6+ and CXCR6- NK cells

To investigate the transcriptional profile of the CXCR6+ and CXRCRG6- NK cells, | sorted liver-
resident CXCR6+ and CXCRG6- NK cell subsets from three individuals and collaborated with the
Department of Primate Genetics, Géttingen, who performed RNA sequencing analysis on these
samples (Table 12, Fig 2-3, Fig 3-14, Appendix Fig 1 and 2). My findings were consistent with
those recently reported by Cuff et al comparing Eomes™®" (CXCR6+) and Eomes" (CXCR6-CD16+)

liver-resident NK cells [33].

Transcriptional profile

Consistent with the current literature the transcriptional profile of CXCR6+ NK cells was confirmed
as T-bet-Eomes+ [29]. Transcription factors GATAS3 (required for Th2 and ILC2 differentiation) and
FOXP3 (controls T-regulatory cell development) were also more highly expressed in comparison to
CXCRG6- NK cells. The Hobit-Blimp1 transcriptional module has recently been identified as a
universal regulator of transcription in mice that instructs retention of tissue-resident memory
lymphocytes, including liver-resident CD49a+ NK cells [254]. Conventional liver-resident and
circulating NK cells were dependent on Blimp-1 (PRDM1), whereas CD49a+ liver-resident NK cells
were dependent on Hobit (ZNF683) [254]. In humans CXCR6+ NK cells are the dominant liver-
resident population, however we did not detect any expression of Hobit in CXCR6+ NK cells from
any of the three patients examined, and only small amounts in CXCR6- NK cells. Expression of
Blimp-1 was downregulated in CXCR6+ compared to CXCR6- NK cells. Therefore murine and

human transcriptional regulators of tissue retention appear to differ.

NK cell surface receptors

Consistent with my flow cytometry findings, CXCR6+ NK cells were immature
(CD56""CD16“CD57"") compared to liver-resident CXCR6- NK cells, with reduced expression of
both inhibitory and activating KIR. They also had low expression of both activating (NKp30, NKp44,
CD94, DNAM1) and inhibitory receptors (siglec-7, siglec-9, LILRB1).
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Liver-residency

CXCR6+ NK cells highly expressed markers CD69 and CD103 known to be associated with tissue-
residency [27,255]. They were also CD49e-, a phenotype recently described to denote liver-resident
NK cells by the Yokoyama group [256], and expressed high levels of the TNF-receptor family
member, CD27. This surface marker appears to be associated with tissue residency, and has been
identified on NK cells in the decidua [257], and those in primary and secondary lymphoid tissue
[167,258] but is absent from the peripheral blood. It has been associated with reduced cytotoxicity
and is regulated by IL-15 [258]. CXCR6+ NK cells showed upregulation of genes which support their
migration towards, and long-term residence in the liver, including preferential expression of the
chemotactic receptors CC-chemokine receptor-like (CCRL) 2 and CCRS5, for which the ligands
include CCL3 (MIP-1a), CCL4 (MIP-1B), CCL3L1 and CCL5 (RANTES). This suggests there may
be further recruitment of CXCR6+ NK cells to the liver in the presence of inflammation during which
these ligands are upregulated on kupffer cells (CCL3) and T-cells (CCL5) [259]. CXCR6+ NK cells
also displayed upregulation of adhesion (Intracellular Adhesion Molecule (ICAM1), Neural Cell
Adhesion Molecule (NCAM), CD49a, neogenin1, cadherin1, actin4, PALS1-associated TJ protein
(PATJ)) and nectin-like molecules (CD96, T-cell Immunoreceptor with Immunoglobulin and ITIM
domains (TIGIT), Cytotoxic and Regulatory T-cell Molecule (CRTAM)), which may contribute to their
long-term residence within the liver. Furthermore, CXCR6+ NK cells showed downregulation of
signalling proteins which promote migration of lymphocytes out of tissue into the circulation (CCR7,
S1PR1, PXN (paxillin), ITGAM) (Fig 3-14). Of note | did not observe any over-expression of CD2,
recently identified to be critical for the adaptive behaviour of the NKG2C+CD57+ NK cells in hCMV
[260].

Cytokine profile

CXCR6+ NK cells were found to have low expression of IFNy and TNFa, consistent with my flow
cytometry data, in addition to markers of degranulation (perforin, granzyme A and B, granulysin)
other than TRAIL. This was confirmed at a protein level by Stegmann et al [29]. The CXCR6+ NK
cell population did however show expression of GM-CSF and CCL3. This suggests this subgroup
may be able to recruit other immune cells to the liver during disease. Enhanced expression of Th2
cytokines IL-4 and IL-10 was also seen, consistent with the immature status of CXCR6+ NK cells.
However, the quantity of gene transcripts was too low to allow a definitive conclusion. Liver-resident
CXCR6+ NK cells highly expressed Leukaemia Inhibitory Factor (LIF), known to play a role in

mediating tolerance following transplantation and during embryonic implantation [261,262].
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Finally, to determine the potential for CXCR6+ liver-resident NK cells to respond to cytokines used
to generate ‘memory-like NK cells’ in the blood, we assessed signalling pathways for IL-2, IL-12, IL-
15 and IL-18. We observed upregulation of IL-12RB2 and IL-23R gene transcripts, however IL-
12RB1, which pairs with IL-23R was downregulated compared to CXCR6- NK cells. While liver-
resident CXCR6+ NK cells appear to have a tolerant phenotype, RNA levels of STAT4 and
transcripts coding for STAT4 associated signalling proteins, JAK2, Tyk2 and SH2B3 were not
downregulated as seen in tolerant NK cell phenotypes in the peripheral blood following liver
transplantation [46]. There was no consistent significant differential expression of other receptors or

downstream signalling molecules within any of the other cytokine pathways examined (Figure 3-14).
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Figure 3-14 Summary of RNA-sequencing data of liver-resident CXCR6+ and CXCR6- NK cells
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Fig 3-14 RNA-sequencing data displaying differential expression of genes in CXCR6+ compared to CXCR6-
NK cells isolated from the liver perfusate from paired samples (n=3). All 3 patients underwent resection for
colorectal metastases and had either a normal background liver or mild steatosis. All modules are included.
Genes are grouped according to function. Up or down-regulation is displayed using red and blue according
the fold difference in the mean quantity of gene transcripts between the CXCR6+ and CXCR6- samples (< 0.5
blue, > 0.5-0.90 light blue, > 0.90-1.1 white, = 1.1-1.9 light red, = 2.0 red).
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3.9 Discussion

This chapter provides a comprehensive phenotypic and functional comparison of NK cells isolated
from the human liver and peripheral blood. Analysis of over 50 tissue samples (30 paired) revealed
the liver to be rich in both NK cells (38% of lymphocytes isolated from the hepatic perfusate and 33%
of lymphocytes isolated from the liver parenchyma) and innate CD56+ T-cells, compared to the
peripheral blood. Surface expression of markers of maturation, activation and potential ‘memory’
markers were generally comparable for NK cells isolated from the sinusoids (hepatic perfusate) and
parenchyma, although the sinusoids were found to contain a higher frequency of CD16- NK cells.

These findings are consistent with the current literature [11,15].

The majority of liver-resident NK cells did not express the classical markers of maturation and
terminal differentiation, CD16 and CD57, in contrast to NK cells isolated from the peripheral blood.
Expression of KIR (KIR2DL1, 2DS1, 2DL2, 2DL3) was also low. Despite being rich in more immature
stage 4 CD16- NK cells, high frequencies of NK cell precursors were not detected in the liver. lItis
likely that relatively immature CD56°""'CD16™ NK cells may be shaped by the hepatic environment
to differentiate into phenotypically distinct tissue-resident NK cells. Nearly all liver-resident NK cells

were found to be CD161+ and just over half expressed the activation receptor CD69.

While NK cells are classically members of the innate immune system, selected populations in mice
and macaques display memory towards haptens [19,34,170] and viral antigens [170,174,176,180].
The chemokine receptor, CXCR6 [34] and adhesion molecule CD49a [19] have been identified as
surface markers of memory NK cells in mice capable of mediating antigen-specific delayed-type
hypersensitivity reactions. Interestingly these features were generally limited to liver-resident NK
cells. In this chapter | provide a description of CD49a+ [35] and CXCR6+ NK cells [11,15,29] in the
human liver and define two distinct phenotypes. Both populations are generally absent from the

peripheral blood in people.

Liver-resident CXCR6+ NK cells are immature (CD56°""CD16"°“CD57""), KIR®*CD69"¢" and are
found in all individuals, comprising nearly two thirds of hepatic NK cells. They harbour similarly low
frequencies of NKG2C+ NK cells to that of liver-resident CXCR6- NK cells. Overall CXCR6+ NK
cells do not contain high percentages of IFNy or TNFa-producing cells, however they do express
GM-CSF, IL-4, CCL3 and LIF. While human CXCR6+ NK cells do not display phenotypic or

functional features consistent with ‘memory’ as in mice, CXCR6 may play a role retaining NK cells
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within the liver via its interaction with the chemokine ligand 16 (CXCL16), expressed on HSECs,
hepatocytes and cholangiocytes [32]. RNA sequencing revealed co-expression of CCR5 and a large
number of adhesion molecules, which may promote translocation to, and long-term residence in the
liver. Deep sequencing results also show reduced expression of granzymes and perforin, suggesting
CXCRG6+ NK cells are likely to have impaired cytotoxicity. These findings has since been confirmed
at a protein level using flow cytometry [29]. Transcriptomic and functional data presented here
therefore support the role of CXCR6+ innate NK cells in establishing hepatic immunotolerance and
homeostasis with minimal expression of activating and inhibitory KIR, markers of degranulation and
Th1 cytokines. RNA sequencing data confirmed the transcriptional profile of liver-resident CXCR6+
NK cells as Eomes™"T-bet"[11,29].

Conversely, hepatic CD49a+ NK cells were only found at substantial frequencies in 10% of
individuals, suggesting a genetic or environmental influence may lead to the emergence of this
population. It may therefore be the case that this subset is not found in completely healthy individuals
with no history of significant disease. The CD49a+ NK cell subset contains higher frequencies of
KIR+ and NKG2C+ NK cells compared to the CD49a- population, suggesting some of these cells
may be licensed and have undergone previous clonal expansion. While | did not stratify for CMV,
no correlation was demonstrated between seropositivity and hepatic CD49a+ NK cell frequencies by
Marquardt el at [35]. Although they are not terminally differentiated (CD16+/-CD57"°"), CD49a+ NK
cells are more mature than the majority of CXCR6+ liver-resident NK cells. CD49a+ NK cells also
produced high quantities of both IFNy and TNFa. Of the four patients in this cohort with significant
enrichment of hepatic CD49a+ NK cells, two had hepatocellular carcinoma, one aggressive
colorectal cancer with synchronous lesions and bi-lobar liver metastases and the forth had colorectal
metastases extending to the resection margins. This suggests exposure to an inflammatory cytokine
microenvironment may lead to expansion of CD49a+ NK cells. Liver-resident CD49a+ NK cells
therefore appear to express phenotypic and functional features suggestive of memory; including
evidence of possible clonal expansion following priming through cytokine exposure, or possibly
antigen presentation, and enhanced function. However further assays looking at enhanced
proliferation, and a boosted functional response on secondary exposure to an activating stimulus
would be required to demonstrate this more definitely. While | did not examine transcription factor
expression for this subset, liver-resident CD49a+ NK cells have been found to express a unique
transcriptional profile (T-bet+Eomes-)[35] compared to conventional liver-resident NK cells
(Eomes+T-bet-) [11,29].  Liver-resident CD49a+ NK cells may therefore be generated from T-
bet+Eomes- NK cell precursors either in situ, or elsewhere, or may be a product of differentiation of
conventional liver-resident NK cell which have developed this unique transcriptional signature in

response to local environmental stimuli.
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Double-positive CD49a+CXCR6+ NK cells comprise less than 5% of the overall NK cell population
in the human liver (range 1.5% - 41.7%). While they have some features of immaturity
(CD16"°"CD57°"), CD49a+CXCR6+ populations contain similar frequencies of KIR+ and NKG2C+
NK cells to single positive liver-resident CD49a+ NK cells, and importantly produce similar quantities
of IFNy and TNFa. They therefore function more like single positive CD49a+ NK cells than single
positive CXCR6+ NK cells. It is possible that the double-positive CD49a+CXCR6+ population
represents a developmental intermediary population between CXCR6+CD49a- and CXCRG6-
CD49a+ NK cells.

This chapter identifies two distinct liver-resident NK cell subpopulations. CXCR6+ NK cells are the
predominant NK cell population in the human liver, and may play a role in maintaining hepatic
immunotolerance and liver-homing. CD49a+ NK cells are highly functional and appear to represent

a liver-resident adaptive population of NK cells.

This work has some limitations however. Firstly it was not possible to sample completely healthy
liver tissue. While every effort was made to take tissue as distal from the tumour margin as possible,
the presence of metastases could have affected the phenotype and function of the NK cells
examined. Furthermore just less that 10% of patients had fibrosis or cirrhosis. It would also have
been extremely beneficial to have assessed the CMV serological status of all individuals examined,
particularly to establish if this is associated with higher frequencies of CD49a+ NK cells. Finally
given the variability between patient samples it would have been worthwhile to have sorted CXCR6+
and CXCRG6- NK cells from a larger number of patients and to have calculated a p-value representing

the differential expression of transcript levels between NK cell subpopulations.
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4 Chapter 4: The influence of cytokines on liver-

resident and peripheral blood NK cells

| hypothesised that given the potential ‘memory-like’ properties of CD49a+ NK cells, they would
proliferate better than their negative counterparts in response to IL-15 and other activating cytokines.
Given the potential residence or priming of ‘memory-like’ NK cells in the liver, | hypothesised that
expansion might be greatest in this compartment. Finally | was interested in whether the cytokine
cocktail (IL-2, IL-12, IL-15, IL-18), shown to ‘prime’ human peripheral blood and murine splenic NK
cells in vitro [182,183] would be superior to individual cytokines at inducing the proliferation of
potential liver-resident memory-like NK cells. | therefore stained paired PBMCs and hepatic MNCs
with CFSE and performed cell surface staining on day 0 and day six following incubation with IL-2,
IL-12, IL-15, IL-18 and a cocktail of all four cytokines. Samples were donated from individuals who

had undergone hepatic resection for primary or secondary liver cancer.

4.1 The differential influence of cytokines on NK cells isolated from the

peripheral blood and liver

Proliferation assays of paired peripheral blood and liver MNCs were performed on 17 individuals
following IL-15 stimulation, and 9 individuals following stimulation with IL-2, IL-12, IL-15, IL-18 and
the cytokine cocktail. Incubation of PBMCs with both IL-2, IL-15 and the cytokine cocktail led to a
significant expansion of NK cell frequencies within the lymphocyte population and absolute numbers
(Fig 4-1, Fig 4-2). This appeared to be driven by expansion of the CD56""" compartment, perhaps
due to the increased capacity of more immature NK cells to divide (Fig 4-2, Fig 4-4). Conversely IL-
18 resulted in contraction of the NK cell population (Fig 4-1, Fig 4-2). Both IL-15 and the cytokine
cocktail also stimulated expansion of CD56+ T-cells relative to other lymphocyte populations, and

IL-18 led to an increase in CD56- T-cell frequencies.

Surprisingly liver-resident NK cells failed to expand in both absolute number, and frequency,
following stimulation with any of the activating cytokines examined (Fig 4-1, Fig 4-3). While further
expansion of the CD56""" population was observed in the presence of IL-2 and IL-15, this was less
compared to the peripheral blood (Fig 4-3, Fig 4-4). Cytokine culture of liver MNCs did not result in
a significant change in the composition of the lymphocyte population in terms of NK cell, CD56+ T-

cell and CD3-56- lymphocyte frequencies, but a slight increase in the frequncy of CD56- T-cells
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following culture with IL-18 was found (Fig 4-1, Fig 4-3). Hepatic lymphocyte populations were

therefore more stable in vitro in their response to activating cytokines.
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Figure 4-1 NK cells isolated from the peripheral blood, but not the liver expand in response to IL-2,

IL-15 and the cytokine cocktail
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Fig 4-1 A) % NK cells within the lymphocyte population in the peripheral blood at rest, 13.6% and
following culture with IL-2 24.1%, IL-15 31.5%, cytokine cocktail 27.1%, IL-18 6.4% and IL-12 18.4%
(n=9); and the liver at rest, 15.9%, and following stimulation with IL-2 21.8%, IL-15 9.5%, cytokine
cocktail 8.6% IL-18 8.0% and IL-12 10.1% (n=8). B) Absolute number of NK cells in the peripheral
blood (n=9) and liver (n=8) at rest and following stimulation with IL-2, IL-15, cytokine cocktail, IL-18
and IL-12. C) % CD56+ T-cells, CD56- T-cells and CD3-56- lymphocytes at rest and following
stimulation with IL-2, IL-15, cytokine cocktail, IL-18 and IL-12 in the peripheral blood (n=9) and D)
the liver (n=8). Significant t-test values only shown when comparing lymphocyte frequencies at rest
and post stimulation. Dot plots display median values. (Wilcoxon matched pairs test). p<0.05%,
p<0.01**.
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Figure 4-2 The influence of activating cytokines on NK cells, CD56+ T-cell, CD56- T-cells and

CD3-56- lymphocytes in the peripheral blood
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Fig 4-2 Representative flow cytometry plots from donor ‘TH45’ displaying the frequencies of CD56+ T-cells,
CD56- T-cells, CD3-56- lymphocytes, NK cells and CD56"%" NK cells within the peripheral blood at rest and
following stimulation with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail.




Figure 4-3 The influence of activating cytokines on NK cells, CD56+ T-cells, CD56- T-cells and

CD3-56- lymphocytes in the liver
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Fig 4-3 Representative flow cytometry plots from donor ‘TH45" displaying the frequencies of CD56+ T-cells,
CD56- T-cells, CD3-56- lymphocytes, NK cells and CD56"™ NK cells within the liver at rest and following
stimulation with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail.
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Figure 4-4 NK cell expansion in the peripheral blood is driven by expansion of the CD56""

compartment
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Fig 4-4 Comparison of the % CD56°"9" NK cells within the NK population in A) the peripheral blood at
rest, 7.2% and following culture with IL-2 48.2%, IL-15 80.3%, the cytokine cocktail 75.6%, IL-18
15.3% and IL-12 71.8% (n=8); and B) the liver at rest 65.3%, and following culture with IL-2 82.9%,
IL-15 84.2%, the cytokine cocktail 85.9%, IL-18 53.8% and IL-12 80.3% (n=8). Dot plots display
median values. (Wilcoxon matched pairs test).

CFSE staining suggested that the increase in absolute numbers of NK cells seen following
stimulation of PBMCs with IL-15 and the cytokine cocktail occurs as a result of their enhanced
proliferation (Fig 4-5). Culture of hepatic MNCs under the same conditions however, did not result
in any increase in either NK cell frequencies within the lymphocyte population or absolute numbers.
Despite this, CFSE fluorescent intensities of NK cells stained at day 0 decreased to similar extent
as observed in the peripheral blood, with IL-15 and the cytokine cocktail resulting in the lowest
values. These results suggest that a subpopulation of hepatic NK cells have proliferated under these
conditions, however the population as a whole may have failed to expand due to poor viability of
hepatic MNCs in culture compared to the peripheral blood. Total numbers of MNCs counted
decreased significantly from day three and failed to recover at day six (Fig 4-6). Taken together
these results suggest that hepatic MNCs decrease in number in vitro, however the liver may contain

a sub-population of NK cells which are highly proliferative.
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Figure 4-5 IL-15 and the cytokine cocktail induce the strongest proliferation of NK cells isolated

from both the liver and peripheral blood
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Figure 4-6 Absolute numbers of hepatic MNCs decrease in vitro
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Fig 4-6. A representative count of the absolute number of PBMCs and hepatic MNCs at day 0, 3, 6
and 8 in culture with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail (paired sample).
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4.2 The influence of cytokines on the induction of liver-homing memory-

like NK cell phenotypes in the liver

4.2.1 Culture of hepatic MNCs with activating cytokines leads to an increase in CD49a+ NK

cell frequencies, with no further enrichment of the CXCR6+ NK subset

Having identified both CXCR6+ and CD49a+ NK cells in the human liver, | investigated the influence
of activating cytokines, particularly the ‘adaptive phenotype-inducing’ cytokine cocktail (IL-12, IL-15,
IL-18 and IL-2) on the induction of potential liver-homing and memory-like NK cells within the liver.
Following culture with IL-2 100U/ml, IL-12 10ng/ml, IL-15 25ng/ml, IL-18 100ng/ml or a cytokine
cocktail, hepatic NK cells in vitro preferentially expressed CD49a rather than CXCRG6 (Fig 4-7). The
frequency of CD49a+ NK cells increased from a median resting frequency of 8.7%, to 77.1% (IL-2),
55.7% (IL-12), 83.9% (IL-15), 85.7% (IL-18) and 88.9% (cytokine cocktail) following six days of
cytokine stimulation (Fig 4-7).

Frequencies of hepatic CXCR6+ NK cells did not increase significantly beyond their resting levels
under the same conditions, with a negligible change in the frequency of CXCR6+ NK cells from
65.1% at rest to 65.5% (IL-2), 64.2% (IL-15) and 56.7% (IL-18) after six days of culture (Fig 4-7). IL-
12 generated the highest frequency of CXCR6+ NK cells by day six (74.1%), and can be seen to
consistently enrich the CXCR6+ NK cell population where resting frequencies are low, however this
increase failed to reach significance (Fig 4-7). Culture with the cytokine cocktail led to a decrease in
the percentage of NK cells expressing CXCRG6 (to 24.2% of total NK cells), in sharp contrast to its
ability to enrich the CD49a+ population (Fig 4-7).

The generation of high frequencies of CD49a+ NK cells following culture with activating cytokines,
resulted in a significant increase in the percentage of ‘double-positive’ CD49a+CXCR6+ NK cells
seen within the hepatic NK cell population in vitro (Fig 4-8). This was seen following culture with IL-
2,1L-12, IL-15 and IL-18 individually, but not the cytokine cocktail as a result of its negative influence
on the frequency of CXCR6+ NK cells (Fig 4-8). Therefore, consistent with my functional data,
hepatic CD49a+ but not CXCRG6+ liver-resident NK cells appear to be reactive towards cytokines,

particularly the cytokine cocktail.

120



As a result of the high death rate of liver-resident NK cells in culture, particularly within the first few
days (Fig 4-6), absolute numbers of CD49a+ NK cells failed to increase by day six, unless cultured
with the cytokine cocktail, which led to the fastest recovery of NK cell numbers along with IL-15 (Fig
4-9).

Figure 4-7 Proliferating NK cells upregulate CD49a, but not CXCR6
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Fig 4-7 A) Representative flow cytometry plots gated on NK cells. B) Percentage of CD49a+ and
CXCRG6+ NK cells isolated from the liver at rest (day 0) and following incubation of hepatic MNCs
with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail (n=8). Dot plots display individual values.
(Wilcoxon matched pairs test). p<0.01**.
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Figure 4-8 Activating cytokines can generate increased frequencies of double-positive
CD49a+CXCRG6+ NK cells within the hepatic NK cell population
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Fig 4-8. Percentage of CD49a+CXCRG6+ NK cells isolated from the liver at rest (day 0) and following

incubation of hepatic MNCs with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail (n=8).
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Figure 4-9 Absolute numbers of CD49a+/- and CXCR6+/- NK cells isolated from the liver at rest and

following six days of cytokine stimulation
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Fig 4-9 A) Absolute number of CD49a+ and CD49a- NK cells at rest (day 0) and following incubation
with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail (n=8). B) Absolute number of CXCR6+ and
CXCRG6- NK cells at rest (day 0) and following incubation with IL-2, IL-12, IL-15, IL-18 and the cytokine
cocktail (n=8). Dot plots display median. Median absolute cell numbers shown in table below. (Wilcoxon
matched pairs test). p<0.05%, p<0.01**,
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4.2.2 Liver-resident CD49a+ NK cells display features consistent with enhanced
proliferation compared to CD49a- and CXCR6+ NK cells following stimulation with IL-
15 and the cytokine cocktail

The cytokine cocktail and IL-15 induced the strongest proliferation of liver-resident NK cells, including
both CD49a+ and CXCRG6+ subpopulations (Fig 4-10). While NK cells carrying the marker CD49a
displayed features consistent with enhanced proliferation over CD49a- and CXCR6+ NK cells with
both IL-15 and the cytokine cocktail, differences in day six CFSE MFIs between NK cell groups were
small compared to differences observed between the different cytokines themselves (Fig 4-10).
Furthermore CD49a- and CXCRG6+ NK cells also proliferated well with IL-15 and the cytokine cocktail
(Fig 4-10). | did not observe a significant increase in the overall number of CD49a+ NK cells at day
six, which may reflect the poor viability of liver NK cells in vitro in the short term. However absolute
numbers of CD49a- NK cells decreased dramatically despite those remaining showing evidence of
proliferation. Taken together this suggests that expansion of the CD49a+ NK cell population in vitro
may occur through upregulation of CD49a on previously CD49a- NK cells, and not solely due to the

enhanced proliferative properties of an existing liver-resident CD49a+ subset (Fig 4-9, Fig 4-10).

There were no features suggestive of a proliferative advantage of CXCR6+ NK cells over CXCR6-
NK cells, and the absolute number of CXCR6+ NK cells decreased significantly, particularly in the
presence of the activating cytokine cocktail. In common with the decrease in frequency of CXCR6+
NK cells post stimulation with the cytokine cocktail, CXCR6+ NK cells appeared to demonstrate

impaired proliferation, compared to CXCR6- NK cells under these conditions (Fig 4-10).
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Figure 4-10 CD49a+ NK cells display features suggestive of enhanced proliferation over CD49a-
and CXCRG6+ NK cells following culture with both IL-15 and the cytokine cocktail
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Fig 4-10 A) Day six CFSE MFI of hepatic CD49a+ and CD49a- NK cells following culture with IL-2, IL-12,
IL-15, IL-18 and the cytokine cocktail (n=8). Representative CFSE MFI histogram at day six comparing
CD49a+ and CD49a- NK cells following culture with IL-15. B) Day six CFSE MFI of hepatic CXCR6+ and
CXCR6- NK cells following culture with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail (n=8).
Representative CFSE MFI histogram at day six comparing CXCR6+ and CXCR6- NK cells following
culture with IL-15. C) Day six CFSE MFI of hepatic CD49a+ and CXCR6+ NK cells following culture with
IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail (n=8). Representative CFSE MFI histogram at day six
comparing CD49a+ and CXCR6+ NK cells following culture with IL-15. Dot plots display median.
(Wilcoxon matched pairs test). p<0.05*, p<0.01**,
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4.3 CXCRG6 and CD49a expression can be induced on NK cells isolated

from the peripheral blood

4.3.1 Both CD49a+ and CXCR6+ NK cells can easily be induced in the peripheral blood

using activating cytokines

Proliferation assays were performed on paired peripheral blood and liver samples. Despite resting
frequencies being low, cytokines were able to induce extensive expansion of CD49a+ NK cells in
the peripheral blood from a median frequency of 2.1% to 98% (cytokine cocktail), 83.3% (IL-18),
71.9% (IL-15), 71.3% (IL-12) and 66.9% (IL-2) (Fig 4-11). Furthermore, the absolute number of
CD49a+ NK cells isolated from the peripheral blood can be seen to significantly increase following
culture with all activating cytokines, particularly the ‘adaptive-phenotype’ inducing cytokine cocktail
(Fig 4-12). The increase in the absolute nhumber of CD49a+ NK cells was accompanied by a
decrease in absolute numbers of CD49a- NK cells (Fig 4-12). In common with the liver,
measurement of CFSE intensity at day six suggests IL-15 leads to enhanced proliferation of CD49a+
NK cells over CD49a- NK cells, although both can be seen to proliferate well (Fig 4-13). The fact
that the CD49a- population is nearly lost under these conditions (Fig 4-11) also supports the premise
that CD49a+ NK cell expansion occurs both secondary to enhanced proliferation of this subgroup,
and de novo expression of this integrin on CD49a- NK cells. CD49a is also known as very-late
antigen 1 and may therefore be upregulated through activation. NK cells isolated from the liver and
peripheral blood therefore respond similarly to all activating cytokines in terms of CD49a induction,

with the cytokine cocktail being the most effective stimulus in both compartments.

In contrast to the liver, CXCR6 could be upregulated on peripheral blood NK cells, with an increase
in median frequency from 3.1% to 10.9% (IL-2), 21.4% (IL-12) and 23.3% (IL-15) CXCR6+ NK cells
(Fig 4-11). Frequencies remained unchanged with IL-18 (4.1%) and the cytokine cocktail (5.6%)
(Fig 4-11). CXCR6 was predominantly induced on CD49a+ NK cells (Fig 4-11). Expansion of
CXCR6+ NK cell frequencies was accompanied by an increase in absolute CXCR6+ NK cell
numbers following culture with IL-15 only (Fig 4-12). This may reflect an initial decrease in cell

number in culture, with IL-15 resulting in the fastest recovery (Fig 4-6).

Peripheral blood NK cells expressing CXCRG6 at day six displayed features consistent with enhanced

proliferation over CXCRG6- NK cells at day six following stimulation with IL-2, IL-12 and IL-18 and
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proliferated at similar rates to CD49a+ NK cells following culture with all activating cytokines, other
than the cytokine cocktail (Fig 4-13). Again, this contrasts with CXCR6+ NK cells isolated from the
liver and suggests that peripheral blood CXCR6+ NK cells may be more cytokine-responsive than
those which are liver-resident, in terms of either their enhanced proliferation or ability to upregulate
CXCRE6 on their surface (Fig 4-12, 4-13).

Figure 4-11 CD49a and CXCR®6 can be upregulated on NK cell in the peripheral blood
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Fig 4-11 A) Representative flow cytometry plots gated on NK cells. B) Percentage of CD49a+ and CXCR6+ NK
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the cytokine cocktail (n=9). Dot plots display individual values. (Wilcoxon matched pairs test). p<0.05*, p<0.01**.
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Figure 4-12 Absolute numbers of CD49a+/- and CXCR6+/- NK cells isolated from the peripheral

blood at rest and following six days of cytokine stimulation
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Fig 4-12 A) Absolute number of CD49a+ and CD49a- NK cells at rest (day 0) and following incubation
with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail. Median absolute cell numbers shown in table below.
Fold change in absolute number of CD49a+ and CD49a- NK cells at rest (day 0) and following incubation
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in table below. (n=9). B) Absolute number of CXCR6+ and CXCRG6- NK cells at rest (day 0) and following
incubation with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail. Median absolute cell numbers shown in
table below. Fold change in absolute number of CXCR6+ and CXCRG6- NK cells at rest (day 0) and
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p<0.05*, p<0.01**,
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Figure 4-13 NK cells isolated from PBMCs expressing CD49a+ and CXCRG6+ at day six following in
vitro culture with cytokines, display features consistent with enhanced proliferation over CD49a-
and CXCRG6- NK cells
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Fig 4-13 A) Day six CFSE MFI of peripheral blood CD49a+ and CD49a- NK cells following culture with IL-
2, IL-12, IL-15, IL-18 and the cytokine cocktail (n=9). Representative CFSE MFI histogram at day six
comparing CD49a+ and CD49a- NK cells following culture with IL-15. B) Day six CFSE MFI of peripheral
blood CXCR6+ and CXCR6- NK cells following culture with IL-2, IL-12, IL-15, IL-18 and the cytokine
cocktail (n=9). Representative CFSE MFI histogram at day six comparing CXCR6+ and CXCRG6- NK cells
following culture with IL-15. ¢) Day six CFSE MFI of peripheral blood CD49a+ and CXCR6+ NK cells
following culture with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail (n=9). Representative CFSE MFI
histogram at day six comparing CD49a+ and CXCRG6+ NK cells following culture with IL-15. Dot plots
display median. (Wilcoxon matched pairs test). p<0.05*, p<0.01**.
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Importantly IL-15 and IL-12 were the most effective cytokines at inducing the highest frequencies of
CD49a+CXCRG6+ double-positive NK cells from PBMCs in vitro (15.7% and 10.8% respectively),
compared to IL-2 (5.5%), IL-18 (3.1%) and the cytokine cocktail (4.5%) following six days of culture
(Fig 4-14). As aresult of their enhanced ability to promote NK cell proliferation overall, IL-15 followed
by the cytokine cocktail generated the greatest increase in absolute number of CD49a+CXCR6+ NK
cells (Fig 4-14). Despite the cytokine cocktail containing IL-12 and IL-15, the combination of IL-2,
IL-12, IL-15 and IL-18 failed to increase frequencies of CD49a+CXCR6+ NK cells to the same degree
as IL-12 and IL-15 individually, due to the negative influence of the cytokine cocktail on CXCR6+ NK

cell frequencies and absolute numbers (Fig 4-11, 4-12, 4-14).

Figure 4-14 1L-12 and IL-15 induce the highest frequencies of double-positive CD49a+CXCR6+ NK

cells from PBMCs in vitro
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Fig 4-14 A) Frequency of CD49a+CXCR6+ NK cells isolated from the peripheral blood at rest (day 0)
and following incubation of PBMCs with IL-2, IL-12, IL-15, IL-18 and the cytokine cocktail (n=9). Median
percentages are shown for each condition. B) Fold change in absolute number of CD49a+CXCR6+ NK
cells from the peripheral blood at rest (day 0) and following incubation of PBMCs with IL-2, IL-12, IL-15,
IL-18 and the cytokine cocktail (n=9). Dot plots display median.
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4.3.2 IL-12 is important for the induction of CXCR6+ NK cells and IL-15 for CD49a+ NK

cells

To better differentiate the effect of different cytokines on the induction of potential ‘memory-like’ ‘liver-
homing’ NK cell phenotypes in the peripheral blood, PBMCs donated from individuals with
haemochromatosis were stimulated with IL-12 and IL-15 for the shorter time of four days. These
cytokines were chosen as they were most effective at enriching the CD49a+CXCRG6+ population in
peripheral blood NK cells (Fig 4-14). IL-12 led to the greatest induction of CXCR6+ NK cells (IL-12
31.9% [range 11.4 —43.0] vs. IL-15 29.8% [range 12.8 — 50.3]) and IL-15 led to the greatest induction
of CD49a+ NK cells (IL-15 51.6% [range 32.1 — 67.3] vs. IL-12 39.6 [range 29.3 — 54.6]) (Fig 4-15).
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Figure 4-15 A comparison of the influence of IL-12 and IL-15 on the induction of CD49a+ and

CXCRG6+ NK cell populations following four days of culture
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Fig 4-15 A) Representative flow cytometry plots displaying gating for CD49a+ and CXCR6+ NK cell
populations (gated on NK cells). B) Frequencies of CD49a+ and CXCR6+ NK cell populations at rest
and following a four day culture with media only (n=10), IL-12 (n=13) or IL-15 (n=13). (Mann Whitney U
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Induction of both CD49a+ and CXCR6+ NK cells could be seen by day four without the addition of
exogenous cytokines, i.e. following culture of PBMCs in media only (29.8% and 28.0% respectively)
(Fig 4-15). | hypothesised this occurred as a result of release of IL-12 and IL-15 from monocytes
and dendritic cells in culture. Itis also possible that the cytokines are acting extrinsically, for example
through the activation of dendritic cells. To more definitively assess the effects of IL-12 and IL-15
on NK cells, | purified NK cells using MACS beads and performed a time response experiment. This
showed that a small increase in both CD49a+ and CXCRG6+ NK cells could be seen as early as 12
hours in culture (Fig 4-16). CD49a+ NK cells could be induced early in the peripheral blood using
both IL-12 (4.1%) and IL-15 (9.0%), with greater sensitivity towards IL-15. In contrast CXCR6+ NK
cells could only be induced at this time point using IL-12, from a resting frequency of 2.1% to 4.0%
(12 hours of IL-15, frequency 2.1%), highlighting this signalling axis as a key pathway in the
generation of NK cells with this phenotype (Fig 4-16). Interestingly CD49a+ NK cells generated at
this time point were generally CD56°"" whereas CXCR6+ NK cells were CD56°™ but became
CD56°%" by day four (Fig 4-15).

Figure 4-16 A comparison of the influence of IL-12 and IL-15 on the induction of CXCR6+ and
CD49a+ NK cells following 12 hours of culture using purified NK cells isolated from the peripheral
blood
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4.3.3 Cytokine-induced CD49a+CXCR6+ peripheral blood NK cells are CD56°""CD69+ with
a higher frequency of NKG2C+ NK cells compared to other NK subsets

Cytokine-induced CD49a+ NK cells generated from PBMCs in vitro displayed a similar phenotype to
liver-resident CD49a+ NK cells, i.e. they were CD56"" (68.8%), CD69+ (83.0%) following IL-15
stimulation (Fig 4-17). While peripheral blood CD49a- NK cells can also have this phenotype
following culture, cytokine-induced CD49a+ NK cell contained a greater frequency of NKG2C+ NK
cells compared to NK cells that remained CD49a- (37.7% vs 19.6%, p<0.01) (Fig 4-17) and CD49a+
liver-resident NK cells (37.7% vs 10.3%, p<0.05). Similarly CXCR6 expression was higher within
cytokine-generated CD49a+ NK cells, compared to those that remained CD49a- (32.5% vs 13.7%,
p<0.01), although CXCR6+ NK cell frequencies were not as high as found in populations of liver-
resident CD49a+ NK cells (32.5% vs 70.8%, p<0.01) (Fig 4-17).

The majority of cytokine-induced CXCR6+ NK cells generated in the peripheral blood were CD56°"¢"
(73.3%) CD69+ (81.4%) (Fig 4-17), indicating that they display similar levels of markers of
maturation and liver-residency as those found in the liver tissue. However, cytokine-induced
CXCRG6+ NK cells contained higher frequencies of NKG2C+ NK cells compared to peripheral NK
cells that remained CXCRG6- in the presence of IL-15 (47.5% vs 25.0%, p<0.01), and resting liver-
resident CXCR6+ NK cells (47.5% vs 5.9%, p<0.0001) (Fig 4-17). Cytokine-induced CXCR6+ NK
cells also harboured higher frequencies of CD49a+ NK cells, compared to peripheral NK cells that
remained CXCRG6- (83.0% vs 63.0%, p<0.01) and liver-resident CXCR6+ NK cells (83.0% vs 8.9%,
p<0.0001) (Fig 4-17).

Frequencies of double-positive CD49a+CXCR6+ NK cells were higher following six days of cytokine
stimulation of PBMCs, than found in the liver at rest (15.7% vs 4.1%, p<0.05 (IL-15)). A direct
comparison of the phenotype of resting liver-resident CD49a+CXCR6+ NK cells and those generated
through 1L-15 stimulation in the peripheral blood, revealed the latter to be CD56"" (71.1%), with
high levels of CD69+ NK cells (83.4% vs 75.4%, p>0.05), and a significantly higher frequency of NK
cells expressing the activating receptor NKG2C (48.0% vs 13.5%, p<0.001) (Fig 4-18). A similar
phenotype was generated using IL-2, IL-12, IL-18 and the cytokine cocktail, the latter resulting in
particularly high frequencies of NKG2C+ NK cells within the CD49a+CXCR6+ population (64.2%)
(Fig 4-19). Upregulation of NKG2C on cytokine-generated CXCR6+ NK cells, does not appear to
be fully dictated by CD49a expression, as seen for liver isolated NK cells, as CD49a-CXCR6+ NK
cells induced by IL-15 contained higher frequencies of NKG2C+ NK cells (35.0%) compared to
CD49a-CXCR6- NK cells (18.9%, p<0.001) (Fig 4-19).
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Figure 4-17 Phenotype of IL-15-induced CD49a+ and CXCR6+ NK cells generated from PBMCs in

vitro
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Fig 4-17 A comparison of the frequency of CD56""9", CD69+, NKG2C+ and CXCR6+ NK cells between
A) CD49a+ and CD49a- NK subsets, and B) CXCR6+ and CXCRG6- subsets, generated in the peripheral
blood following six days of culture with IL-15 (n=9). Bar chart displays median and interquartile range.
(Wilcoxon matched pairs test). C) A comparison of the frequency of CD56°'9" (n=8), CD69+ (n=6) and
NKG2C+ (n=8) between CD49a+CXCR6+, CD49a+CXCR6-, CD49a-CXCR6+, CD49a-CXCR6- NK
subsets generated in the peripheral blood following six days of culture with IL-15, Dot plots display median.

(Wilcoxon matched pairs test). p<0.05*, p<0.01**, p<0.001***
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Figure 4-18 Comparison of the phenotype of CD49a+CXCR6+ NK cells induced in PBMCs in vitro

using IL-15, and liver-resident CD49a+CXCR6+ NK cells

ns
100~ ° [ ] ]
[ ] u
® []
60+ -
| |

% CD69+ NK cells
'S
(=]
1

% NKG2C+ NK cells

Liver-resident

Cytokine-induced
CD49a+CXCR6+ NK cells CD49a+CXCR6+ NK cells

* %k

100+
[
80+
60 oo -
I —
40+ o.. -
oe® an
204 .
"Toev’
0 N
1 1

CD49a+CXCR6+ NK cells

Liver-resident

Cytokine-induced
CD49a+CXCR6+ NK cells

Fig 4-18 A comparison of CD69+ (n=11 liver, n=6 cytokine-induced) and NKG2C+ (n=21 liver, n=8
cytokine-induced) NK cell frequencies between CD49a+CXCRG6+ found in situ in the liver and those
generated from PBMCs in vitro following six days of culture with IL-15. Dot plots display median.

(Mann Whitney U test). p<0.01**

Figure 4-19 Phenotype of CD49a+CXCRG6+, CD49a+CXCR6-, CD49a-CXCR6+ and CD49a-
CXCRG6- NK cells generated from PBMCs in vitro using IL-2, IL-12, IL-15, IL-18 and the cytokine
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Fig 4-19 A comparison of CD56°"9" CD69+ and NKG2C+ NK cell frequencies between CD49a+CXCR6+,
CD49a+CXCRG6-, CD49a-CXCR6+, CD49a-CXCR6- NK subsets generated from PBMCs in vitro following
six days of culture with IL-2, IL-12, IL-15, IL-18 and a cocktail of all four cytokines (n=9). Bar chart displays

median and interquartile range.
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4.3.4 Cytokine-induced CD49a+CXCR6+ NK cells produce high quantities of IFNy

Following culture of PBMCs for 12 hours with IL-12 10ng/ml, a small increase in the percentages of
CD49a+ (2.2% to 4.0%, p<0.001) and CXCR6+ (5.6% to 26.2%, p<0.0001) NK cells from rest can
be seen, although again in the absence of NK cell purification these could also be induced without
the addition of exogenous cytokines (Fig 4-20). Consistent with their comparable phenotype to liver-
resident CD49a+ NK cells, the presence of CD49a on peripheral blood NK populations following IL-
12 10ng/ml stimulation, was associated with high IFNy production (Fig 4-21). Cytokine-generated
peripheral blood CXCR6+ NK cells failed to produce significant quantities of IFNy unless they co-
expressed CD49a (Fig 4-21). This may also reflect the fact that the CD49a+ NK cells induced at 12
hours contained a higher frequency of CD56"" NK cells in comparison to CXCR6+ NK cells, which
were nearly all CD56%™ at this time point (Fig 4-20). However, after six days of culture, CXCR6+ NK
cells contained a higher frequency of the CD56""" subset (Fig 4-11, 4-19). Furthermore over 80%
of CXCR6+ NK cells were CD49a+ at day six (unlike in the liver) (Fig 4-16), and cells with this
phenotype were found to release similar quantities of IFNy compared to CD49a+CXCRG6- NK cells
(12.8% vs 15.8%, p>0.05) (Fig 4-21). Therefore, cytokine stimulation of peripheral blood NK cells
can generate high frequencies of CD49a+CXCR6+ NK cells which are activated, express CD69 and
produce high quantities of IFNy (Fig 4-21).
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Figure 4-20 Induction of CD49a+ and CXCR6+ NK cells following culture of PBMCs for 12 hours
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Fig 4-20 A) Frequency of CXCR6+ and CD49a+ NK cells found at rest and following 12 hours of culture
with increasing concentrations of IL-12 (rest n=17, no media n=17, IL-12 0.005ng/ml n=8, IL-12 5ng/ml
n=15, 1L-12 10ng/ml n=16). B) Representative flow cytometry plots gated on NK cells showing gating of
CD56""" and CD56°™ subsets. Frequency of CD56"" and CD56%™ NK cell populations within CD49a+
and CXCRG6+ NK cell subsets following culture in IL-12 10ng/ml for 12 hours (n=16). (Wilcoxon matched

pairs test). p<0.001***,
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Figure 4-21 IFNy production from peripheral blood CD49a+ and CXCR6+ NK cells following

stimulated with IL-12 10ng/ml for 12 hours
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CXCRG6+ (3.7%) and CXCRG6- (5.3%) NK cells populations (n=16) following stimulation of PBMCs with IL-
12 10ng/ml for 12 hours. Dot plots display individual values. B) % IFNy+ NK cells within CD49+CXCR6+
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following stimulation of PBMCs with IL-12 10ng/ml for 12 hours. Dot plots display median. (n=15). (Wilcoxon
matched pairs test). C) Comparison of % IFNy+ NK cells between CD49a+CXCR6+ NK cells in the liver
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4.4 T-bet and Eomes expression in CD49a+ and CXCR6+ NK cells

isolated from the peripheral blood

Recently published studies have demonstrated a distinct transcriptional profile for human liver-
resident CD49a+ (T-bet+Eomes-) [35] and CXCR6+ (Eomes™"T-bet®") NK cells [29]. Findings from
the latter paper by Stegmann et al are supported by the RNA sequencing data presented above (Fig
3-14). | therefore tested transcription factor expression in CD49a+ and CXCR6+ NK cells in the
peripheral blood at rest. This has not been previously examined for CD49a+ NK cells, although
Stegmann et al reported circulating CXCR6+ NK cells to be T-bet"®"Eomes'”, i.e. more closely
related to liver-resident CXCR6- NK cells. | was also keen to examine whether cytokine-induced
CD49a+ and CXCR6+ NK cells display altered expression of either transcription factor following
culture with IL-12 (known to upregulate both proteins through pSTAT4 signalling in T-cells [263]), as
this may provide insights into whether cytokine-induced CXCR6+ and CD49a+ NK cells are

generated as a result of changes at a transcriptional level.

The majority of NK cells in the peripheral blood were T-bet+ (82.7%), and just over half were Eomes+
(54.5%) (Fig 4-22). CD56""" NK cells had higher levels of Eomes+ (66.2%) and lower levels of T-
bet+ (69.2%) NK cells, compared to CD56%™ NK cells (Eomes 53.3%, T-bet 84.3%) consistent with
previously published data (Fig 4-22) [30]. NK cells could be divided into two subpopulations
according to transcription factor expression: T-bet+Eomes+ (63.4%) and T-bet-Eomes- (23.0%) NK
cells. However there was no significant difference in CD56°"®" NK cell frequencies between the two

populations (6.3% and 9.3% respectively) (Fig 4-22).

CXCR6+ NK cells isolated from the peripheral blood were T-bet® (55.4%), Eomes®" (39.1%),
compared to the overall NK cell population and CXCR6- NK cells (Fig 4-22). In contrast to the liver,
circulatory CD49a+ NK cells had a similar transcriptional profile to CXCR6+ NK cells in the same
compartment, and were also T-bet®” (50.5%), Eomes"" (16.9%), compared to the overall NK cell
population and CD49a- NK cells (Fig 4-22). Double positive CD49a+CXCRG6+ circulatory NK cells
were therefore T-bet®” (41.2%), Eomes™" (7.2%) (Fig 4-22).

Following culture of PBMCs in media with and without IL-12, frequencies of both T-bet+ and Eomes+
NK cells increased within the NK cell population as a whole as early as 12 hours to 94.5% and 79.4%

respectively (Fig 4-22). While frequencies of T-bet+ and Eomes+ NK cells did increase within the
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double-positive CD49a+CXCR6+ population following IL-12 stimulation, frequencies were

significantly lower compared to those observed in all other NK cell subsets (Fig 4-22). Of note Cuff

low high

et al recently demonstrated that Eomes™™ NK cells can become Eomes
with IL-15, IL-15 and TGF-B or IL-15 and IL-12 [33]. While induced Eomes™®" NK cells displayed a

generally similar phenotype to those in the liver, interestingly they did not upregulate CXCR®6 [33].

NK cells following culture

Therefore, it appears unlikely that cytokine-induced CD49a+CXCR6+ NK cells are generated
through a unique transcriptional change in T-bet and Eomes expression, and other mechanistic
pathways are likely to be important. For this reason, this experiment was only performed on 2
individuals with haemochromatosis and therefore no statistics are shown, however results were

extremely comparable between the two patients.
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Figure 4-22 Expression of transcription factors T-bet and Eomes on CD49a+ and CXCR6+

circulatory NK cells
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Fig 4-22 A) Representative flow cytometry plots gated on NK cells showing gating of T-bet+, Eomes+
T-bet+Eomes+ and T-bet-Eomes- NK cell populations in the peripheral blood at rest. Frequency of T-
bet+ and Eomes+ NK cells within the overall, CD56*"%"and CD56“™ NK cell populations in the peripheral
blood at rest (n=3). Frequency of T-bet+Eomes+ and T-bet-Eomes- NK cell populations in the peripheral
blood at rest (n=2). Dot plots display median. B) Representative flow cytometry plots showing gating
of T-bet+Eomes+ and T-bet-Eomes- NK cell populations within CD49a+CXCR6+ and CD49a-CXCR6-
NK cell subsets at rest. Frequency of T-bet+ and Eomes+ NK cells within CD49a+/- and CXCR6+/- NK
cell populations within the peripheral blood at rest (n=2). Dot plots display median. C) Frequency of T-
bet+ and Eomes+ NK cells in the overall NK cell populations at rest and following stimulation with
increasing concentrations of IL-12. Line chart displays median for each condition. D) Representative
flow cytometry plots showing gating of T-bet+Eomes+ and T-bet-Eomes- within CD49a+CXCR6+ and
CD49a-CXCRG6- NK cell subsets following culture with IL-12 10ng/ml for 36 hours. Frequency of T-bet+
and Eomes+ NK cells within the CD49a+/-, CXCR6+/- NK cell populations following culture with 1L-12
10ng/ml for 36 hours. Dot plots dispay median.
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4.5 Discussion

The unique hepatic cytokine microenvironment may drive maturation of non-terminally differentiated
NK cells towards functionally distinct liver-resident subsets [33,38]. This may promote tolerance in
health in the face of large volumes of non-self antigens from the portal vein, and an activated
‘hyperfunctional’ phenotype during disease. It is therefore important to understand the influence of
cytokines on liver-resident NK cells, in particular the cytokine cocktail (IL-12, IL-15, IL-18 and IL-2)
which has been shown to induce memory-like NK cells in the peripheral blood [182,183]. How
cytokines can influence NK cells with potential liver-homing (CXCR6) and memory-like properties
(CD49a) is also an important area of interest. Peripheral blood cytokine-induced memory-like NK
cells have already demonstrated therapeutic benefit for haematological malignancies [185,264] and
the generation of these in, or recruitment to, the liver may open doors for novel immunological

therapies for viral hepatitis and liver cancer.

Six days of culture with IL-2, IL-15 or the cytokine cocktail led to expansion of NK cell frequencies
and absolute numbers within PBMCs in vitro, with evidence of proliferation which was strongest
following supplementation with IL-15 or the cocktail. These cytokines also led to the greatest
expansion of the CD56°"9" population within NK cells isolated from the peripheral blood, which may
be a feature of their more immature phenotype. Despite my hypothesis that the human liver may
contain memory-like NK cells with superior proliferative capabilities, there was no increase in NK cell
frequencies within the hepatic lymphocyte population following culture with any activating cytokines
and absolute numbers of NK cells were seen to decrease. This is likely to be a result of the poor
viability of NK cells isolated from the liver in vitro. However, the CFSE experiments suggest the
presence of live cells that undergo proliferation, with IL-15, the cytokine cocktail and also IL-2,
resulting in the lowest CFSE intensities at day six. The liver may therefore contain a sub-population
of NK cell with enhanced proliferative capabilities. While IL-15 and the cytokine cocktail appear to
drive the greatest proliferation of NK cells in both the peripheral blood and liver, IL-2 promoted the
greatest expansion of the CD56"" population in the liver along with IL-15, perhaps a result of the
fact that they both signal through the common gamma chain receptor. The cytokine cocktail led to
contraction of the overall NK cell frequency in this compartment, highlighting that cytokines have

different influences on NK cells isolated from the liver and peripheral blood.

Culture of hepatic MNCs with any activating cytokine (IL-2/-12/-15/-18 or the cytokine cocktail) led

to a significant increase in the frequencies of NK cells which express CD49a, from a median resting

frequency of 8.7% to 55.7% with IL-12 and up to 88.9% with the cytokine cocktail. CFSE staining
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suggests both CD49a+ and CD49a- NK cells undergo proliferation with all activating cytokines,
particularly IL-15 and the cytokine cocktail. However NK cells expressing CD49a at day six do
appear to have a proliferative advantage under both conditions. Furthermore, an increase in the
absolute number of CD49a+ NK cells can be observed following culture with the cytokine cocktail.
Without sorting of CD49a+/- NK cells prior to culture it is difficult to conclude whether the enrichment
of this subset occurs as a result of superior proliferative capacities of existing CD49a+ NK cells, or
through the upregulation of CD49a de novo on CD49a- NK cells. This experiment was recently
performed by Marquardt et al, who sorted liver-resident CD49a+ and CD49a- NK cells and observed
an 800 fold increase in CD49a+ NK cells over 3 weeks, but also upregulation of CD49a on CD49a-
NK cells following stimulation with IL-15 and feeder cells [35]. It is therefore likely that both

mechanisms operate.

Conversely frequencies of CXCR6+ NK cell did not increase following culture with any activating
cytokines. In contrast to its influence on the CD49a+ NK cell population, the cytokine cocktail led to
a dramatic reduction in frequencies of CXCR6+ NK cells in the majority of patients. Again CFSE
plots show proliferation of all liver-resident NK cells, which was strongest with IL-2, IL-15 and the
cytokine cocktail, however CXCR6+ NK cells displayed slightly higher CFSE intensities at day six
compared to both CXCR6- and CD49a+ NK cells with the cytokine cocktail suggesting their

proliferative capabilities are marginally reduced.

| have demonstrated that cytokines can generate hyperfunctional CD49a+ NK cells from PBMCs in
vitro despite extremely low resting frequencies. Again, it is not clear if this is a result of enhanced
proliferation of existing populations, as both CD49a+/- NK cells can be seen to proliferate, however
an increase in absolute numbers of CD49a+ NK cells can be observed under all conditions, mirrored
by a decrease in CD49a- NK cells which suggests de novo expression may play a role. Cytokine-
generated CD49a+ NK cells display a comparable phenotype to those found in the resting liver
(CD56°"" CDB9""IFNy+, with higher percentages of NKG2C+ NK cells compared to CD49a- NK
subsets). The ‘adaptive phenotype-inducing’ cocktail led to the greatest upregulation of CD49a.
This may mimic events in vivo in which an inflammatory hepatic cytokine microenvironment, found
in hepatitis or cancer, dominated by IL-1, IL-2, IL-6, IL-12, IL-15, IL-18, IFNa, IFNy and TNFa/p
[48,49], leads to the expansion of CD49a+ NK cells. The cytokine hyper-responsive behaviour
observed in this subset may therefore occur as a result of previous cytokine-priming, and the
adaptive qualities of CD49a+ NK cells may be driven through similar mechanisms to cytokine-

induced memory-like NK cells generated in the blood [183].
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| have also shown that IL-2, IL-12 and IL-15 can upregulate CXCRG6 on peripheral NK cells, which is
likely to induce their homing and residence within the liver. NK cells expressing CXCR6 at day six
of culture show similar proliferation to that of CD49a+ NK cells, and appear to have a proliferative
advantage over CXCR6- NK cells with IL-2, IL-12 and IL-15. While CD49a+ NK cells generated
using cytokines in the periphery have many similarities to those which are liver-resident, cytokine-
induced CXCR6+ NK cells appear more activated than their hepatic counterparts, in terms of NKG2C
expression, cytokine-induction and ability to produce high quantities of IFNy where CD49a is co-

expressed.

The main exception occurs with the cytokine cocktail. Culture with IL-2, IL-12, IL-15 and IL-18 in
combination leads to loss of the CXCRG6+ population within the hepatic NK cell population, and fails
to expand the CXCRG6+ population within PBMCs, in contrast to the individual influences of all four
cytokines. The contraction of the frequencies of CXCR6+ NK cells within the hepatic NK cell
population in the presence of the cytokine cocktail is difficult to explain, as there is no increase in the
number of dead cells in this setting compared to other cytokines. CFSE experiments suggest
CXCRG®6- NK cells isolated from both the liver and the blood proliferate better than CXCR6+ NK cells
under these conditions, and absolute numbers of CXCR6- NK cells are significantly higher at the
end of culture in comparison to stimulation IL-2, IL-12, IL-15 or IL-18 individually. However CXCR6+
NK cells display lower CFSE intensities at day six following culture with the cytokine cocktail than
with IL-12 for example, where frequencies remain stable or increase in the liver, and increase in the
blood. This raises the possibility that in addition to CXCR6- NK cells ‘out-proliferating’ CXCR6+ NK
cells following stimulation with the cytokine cocktail, CXCR6+ NK cells may also down-regulate
CXCRG6 as surface receptor. A possible explanation for this is that stimulation with the cytokine
cocktail leads to NK cell exhaustion due to persistent exposure to multiple activating cytokines, and
this leads to an inability to upregulate CXCR6 on the cell surface, activation-induced NK cell
apoptosis or impaired proliferation. It would therefore be interesting to examine markers of apoptosis
within CXCR6+ NK cells in culture. It is not clear however why this phenomenon is not observed for
CD49a+ NK cells.

By performing NK cell purification prior to culture with activating cytokines, | have identified IL-12 as
a key cytokine for the induction of CXCR6+ NK cells, and IL-15 as a strong stimulus for the induction
of CD49a+ NK cells in the peripheral blood. In order to demonstrate this definitively however it would
be ideal to perform a blocking experiment for IL-12 and IL-15 respectively. RNA sequencing
identified upregulation of transcripts encoding the IL-12RB2 and IL-23 receptors on CXCR6+ NK

cells which support my functional data, however this was not accompanied by upregulation of the
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gene encoding IL-12RB1. Through culture with IL-12 or IL-15 it is possible to generate high
frequencies of activated double-positive CD49a+CXCR6+ NK cells in the peripheral blood in vitro,
which display both markers of tissue-residency (CD69) and markers associated with adaptive
behavior (NKG2C, IFNy). This data also suggests cytokine signalling, in addition to CMV infection,
can lead to expansion of NK cells expressing the adaptive marker NKG2C [186,187,204].

| hypothesized this transition may be supported by changes at a transcription factor level, as in the
human liver CD49a+ NK cells have been found to be T-bet+Eomes- [35] and CXCR6+ NK cells are
T-bet®Eomes"®" [29]. Furthermore IL-15 and TGFB have recently been shown to induce transition

of Eomes" to Eomes™?"

NK cells, although CXCR6 was not upregulated under these conditions
[33]. While frequencies of both T-bet+ and Eomes+ NK cells increased following culture with IL-12,
the majority of CD49a- and CXCRG6- NK cells within the peripheral blood already expressed these
transcription factors at rest, and it was the CD49a- and CXCRG6- subsets which showed the greatest
upregulation of both transcription factors in culture. Therefore neither T-bet or Eomes showed any
specificity towards the development of cytokine-induced CD49a+ or CXCR6+ phenotypes in my

experiments.

The induction of double-positive CD49a+CXCR6+ NK cells within PBMCs in vitro suggests that in
addition to clonal expansion of adaptive-like CD49a+ liver-resident NK cells in liver disease, there
may be hepatic recruitment of newly generated CD49a+CXCR6+ NK cells, capable of releasing high
levels of Th1 cytokines, induced by systemic inflammation in the peripheral blood including high
levels of IL-12/IL-15. This process may be driven through IFNy upregulation of CXCL16 in the liver.
Insurgence of CXCR6+ NK cells may lead to recruitment and activation of neutrophils and
macrophages via GM-CSF and CCL3 [32]. These findings may have important therapeutic
applications. The generation of activated CXCR6+ NK cells in the peripheral blood that co-express
CD49a and adopt an ‘adaptive’ phenotype, may allow hyperfunctional NK cells to preferentially
enrich the liver, boosting the hepatic innate immune response to fight viruses and cancer, providing

a basis for novel, locally acting immunotherapies for common hepatic disease.

The main limitations of this work are that the experiments performed were not fully optimised to
understand the influence of individual cytokines. Firstly it would have been beneficial to examine
the dose response and kinetic curves for the influence of increasing concentrations of IL-2, IL-12, IL-
15 and IL-18 on NK cell proliferation in the human liver and peripheral blood. This was originally
performed by another member of the Khakoo lab in mice, however, it is not clear that these
concentrations are optimal for human NK cells, or that the same concentrations are required to
induce proliferation of circulatory and liver-resident NK cells. Variation in survival signals and

cytokine receptor expression may mean that differences exist between liver- and circulatory-derived
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NK cell in terms of their response towards varying concentrations and combinations of cytokines in
vitro. In addition, a negative control in which cells PBMCs were cultured in media alone should have
been included to understand the additional influence of exogenous cytokines. Considerable variation
was observed between individuals for the induction of CXCR6 and CD49a+ NK cells, and therefore

greater patient numbers and stratification for disease would have been worthwhile.

Blocking experiments for IL-2, IL-12, IL-15 and IL-18 would have been beneficial to definitively
establish the influence of each of these cytokines. As discussed above sorting NK cells according
to CD49a and CXCRG6 status would be ideal to understand whether these subpopulations are
proliferating, or upregulating CD49a and CXCR®6 in culture. Furthermore it would be interesting to
more comprehensively examine the phenotype of CD49a+ and CXCR6+ NK cells in culture,
particularly to examine whether cytokine-induced CD49a+ NK cells in the peripheral blood express

KIR as seen in the liver at rest.

It would also be worthwhile to examine the viability of liver-resident NK cells, particularly CXCR6+
NK cells in culture at an earlier time point, for example two days, to understand if the contraction of
the liver-resident CXCR6+ NK cells seen in vitro occurs as a result of cell death. Finally given the
differential influence of cytokines demonstrated here on CXCR6+ and CD49a+ populations it would
be useful to stain both these populations for cytokine receptors, for example to see if IL-2, IL-15 and
IL-18 receptors are more highly expressed on CD49a+ NK cells and if the IL-12 receptor is more
highly expressed on CXCR6+ NK cells.
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5 Chapter 5: IL-12 Hypersensitivity in Primary Biliary
Cholangitis

5.1 Introduction

The previous two results chapters provide a description of the differences between two distinct liver-
resident NK cell subpopulations and the influence of cytokines on inducing these phenotypes in the
liver and peripheral blood. In this final chapter | aim to apply these findings to understand some of
the immunological mechanisms behind the autoimmune liver disease, Primary Biliary Cholangitis
(PBC). This is the most common of the autoimmune liver diseases, affecting 1 in 1000 women in
the UK over 40 and is the third most common indication for a liver transplant [131]. Antibodies are
formed against the pyruvate dehydrogenase complex found within the mitochondria in BECs and
this, accompanied by activation of other components of the immune response leads to progressive
destruction of the biliary tree. PBC strongly impacts on quality of life causing severe fatigue and
pruritus, and is associated with increased mortality [131]. The only approved treatment in the UK is
currently UDCA, however up to 40% of individuals fail to respond biochemically to this and these
patients can go onto to develop cirrhosis which may require liver transplantation [265,266]. In order
to address this unmet therapeutic need, a number of GWAS studies have been performed, revealing
three affected immunological pathways (Table 5). Of these the IL-12/STAT4 signalling pathway was

found to be associated with increased susceptibility to PBC in all populations studied. (Table 5).

Previous work from the Khakoo lab identified transcriptional changes post liver transplantation,
resulting in deficiencies in STAT4 and a tolerant NK cell phenotype [46]. Furthermore | have
identified IL-12 as an important cytokine involved in the upregulation of the liver-homing adhesion
marker, CXCR6 (Fig 4-16). | therefore hypothesised that overactivation of the IL-12/STAT4 axis
may result in hyperfunctional NK cells and asked the following questions: (1) Is the IL-12/STAT4
pathway upregulated in NK cells in patients with PBC, (2) Does upregulation of the IL-12/STAT4
pathway influence the generation or function of adaptive-like (CD49a+) and liver-homing (CXCR6+)
NK cell phenotypes in the peripheral blood. Therefore, | aimed to investigate a novel association of
adaptive-like NK cells in causing autoimmunity and suggest a possible mechanism for this, whilst

also providing a functional correlate for the published GWAS studies.
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5.2 Patient demographics

Peripheral blood was collected from 35 individuals with PBC, 31 patients with the chronic liver
disease haemochromatosis and 9 healthy controls (HC). Demographic details are described below
(Table 15). Haemochromatosis is a genetic condition caused predominantly by mutations in the
HFE gene, leading to increased intestinal absorption of iron and iron deposition in multiple organs
including the liver. While this eventually may result in hepatic fibrosis, the mechanism is unknown
as haemochromatosis is thought to be a non-inflammatory liver disease. It was not possible to match
the two disease groups in terms of gender as PBC predominantly affects women and
haemochromatosis men, however the groups were matched for age and rates of cirrhosis. Recruited
individuals with PBC had a median ALP of 173 U/L (range 64-1487 U/L).

Table 15 Demographic details from individuals with PBC and controls

Primary Biliary Haemochromatosis Healthy p-value
Cholangitis (n=31) Controls PBC vs PBC NALD
(n=35) (n=9) NALD vs HC vs HC

Age, median (range) 63.0 (44 - 83) 56.5 (20 - 73) 31.2 (20-40) 0.0710 <0.0001 0.0009
Men, n (%) 3(8.6) 24 (77.4) 0(0) <0.0001 0.3629 <0.0001
Women, n (%) 32 (91.4) 7 (22.6) 9 (100)
Cirrhosis, n (%) 3(8.6) 7 (22.6) 0(0) 0.1132 0.3629 0.1165
UDCA, n (%) 28 (80.0) 0(0) 0(0) <0.0001 <0.0001 -
Liver Transplant, n (%) 0(0) 0(0) 0(0)

5.3 CXCR6+ and CD49a+ NK cells are found at higher frequencies in

the peripheral blood in patients with PBC compared to controls

| tested the frequencies of CD49a+ and CXCR6+ NK cells in the circulation at rest between the three
cohorts. Frequencies of NK cells within the lymphocyte population in the peripheral blood were
comparable between patients with PBC (10.7%), haemochromatosis (11.3%) and healthy controls
(11.5%) (Fig 5-1). Frequencies of CD56""" NK cells within the NK cell population in the peripheral
blood were also similar between the groups (PBC 8.7%, haemochromatosis 6.4%, HCs 5.3%) (Fig
5-1). Interestingly, there was significant enrichment of both CD49a+ and CXCR6+ NK cells at rest
in PBC compared to both control groups (Fig 5-1). This was specific to NK cells, with no increase
in frequencies of CXCR6+ or CD49a+ CD56- T-cells seen in the same PBC cohort compared to

patients with haemochromatosis (Fig 5-1).
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Figure 5-1 The peripheral blood NK cell population in individuals with PBC contains higher

frequencies of CXCR6+ and CD49a+ NK cells compared to control groups
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Fig 5-1 A) Representative flow cytometry plots showing gating on NK cells, CD56""" CD56°™, CXCR6+
and CD49a+ NK cell subpopulations within PBMCs for patients with PBC and haemochromatosis. B)
Percentage of NK cells within the lymphocyte population for individuals with haemochromatosis (HAEM)
(11.3%, n=29), PBC (10.7%, n=35) and HC (11.5%, n=9). Dot plots display median. C) Percentage of
CD56""" NK cells within the NK cell population for individuals with haemochromatosis (6.4%, n=29),
PBC (8.7%, n=35) and HC (5.3%, n=9). Dot plots display median. D) Percentage of CXCR6+ and
CD49a+ NK cells within the NK cell population for individuals with haemochromatosis (n=37), PBC
(n=34) and HC (n=8). Dot plots display median. E) Percentage of CXCR6+ and CD49a+ CD56- T-cells
within the CD56- T-cell population for individuals with haemochromatosis (n=29), PBC (n=34) and HC
(n=8). Dot plots display median. (Kruskal-Wallis with Dunn’s multiple comparison test). p<0.05*,
p<0.01**.
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5.4 Increased frequencies of CXCR6+ NK cells can be induced in
patients with PBC, and increased frequencies of CD49a+ NK cells

can be induced in patients with chronic liver disease in general

Having identified increased frequencies of both CXCR6+ and CD49a+ NK cells in the peripheral
blood at rest, | tested whether ‘liver-homing’ and ‘adaptive’ phenotypes could be more easily induced
in individuals with PBC as a result of cytokine hyper-responsiveness. | cultured PBMCs from
individuals with PBC, haemochromatosis and healthy volunteers for four days in media only and
increasing concentrations of IL-12 and IL-15. | found that culture in media alone provided sufficient
stimulus to increase the frequencies of CXCR6+ NK cells from rest in patients with PBC (5.1% to
28.3%, p<0.0001), haemochromatosis (2.5% to 9.7%, p=0.0003) and healthy controls (2.0% to0 5.2%,
p=0.0156) (Fig 5-2). This is likely to be secondary to the release of IL-12 and IL-15, along with other

activating cytokines, in the culture media by monocytes, B-cells and dendritic cells.

A greater frequency of CXCR6+ NK cells was observed when culturing PBMCs in unsupplemented
media from patients with PBC compared to both control groups. Furthermore a small increase was
seen on addition of increasing concentrations of IL-12 (p=0.0079 Friedman with Dunn’s multiple
comparison test), but not IL-15 (p=0.3202 Kruskal-Wallis with Dunn’s multiple comparison test) for
PBC patients (Fig 5-2). Frequencies of CXCR6+ NK cells increased steadily with increasing
concentrations of IL-12 (haemochromatosis: p=0.4749 Kruskal-Wallis with Dunn’s multiple
comparison test; HC: p=0.0005 Friedman with Dunn’s multiple comparison test) and IL-15
(haemochromatosis: p=0.3080 Kruskal-Wallis with Dunn’s multiple comparison test; HC: p<0.0001
Friedman with Dunn’s multiple comparison test) for healthy controls, however no statistically
significant increase was seen for patients with haemochromatosis, perhaps due to greater individual
variation within the group. Frequencies of CXCR6+ NK cells induced in both patients with
haemochromatosis and healthy controls with exogenous cytokines were still lower than those
induced in PBC with media alone (Fig 5-2).

CD49a could also be more readily induced on NK cells on culturing PBMCs in unsupplemented
media from patients with PBC (2.3% to 30.6%, p<0.0001), but in contrast to CXCR6+ NK cells,
similarly high frequencies were seen in individuals with haemochromatosis (1.8% to 27.2%,
p<0.0001) (Fig 5-2). The increase in CD49a+ NK cell frequencies seen for healthy volunteers was

much smaller (0.9% to 7.6%, p=0.0078). Further increases in frequencies could be generated on
153



adding IL-15 (PBC: p=0.0120 Kruskal-Wallis with Dunn’s multiple comparison test;
haemochromatosis: p=0.0081 Kruskal-Wallis with Dunn’s multiple comparison test), but not IL-12
(PBC: p=0.0786, Friedman with Dunn’s multiple comparison test; haemochromatosis: p=0.1012
Kruskal-Wallis with Dunn’s multiple comparison test), for patients with PBC and haemochromatosis.
A lower dose-dependent induction of CD49a+ NK cells was seen in healthy controls for IL-12
(p=0.0120 Friedman with Dunn’s multiple comparison test) and IL-15 (p<0.0001 Friedman with

Dunn’s multiple comparison test) (Fig 5-2).

These results show that CXCR6+ NK cells are more easily induced in culture in PBC, whereas
CD49a+ NK cells are more easily induced in chronic liver disease in general. | have previously
demonstrated through NK cell purification that IL-12 is important for the induction of CXCR6+ NK
cells (Fig 4-17). However it was not possible to definitively conclude that the induction of CXCR6+
NK cells seen in patients with PBC when culturing PBMCs in media alone occurred as a result of IL-

12 hyper-responsiveness without NK cell purification prior to culture.
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Figure 5-2 CXCR6+ NK cells are more easily induced in individuals with PBC, and CD49a+ NK
cells are more easily induced in individuals with chronic liver disease in general (non-purified NK

cells, four days of culture)
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Fig 5-2 A) Representative flow cytometry plots from an individual with PBC showing gating of
lymphocytes, NK cells and CXCR6+ and CD49a+ NK cells at rest and following culture with media
only, media supplemented with IL-12 5ng/ml and media supplemented with IL-15 25ng/ml. B)
Representative flow cytometry plots from an individual with haemochromatosis showing gating of
lymphocytes, NK cells and CXCR6+ and CD49a+ NK cells at rest and following culture with media
only, media supplemented with IL-12 5ng/ml and media supplemented with IL-15 25ng/ml. C)
Percentage of CXCR6+ NK cells within the peripheral blood NK cell population of individuals with
haemochromatosis (h=16-19), PBC (n=18-19) and HC (n=8) at rest and following stimulation of
PBMCs for four days in media only and with increasing concentrations of IL-12 and IL-15. D)
Percentage of CD49a+ NK cells within the peripheral blood NK cell population of individuals with
haemochromatosis (h=16-19), PBC (n=20-27) and HC (n=8) at rest and following stimulation of
PBMCs for four days in media only and with increasing concentrations of IL-12 and IL-15. Line charts
display median for each condition. (Kruskal-Wallis with Dunn’s multiple comparison test). p<0.05%,
p<0.01**, p<0.001***, p<0.0001****
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In order to determine the influence of IL-12 and IL-15, NK cells were purified from freshly isolated
PBMCs using magnetic separation. Purified NK cells were then cultured with increasing
concentrations of IL-12 and IL-15 for 12 hours, as my previous results have demonstrated it is
possible to induce CXCR6+ and CD49a+ NK cells at this time point (Fig 4-16). Stimulation with just
IL-12 0.005ng/ml led to a small, but significant enrichment of the CXCR6+ subset compared to
individuals with haemochromatosis, and compared to culture with media alone (Fig 5-3). Higher
concentrations of IL-12 are required to induce similar frequencies of CXCR6+ NK cells for individuals
with haemochromatosis. At this short time point and following the removal of other leukocytes from
the culture media, IL-15 did not lead to any increase in the frequency of CXCR6+ NK cells.
Therefore, IL-12 hyper-responsiveness is associated with augmented induction of CXCR6+ NK cells
in individuals with PBC.

As demonstrated for non-purified NK cells in culture, CD49a+ NK cells from individuals with both
haemochromatosis and PBC were sensitive to induction using both IL-12 and IL-15. An increase in
the frequency of CD49a+ NK cells was detected in both patient cohorts at this short time point (Fig
5-3). As reported in results chapter 2, IL-15 is able to trigger a greater increase in frequencies of
CD49a+ NK cells, compared to IL-12 (Fig 5-3). No significant difference was detected in the
percentage of CD49a+ NK cells following stimulation with low dose IL-12 between the two patient
cohorts (Fig 5-3).

157



Figure 5-3 CXCR6+ and CD49a+ NK cells are more easily induced in individuals with PBC

(purified NK cells, 12 hours of culture)
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Fig 5-3 A) Representative flow cytometry plots displaying lymphocyte and NK cell gating before and
after NK cell purification using MACS beads. B) Representative flow cytometry plots gated on NK cells
showing percentage of CXCR6+ and CD49a+ NK cells following culture in media alone and following
the addition of low and high dose IL-12 and high dose IL-15 for individuals with PBC and
haemochromatosis. C) Percentage of CXCR6+ NK cells within the peripheral blood NK cell population
of individuals with haemochromatosis (n=72) and PBC (n=12) following stimulation of purified NK cells
for 12 hours in media only and with increasing concentrations of IL-12 and IL-15. D) Percentage of
CD49a+ NK cells within the peripheral blood NK cell population of individuals with haemochromatosis
(n=11) and PBC (n=12) following stimulation of purified NK cells for 12 hours in media only and with
increasing concentrations of IL-12 and IL-15. E) Percentage of CD49a+CXCR6+ NK cells within the
peripheral blood NK cell population of individuals with haemochromatosis (n=711) and PBC (n=12) at
rest and following stimulation of purified NK cells for 12 hours in media only and with increasing
concentrations of IL-12 and IL-15. Line charts display median and IQR for each condition. (Mann
Whitney U test compares patient groups for each condition, Friedman with Dunn’s multiple comparison
test compares differences between multiple conditions within each patient group). Dot plots show
individual values and median. (Wilcoxon matched pairs test). p<0.05%, p<0.01**
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5.5 NK cells in individuals with PBC display IL-12 hypersensitivity

Having demonstrated that IL-12 hypersensitivity can generate higher frequencies of CXCR6+ NK
cells in the peripheral blood, | examined IL-12 responsiveness in the three patient groups using IFNy
production as an end point (Fig 5-4). Overall NK cells from the peripheral blood of individuals with
PBC produced greater quantities of IFNy in response to stimulation with only IL-12 0.005ng/ml (2.9%,
range 1.0-14.9%) compared to individuals with haemochromatosis (1.2%, range 0.1-2.9%) and
healthy controls (0.4%, range 0.1-1.2%) (Fig 5-4). Frequencies of IFNy+ NK cells were however
similar between patient populations when stimulating NK cells with higher concentrations of IL-12
(Fig 5-4). While there was a slight increase in frequency of IFNy+ CD56- T-cells in PBC patients
compared to control groups, no increase was seen on addition of IL-12 0.005ng/ml to the media, and

percentages were negligible compared to NK cells (< 1.5% of total CD56- T-cells) (Fig 5-4).

CD49a+ NK cells isolated from patients with PBC contained the highest frequencies of IFNy+ NK
cells (8.6%, range 0 — 43.0%) in response to just IL-12 0.005ng/ml. This was significantly higher
than both control groups (Fig 5-4). Interestingly CD49a- NK cells from individuals with PBC did not
express greater quantities of IFNy compared to CD49a- NK cells from patients with
haemochromatosis, suggesting CD49a+ NK cells may be particularly sensitive to IL-12 in PBC (Fig
5-4). Surprisingly CXCR6+ NK cells from patients with PBC also contained a greater frequency of
IFNy+ NK cells (3.6%, range 0.3 — 15.7%) compared to healthy controls. Therefore, both CD49a+
and CXCR6+ NK cells in individuals with PBC appear to demonstrate hyper-responsiveness towards
IL-12.
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Figure 5-4 NK cells from individuals with PBC produce high quantities of IFNy in response to low

concentrations of IL-12
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Fig 5-4 A) Representative flow cytometry plots of individuals with PBC and haemochromatosis and
a healthy volunteer, gated on NK cells, showing IFNy+ expression following stimulation with
increasing concentrations of IL-12 for 12 hours. B) Percentage of IFNy+ NK cells from the peripheral
blood of individuals with haemochromatosis (n=74-16), PBC (n=14-21) and healthy controls (n=8)
following stimulation with increasing concentrations of IL-12 for 12 hours. Percentage of IFNy+ NK
cells and IFNy+ CD56- T cells from the peripheral blood of individuals with haemochromatosis
(n=14), PBC (n=14) and healthy controls (n=8) following stimulation with media only or IL-12
0.005ng/ml for 12 hours. Dot plots display median. C) Percentage of IFNy+ NK cells within CD49a+
and CXCR6+ NK cell populations from the peripheral blood of individuals with haemochromatosis
(n=14), PBC (n=14) and healthy controls (n=8) following stimulation with IL-12 0.005ng/ml for 12
hours and media only. Percentage of IFNy+ NK cells within CD49a+/- CD49a+ NK cell populations
from the peripheral blood of individuals with haemochromatosis (n=74), PBC (n=14) and healthy
controls (n=8) following stimulation with IL-12 0.005ng/ml for 12 hours. Dot plots display median.
(Kruskal-Wallis with Dunn’s multiple comparison test compares patient groups, Wilcoxon matched
pairs test compares IL-12 Ong/ml and IL-12 0.005ng/ml within the same patient group). p<0.05%,
p<0.01**, p<0.001***, p<0.0001****.
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5.6 NK cells in individuals with PBC have baseline activation of the IL-
12/pSTAT4 axis

Having identified evidence of IL-12 hypersensitivity in NK cells in patients with PBC | went on to
examine pSTAT4 expression. A greater percentage of NK cells from individuals with PBC were
found to express pSTAT4 at rest compared to patients with haemochromatosis and healthy controls.
Patients with PBC and haemochromatosis had similar frequencies of pSTAT4+ CD56- T-cells (Fig
5-5). Of note individuals with haemochromatosis also had elevated baseline frequencies of
pSTAT4+ NK cells and pSTAT4+ CD56- T-cells compared to healthy controls (Fig 5-5). On
stimulation with low doses of IL-12, frequencies of pSTAT4+ NK cells did not increase further in
either patient group until concentrations of IL-12 5ng/ml or above were used, suggesting that the
raised levels of pSTAT4 seen in patients with PBC at rest may be a result of baseline activation of
the pathway in vivo (Fig 5-5). Differences in frequencies of pSTAT4+ NK cells between patient
groups and the heathy volunteers were lost following stimulation with high concentrations of IL-12
(Fig 5-5).
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Figure 5-5 NK cells from individuals with PBC display elevated frequencies of pSTAT4+ NK cells

at rest indicating an activated status
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IL-12 STIMULATION
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Fig 5-5 A) Representative flow cytometry plots of individuals with PBC and haemochromatosis
showing gating strategy for pSTAT4+ NK cells B) Percentage of pSTAT4+ NK cells from the
peripheral blood of individuals with haemochromatosis (2.3%, n=14), PBC (4.3%, n=14) and healthy
controls (0.5%, n=8) at rest. Percentage of pSTAT4+ CD56- T-cells from the peripheral blood of
individuals with haemochromatosis (2.9%, n=11), PBC (2.9%, n=11) and healthy controls (0.7%,
n=8) at rest. Dot plots display median. (Kruskal-Wallis with Dunn’s multiple comparison test
compares patient groups and Mann Whitney U test compares NK cells and CD56- T-cells within the
same patient group). C) Comparison of the percentage of pSTAT4+ NK cells in the peripheral blood
from individuals with haemochromatosis, PBC, and healthy controls following stimulation with
increasing concentrations of IL-12 for 1 hour. Line chart displays median and IQR. (Kruskal-Wallis
with Dunn’s multiple comparison test). D) pSTAT4 MFI for NK cells from individuals with
haemochromatosis, PBC and healthy volunteers with increasing concentrations of IL-12. Dot plot
displays median. p<0.05%, p<0.01**, p<0.001***, p<0.0001****,
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Having demonstrated baseline activation of the IL-12/STAT4 pathway and increased
responsiveness towards |IL-12 for the induction of CXCR6+ NK cells in individuals with PBC, | was
interested in whether there was a correlation between expression of the transcription factor STAT4
and CXCRG6 surface expression. A linear regression model demonstrated a positive correlation
between resting frequencies of pSTAT4+ NK cells and CXCR6+ NK cells in individuals with PBC,
but not those with haemochromatosis or healthy controls (Fig 5-6). No significant correlation was
seen between resting percentages of pSTAT4+ NK cells and CD49a+ NK cells for all patient groups
(Fig 5-6). Furthermore there was no correlation of pSTAT4+ NK cell frequencies, and frequencies
of CD49a+ or CXCR6+ NK cells following stimulation with exogenous IL-12 (Appendix Fig 3). This
data suggests that IL-12 driven generation of NK cells expressing the liver homing marker CXCR6
may occur through downstream signalling of pSTAT4 in patients with PBC, although it is not clear

why this correlation is lost following IL-12 stimulation.

Figure 5-6 Baseline pSTAT4+ NK cell frequencies positively correlate with resting frequencies of
CXCRG6+ NK cells in individuals with PBC
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Fig 5-6 Linear regression model of pPSTAT4+, CXCR6+ and CD49a+ NK cell frequencies in NK cells
from paired individuals with PBC (n=14), haemochromatosis (n=714) and HCs (n=8).
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5.7 High frequencies of induced-CD49a+ NK cells are associated with

more advanced liver disease

While analysing the induction of CD49a+ NK cells during culture with IL-12 or IL-15, | observed that
within both the PBC and haemochromatosis patient cohorts, individuals separated into two distinct
groups according to the frequency of cytokine-induced CD49a+ NK cells at day four, i.e. CD49a""
(> 20% CD49a+ NK cell) and CD49a" individuals (< 10% CD49a+ NK cells) (Fig 5-7). A
comparison of their demographic data revealed that within the haemochromatosis cohort, high
frequencies of cytokine-induced CD49a+ NK cells were associated with more advanced liver
disease, i.e. advanced fibrosis or cirrhosis (Fig 5-7). This is consistent with our finding that CD49a+
NK cells are induced by all activating cytokines, and therefore are likely to be seen more frequently

in the end-stages of hepatitis.

Whilst a similar dichotomy was seen within the PBC cohort, fewer individuals had advanced disease
overall, and no association between demographic characteristics and induced CD49a frequencies
was seen (Fig 5-7). Itis possible that polymorphisms within the IL-12/STAT4 pathway may account
for these phenotypic differences in PBC. We have therefore contacted the study organisers for ‘PBC
UK’ to access data on polymorphisms within the IL-12/pSTAT4 signalling pathway for dual recruited

patients to investigate this further.
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Figure 5-7 High frequencies of cytokine-induced CD49a+ NK cells are associated with more

advanced liver disease in individuals with haemochromatosis
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Fig 5-7 A) Distribution of frequencies of CD49a+ NK cell induced following four days of culture with
IL-12 0.005ng/ml in individuals with haemochromatosis. Dot plot shows median. (n=76). Table
displays demographic details for CD49a"" and CD49a**" individuals. B) Distribution of frequencies
of CD49a+ NK cell induced following four days of culture with IL-12 0.005ng/ml in individuals with

PBC. Dot plot shows median. (n=20). Table displays demographic details for CD49a

CD49aP° individuals.
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5.8 Hypersensitivity of the IL-12/pSTAT4 axis is not affected by UDCA

Overall 80% of individuals recruited with PBC were taking the naturally occurring bile acid, UDCA.
The numbers of patients not prescribed this medication were too small to perform a comprehensive
stratification, however using the numbers available UDCA did not appear to significantly influence

any of the key outcomes examined (Fig 5-8).

Figure 5-8 Markers of IL-12 hypersensitivity and UDCA prescription
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Fig 5-8 A) Frequency of pSTAT4+ NK cells at rest in individuals with PBC according to UDCA prescription. (n=13,
n=1). B) Frequency of IFNy+ NK cells following stimulation with IL-12 0.005ng/ml for 12 hours in individuals with
PBC according to UDCA prescription. (n=712, n=2). C) Frequency of CXCR6+ NK cells at rest in individuals with
PBC according to UDCA prescription. (n=29, n=5). D) Frequency of CD49a+ NK cells at rest in individuals with
PBC according to UDCA prescription. (n=29, n=6). E) Frequency of CXCR6+ NK cells following stimulation with
IL-12 0.005ng/ml for 12 hours in individuals with PBC according to UDCA prescription. (n=8, n=4). F) Frequency
of CD49a+ NK cells following stimulation with IL-12 0.005ng/ml for 12 hours in individuals with PBC according
to UDCA prescription. (n=8, n=4). G) Frequency of CXCR6+ NK cells following stimulation with IL-12 0.005ng/ml
for four days in individuals with PBC according to UDCA prescription. (n=16, n=2). H) Frequency of CD49a+ NK
cells following stimulation with IL-12 0.005ng/ml for four days in individuals with PBC according to UDCA
prescription. (n=18, n=2).
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5.9 Discussion

This chapter presents the first functional correlate in humans of the PBC GWAS studies which
identified components IL-12/pSTAT4 signalling cascade as susceptibility loci. These were identified
across a range of countries including the UK (Table 5) [135-140]. | describe baseline activation of
the IL-12/pSTAT4 pathway in NK cells in individuals with PBC, demonstrated by elevated resting
levels (measured without exogenous exposure to IL-12) of pSTAT4 in NK cells in PBC patients
compared to patients with the non-autoimmune liver disease, haemochromatosis and healthy
volunteers. While resting levels of p-STAT4 were also raised in CD56- T-cells in both patient groups
compared to healthy controls, the frequency of pSTAT4+ NK cells was greater than that of pSTAT4+
CD56- T-cells within the PBC group only. However it is likely that overactivation of this pathway is
a feature of both NK cells and CD56- T-cells in PBC. | also noted that patients with
haemochromatosis had elevated resting levels of pPSTAT4 compared to healthy controls. This has
not been described before and its clinical significance is unclear, however this for this reason this

patient cohort provides a robust control group for these experiments.

Furthermore, | have demonstrated IL-12 hyper-responsiveness in NK cells in patients with PBC,
resulting in enhanced effector function. Stimulation of PBMCs with just 0.005ng/ml (5 picograms /
ml) of IL-12 can lead to production of significant quantities of IFNy by NK cells, which is not seen in
patients with haemochromatosis or healthy controls. | show in chapter 4 that culture of PBMCs with
IL-12 overnight can lead to the induction of small frequencies of CD49a+ and CXCRG6+ NK cells with
upregulation of markers of clonal expansion (NKG2C) and tissue-residency (CD69). Peripheral
blood NK cells expressing CD49a at the end of culture harboured the highest frequency of IFNy+
NK cells, mirroring the inflammatory cytokine profile of adaptive liver-resident CD49a+ NK cells.
Here, | report that CD49a+ NK cells, but not CD49a- NK cells, generated in vitro from PBMCs isolated
from patients with PBC show significant IL-12 hyper-responsiveness in terms of IFNy production
compared to patients with haemochromatosis. Interestingly small percentages of CXCR6+ NK cells
in patients with PBC, but not the two control groups, also expressed IFNy in response to minute
concentrations of IL-12, suggesting this ‘tolerant’ NK cell subset may be more cytokine responsive
in PBC. Differences between patient groups were lost following stimulation with higher

concentrations of IL-12, probably due to saturation of the signalling pathway.

In addition to demonstrating that IL-12 hyper-responsiveness can lead to an enhanced IFNy

production in PBC, | have shown that activation of this pathway can lead to the induction of higher

frequencies of NK cells expressing the liver-homing marker CXCRG6 in the peripheral blood. Greater
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resting frequencies of CXCRG6+ NK cells are observed in the circulation of patients with PBC, perhaps
due to their egress from the liver where they have been found to be particularly enriched in this
condition [149]. Furthermore | have shown following NK cell purification, the addition of extremely
low concentrations of IL-12 to the media can lead to an increase in the frequency of CXCR6+ NK
cells in the peripheral blood in vitro even after just 12 hours. This phenomenon was not observed in
patients with haemochromatosis or healthy controls, where higher concentrations of IL-12 were
required to induce a change in CXCR6+ NK cell frequency. Interestingly linear regression analysis
revealed that resting levels of pSTAT4 correlate with CXCR6 surface expression in patients with

PBC, suggesting that overactivation of this axis may directly lead to CXCR®6 upregulation.

It would be extremely worthwhile to compare expression of the IL-12 and IL-23 receptors between
patients with PBC and those with other liver disease. RNA sequencing of CXCR6+ NK cells from
individuals undergoing resection for metastases highly expressed IL-12RB2 and IL-23R. Both
proteins are able to interact with IL-12RB1 to initiate Th1 (IFNy) and Th17 (IL-17) signalling
respectively. Upregulation of these receptors on NK cells from patients with PBC may contribute
towards IL-12 hyper-responsiveness. Interestingly it was the IL-12RB2 gene that was linked to PBC
susceptibility in the recent GWAS studies. This is not constitutively expressed, but upregulated by
IFNy. Itis therefore likely that the Th1 cytokine environment found in the livers of patients with PBC

reinforces high expression of this receptor on CXCR6+ and CD49a+ NK cells.

Similarly significantly higher frequencies of CD49a+ NK cells could be induced in patients with PBC
(approximately 30% of the total NK cell population) compared to healthy controls (less than 10% of
the total NK cell population) following culture of PBMCs with media alone for four days. However,
in contrast to the generation of CXCR6+ NK cells, similar frequencies of CD49a+ NK cells could also
be induced from PBMCs isolated from patients with haemochromatosis under the same conditions. |
propose that this observation supports my findings in chapter 4, where | demonstrate that following
six days of culture with any activating cytokine (IL-2, IL-12, IL-15, IL-18), nearly 100% of NK cells
are found to be CD49a+, either through de novo expression or proliferation of existing populations;
i.,e. CD49a+ NK cells are extremely responsive to a wide range of inflammatory
cytokines. Furthermore the greatest frequencies of CD49a+ NK cells observed at day six were
generated following culture with the cytokine cocktail (IL-2, IL-12, IL-15, IL-18). A significant
proportion of the haemochromatosis patients recruited as controls, had additional risk factors
associated with hepatic inflammation, including severe fibrosis or cirrhosis, alcohol excess or

components of the metabolic syndrome.
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These clinical conditions were associated with higher frequencies of CD49a+ NK cells generated in
culture. | therefore hypothesise that NK cells in individuals with haemochromatosis are exposed to
an inflammatory cytokine environment and develop CD49a+ NK cells in vivo which are ‘primed’, with
small frequencies detected in the circulation. Exposure to exogenous cytokines can then lead to a
rapid expansion of these population in vitro. NK cell purification assays demonstrate that while both
exogenous IL-12 and IL-15 can induce these populations, IL-15 is a particularly effective stimulus.
CD49a+ NK cell induction in people is therefore likely to occur through multiple cytokine-stimulated

STAT signalling pathways.

It is possible that the Th17 signalling pathway may also play a role in PBC. IL-23 shares the IL-
12p40 subunit and signals via the heterodimeric receptor composed of IL-23R and IL-12Rp1. IL-23
signals via a similar pathway to IL-12, although its ability to activate STAT4 is weaker. IL-23 is
secreted by dendritic cells and macrophages, but has also been shown to be released from
degenerating hepatocytes and therefore may be found in higher quantities in the intrahepatic
environment in PBC [10]. Importantly IL-23 can induce CD8+ T-cells and ILC-3 lymphocytes to
produce IL-17 which is a driver of tissue inflammation. Th17 lymphocytes have been implicated in
a number of autoimmune diseases (Table 10). In PBC elevated levels of the IL-23p19 protein, IL-
12/1L-23 receptor expressing lymphocytes and BECs, in addition to IL-17 secreting cells have been
found next to damaged bile ducts [11,10]. Serum levels of IL-17 and IL-23 are also elevated,
particularly in the early stages of disease [267]. Furthermore IL-17, along with TLR-ligands has been
shown to induce BECs and inflamed hepatocytes to secrete IL-23p19. Activation of the IL-17
signalling pathway has also been associated with more advanced disease. The IL-23/Th17 cascade
may therefore act alongside IL-12 mediated immunopathology in PBC, despite neither the IL-23R or
IL-12RB1 being associated with susceptibility in the gene association studies. Our RNA sequencing
data identifies strong upregulation of the IL-23R on liver-resident CXCR6+ NK cells however, and
therefore these liver-homing NK cells may also display sensitivity towards IL-23 and a strong Th17

cytokine profile in PBC.

Data presented in this thesis suggests that inhibition of the IL-12/STAT4 pathway may provide a
novel therapeutic target for PBC. Following the identification of an association between the IL-12
signalling cascade and PBC susceptibility, a multicentre, open-label, proof of concept study using
Ustekinumab, an anti-IL-12/IL-23 monoclonal antibody (IgG1k) was performed [12]. Ustekinumab
binds to the shared p40 subunit of IL-12 and IL-23 and prevents their interaction with the cell surface
receptor protein, IL-12RB1. This biologic is currently licenced for the treatment of psoriasis and was

recently approved by the US Food and Drug Administration as a treatment option for severe Crohn’s
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disease. The drug was delivered subcutaneously at 90ng at week 0 and week 4, then every 8 weeks
until week 20. Only patients with an inadequate response to UDCA (ALP > 1.67x upper limit of
normal (ULN) after at least 6 months) were included and the cohort had fairly advanced disease with
a median Enhanced Liver Fibrosis (ELF) score of 9.8 (moderate to severe fibrosis), high levels bile
acid concentrations and the majority had a baseline ALP > 3x ULN. Steady-state serum
Ustekinumab concentrations were achieved, associated with a modest reduction in ALP levels at
week 28 (12.1%), and minor decrease in total serum bile acid concentrations and ELF scores.
However no patients achieved a definitive ALP response, defined by a decrease of > 40% from

baseline, or ALP remission.

This study provides an example of some of the challenges faced when translating basic biological
insights into a clinical trial. The study authors noted that following administration of Ustekinumab a
reduction in serum IL-17A and IFNy was seen, i.e. IL-12p40 inhibition led to modulation of this
biological pathway in vivo. These changes were seen for patients who achieved a greater than 20%
reduction in ALP. Therefore analysis of immunological endpoints may be more informative in this
type of clinical trial. It may also be the case that as cholestasis advances (as in this patient cohort),
and becomes the dominant pathological pathway over imnmune-mediated injury, combined treatment
modalities for example with UDCA may be required to modulate this stage of the disease.
Furthermore, Ustekinumab may be effective in patients with aggressive PBC in the early ‘immune’
phases of the disease, a currently ‘difficult to treat’ patient group (Fig 5-9). Stratification of patients
most likely to respond to Ustekinumab treatment may also be required. Classical risk stratification
markers including ALP and liver biopsy, may identify those with advanced cholestasis requiring
additional treatment. The optimal biomarker for this trial however would select individuals with
evidence of overactivation of the IL-12/STAT4 signalling cascade. The final part of this thesis
identifies NK cell IL-12 hypersensitivity as a potential disease-modulating immunological pathway in
PBC and suggests a role for adaptive-like CD49a+ and liver-homing CXCR6+ NK cells in mediating
this. The identification of elevated resting frequencies of CXCR6+ or CD49a+ NK cells, high
frequencies of pSTAT4+ NK cells or analysis of IFNy release in response to low dose IL-12 by these
subsets are all potential novel biomarkers which could predict response to Ustekinumab and be used
to define inclusion criteria for future trials. Indeed it may be that the use of biologics in autoimmune
disease will need to take on a personalised approach based on phenotyping, genomics, and

biomarkers in order to target the dominant aberrant immunological pathway.
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Figure 5-9 Different treatment modalities may be required for different pathological stages of PBC
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In summary | have identified overactivation of the IL-12/STAT4 axis in NK cells in patients with PBC
(Fig 5-10). This can lead to the generation of higher frequencies of liver-homing (CXCR6+) and
adaptive (CD49a+) NK cells which produce greater quantities of IFNy in response to low doses of
IL-12. Hyperfunctional NK cells may home to the biliary tree via their interaction with CXCL16 and
potentially lyse autologous BECs. Assessment of the cytotoxic capacity of CD49a+CXCR6+ NK
cells in PBC is therefore essential. Furthermore upregulation of the IL23R, in addition to IL-12R[32,
on CXCRG6+ NK cells may lead to enhanced IL-17 production (Fig 5-10). As descried by Shimoda
et al, NK cell-mediated destruction of BECs can lead to the release of the PDC-E2 peptide within
microparticles and upregulation of HLA-Il on BECs promoting activation of autoreactive CD8+ and
CD4+ T-cells [144]. The pro-inflammatory cytokine intrahepatic milieu found in PBC, rich in IFNy,
IL-5, IL-6, IL-12, IL-15 and IL-23 may help maintain cytokine-responsive liver-homing adaptive-like
NK cells in this activated state, particularly through the upregulation of IL-12R[32, the inducible
subunit of the IL-12 receptor (Fig 5-10). [268,269]. This final chapter therefore implicates
overactivation of the IL-12/STAT4 signalling cascade in NK cells in PBC and suggests a role for the
newly discovered CXCR6+ and CD49a+ liver-resident NK cell subsets in autoimmunity. Inhibition
of this pathway in correctly selected patients using NK cell-related novel biomarkers may provide an

effective new therapeutic target for PBC.
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Figure 5-10 Model for IL-12 hypersensitivity in NK cells in the immunopathology of PBC
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My original hypothesis was that activation of the STAT4 signalling pathway could lead to the
generation of ‘hyperfunctional’, potentially memory-like NK cells, mirroring the finding that reduced
levels of STAT4 are associated with a tolerant NK cell phenotype [46]. While PBC provides a model
for this, in which with elevated resting levels of pSTAT4 are found in a patient cohort with raised
resting levels of CXCR6+ and CD49a+ NK cells with a strong Th1 cytokine profile, it was not possible
to specifically investigate pSTAT4 expression in liver-resident or cytokine-induced CD49a+ or
CXCRG6+ NK cells using FACS, as the requirement to permeabilise NK cells using Perm Buffer IlI
(BD Biosciences) to examine pSTAT4 prevented the analysis of a wide range of cell surface markers.
Purification of CXCR6+/- and CD49a+/- NK cells would therefore be required prior to

permeabilisation and pSTAT4 staining to address this question.

Other limitations of this work include low patient numbers. As PBC has varying phenotypes it would
have been ideal to have stratified patients according to those who have early onset aggressive
disease, in comparison to those with more indolent progression, in addition to the presence of
cholestasis and fibrosis. Furthermore in order to definitively establish if NK cells demonstrate I1L-12
hypersensitivity, leading to the generation of elevated levels of CXCR6 and CD49a and IFNy release,
a blocking experiment would be required. Finally it would be interesting to examine CXCR6+ and
CD49a+ NK cells in the livers of individuals with PBC and to use frozen sections to establish if these
are found in high densities next to the biliary epithelial cells. It would also be worthwhile to measure
the concentrations of cytokines found within the liver in these patients, particularly 1L-12, IL-23 and

IL-17. These could be measured from hepatic perfusates using ELISA.
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6 Chapter 6: Final Discussion

6.1 Characterisation of liver-resident NK cells

NK cells comprise approximately 40% of the hepatic lymphocyte population and are enriched in the
sinusoids. Approximately 60% are CD56""9"CXCR6+(Eomes"®") (Fig 6-1) [11,29,33]. This NK
subset differs phenotypically from the CD56"""CXCR6-(Eomes™®") NK cells found in the peripheral
blood, suggesting CD56°""CXCR6+ NK cells represent a large tissue-resident population [15]. |
have shown that liver-resident CD56""“"CXCR6+ NK cells are CD16°*CD57°" and highly express
CD161. This subset are likely to remain liver-resident through the interaction of CXCR6 with CXCL16
(expressed by cholangiocytes, hepatocytes and HSECs) [32]. RNA sequencing data has shown that
CXCR6+ NK cells also highly express CCRS which interacts with CCL3 and CCL5 expressed by
kupffer cells and liver-resident T-cells respectively. Furthermore over two thirds of CXCR6+ NK cells
expressed the surface marker CD69 known to inhibit STPR1 which promotes lymphocyte egress into
the circulation [15,25-27]. Indeed examination of NK cells from donor livers before and after an

HLA-mismatched liver transplant, revealed that only Eomes"” NK cells exit the liver [33]

In terms of function, | have shown that while CXCR6+ NK cells do not produce lower quantities of
IFNy and TNFa compared to liver-resident CXCR6- NK cells, they release lower quantities than
CD49a+ NK cells. Furthermore | would have expected a stronger Th1 cytokine profile from this
group given their CD56""“"CD16- phenotype. Harmon et al also confirmed lower production of IFNy
by liver-resident CD56""" NK cells compared to peripheral CD56°"" NK cells [11]. Instead RNA
sequencing suggests they release GM-CSF, LIF and IL-4. | did not directly examine the cytotoxic
capacity of CXCR6+ NK cells, however expression of granzymes A and B, in addition to granulysin
and perforin were reduced at a transcript level. Furthermore their lack of surface expression of CD16
suggests ADCC will be impaired. While hepatic NK cells have been shown to demonstrate enhanced
cytotoxicity against HepG2 and K562 target cells the capacity of CXCR6+ NK cells to kill these
targets has not been assessed [11,14,24,25,28]. Interestingly despite it generally being accepted
that TRAIL is not found on NK cells in the healthy liver [15,28], | found this death-ligand to be
expressed in CXCR6+ NK cells at a RNA level. This may have been induced through an
inflammatory microenvironment associated with colorectal metastases, consistent with previously
reported upregulation of TRAIL in response to pro-inflammatory cytokines [28]. Stegmann et al have
suggested that CXCR6+ NK cells may mediate cell death in a TRAIL-dependent manner during
disease using HBV infection as an example [29]. CXCR6+ NK cells are therefore the dominant
tissue-resident subpopulation in the adult human liver. This subset is immature and express markers

associated with tissue-residency and adhesion, but do not release high quantities of Th1 cytokines
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or cytotoxic granules. They may however be able to mediate target cell death in a TRAIL dependent

manner during disease states.

An interesting point for discussion is how CXCR6+ (Eomes™®") NK cells come to reside in the liver.

Cuff et al have shown that liver-resident Eomes™9"

NK cells can be replenished from the circulation
post liver transplantation [33]. Given that nearly all liver-resident Eomes™®" NK cells are CD56"""
[11], and the fact that CD56°™ NK cells appear to circulate unchanged between the two
compartments, it is likely that the Eomes™®" population in the liver is replenished by circulatory
CD56°"%" NK cells (Fig 6-1). Hudspeth et al have shown however that peripheral blood CD56°""
NK cells generally do not express CXCR6, CCRS5 and CD69 [15]. While these surface markers may
be upregulated within the tissue, the majority of CD56°"9" NK cells would not in fact home to the liver
through the expression of CXCR6 or CCR5. Alternatively, hepatic CXCR6+ population may be
replenished by the small population (< 5% NK cells) of circulatory CXCR6+ NK cells described here.
While Stegmann et al reported peripheral CXCR6+ NK cells to be T-bet"®"Eomes' [29], | found that
approximately 40% expressed Eomes, and Knox et al reported that nearly all peripheral CD56°""
NK cells expressed Eomes [30]. It is more likely however that CXCR6+CD56"" NK cells migrate
from the phenotypically related CXCR6+CD69+ population identified in human lymphoid tissue,
particularly as peripheral blood and liver-resident CD56°"™ NK cells have been found to differ
significantly from each other (Fig 6-1) [167,181]. Finally liver-resident CXCR6+ NK cells may arise
from CD34+ liver-resident stem cells (as demonstrated for CD49a+DX5- NK cells in the murine liver
[19]), or NK cell precursors. However myself and others have found these to be present in only very

small frequencies in the human liver [23].

| have shown that liver-resident CD49a+ NK cells represent a unique NK cell subset with distinct
phenotypic and functional properties that distinguish them from both liver-resident CXCR6+CD56"""
NK cells and ‘conventional CXCR6-CD56%™ NK cells which move freely between the liver and
circulation. Interestingly CD49a+ NK cells were only found at significant frequencies, of more than
30%, in 10% of individuals. While patient numbers were not large enough to make any definitive
conclusions, this group appeared to have more advanced disease. Given that patients had a mixture
of pathologies (HCC (secondary to steatohepatitis and spontaneous) and colorectal metastases),
one hypothesis is that CD49a+ NK cells are generated in response to an inflammatory cytokine

environment, rather than a specific antigen (Fig 6-1).
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| have demonstrated that expression of CD49a is associated with higher frequencies of NKG2C+
and KIR+ NK cells. While not all of this subset were NKG2C+KIR+, it is likely that a proportion of
CD49a+ NK cells may be KIR+ NK cells that have undergone clonal expansion. This is supported
by findings by Marquardt et al who demonstrated than KIR expansion on CD49a+ NK cells occurred
in an oligoclonal pattern [35]. It is still unclear whether KIR is upregulated on CD49a+ NK cells as a
result of clonal expansion of NKG2C+ subsets, which express KIR, or because they represent
antigen-experienced, licensed NK cells. Data presented here suggests that the liver-resident
CD49a+ subset share some similarities to cytokine-induced memory-like NK cells in the peripheral
blood [183]. | have shown this population are highly sensitive to all activating cytokines (IL-2, IL-12,
IL-15 and IL-18), but particularly the cytokine cocktail, leading to a rapid expansion of CD49a+ NK
cell frequencies within the overall NK cell population. This appears to be driven through both
enhanced proliferative capabilities of CD49a+ NK cells and upregulation of CD49a de novo [35].
Furthermore stimulation with IL-12 results in enhanced production of IFNy and TNFa from CD49a+
NK cells compared to CD49a- NK cells. | hypothesise that CD49a+ NK cells have been previously
primed by a cocktail of pro-inflammatory cytokines found within the liver during periods of
inflammation (IL-1, IL-2, IL-6, IL-12, IL-15, IL-18, IFNa/y and TNFa/B) and therefore demonstrate an
enhanced response towards secondary exposure to exogenous cytokines. This is supported by the
demonstration here that CD49a+ NK cells are easily induced using IL-12 and IL-15 in both patients
with haemochromatosis and PBC compared to healthy controls, and may account for the observed
association between frequencies of CD49a+ NK cells generated in vitro and cirrhosis in

haemochromatosis patients.

Liver-resident CD49a+ NK cells have been found to be T-bet+Eomes- [35]. Furthermore, nearly
50% express CD16, suggesting this subset is more mature than liver-resident CXCR6+ NK cells.
Together this would suggest CD49a+ NK cells differentiate from CD56°™ NK cells; yet both myself
and Marquardt et al have found this subset to be CD56°"". | therefore propose that CD49a+T-
bet+Eomes- NK cells develop from the small population of CD56"" T-bet"®"Eomes™ NK cells

(approximately 10% of all NK cells) found in the liver by Harmon et al (Fig 6-1) [11].

In summary liver-resident CD49a+ NK cells demonstrate features suggestive of adaptive-like
behaviour, including enhanced proliferation, evidence of clonal expansion and enhanced effector
function in terms of Th1 cytokine release. They may not however be highly cytotoxic as they express
low levels of perforin and granzyme A and B and degranulate poorly [35]. TRAIL expression has not
as yet been examined. | have demonstrated that this population are highly cytokine responsive, and

in common with peripheral cytokine-induced memory-like NK cells are most reactive towards a
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cocktail of inflammatory cytokines. This presents an important finding as it highlights combinations
of cytokines as a means of ‘boosting’ NK cell function through the development of adaptive-like
features. Whether CD49a+ NK cells are also capable of mounting antigen-specific memory
behaviour in humans remains an area for investigation. Furthermore the underlying mechanisms

leading to the adaptive-like behaviour and the role of CD49a itself are still unclear.

This work provides the first description of ‘double-positive’ CD49a+CXCR6+ NK cells. The
frequencies of these are dependent on the frequency of CD49a+ NK cells and therefore vary hugely
between individuals (range 1.5 - 41.7%). Approximately 70% of liver-resident CD49a+ NK cells are
CXCRG6+, however | have shown that adaptive-like properties, including enhanced IFNy release and
evidence of clonal expansion are not altered by CXCR6 expression. Therefore while CXCR6+ NK
cells and CD49a+ NK cells are shown here to represent functionally distinct NK cell subsets, it would
be more accurate to define the first group as ‘CXCR6+CD49a-". In conclusion ‘CXCR6+CD49a- NK
cells define a large tolerant liver-resident population found in nearly all individuals in health, whereas
CD49a+ NK cells represent a cytokine-responsive adaptive-like subset of NK cells found in 10% of

the population (Fig 6-1).
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Figure 6-1 Proposed model for the development, phenotype and function of CXCR6+ and CD49a+

NK cells in the liver
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6.2 Liver-homing and memory-like NK cells can be induced in the

peripheral blood in vitro using cytokines

We have shown that it is possible to use cytokines to increase the frequencies of CXCR6+ and
CD49a+ NK cells within the peripheral blood in vitro. Frequencies of CD49a+ NK cells can be
induced using any activating cytokine (IL-2, IL-12, IL-15 and IL-18) and are highest following culture
with the ‘adaptive phenotype-inducing’ cocktail. While CXCR6+ NK cell percentages cannot be
increased further on culturing hepatic MNCs, increases were seen within PBMCs in vitro using IL-2,
IL-12 and IL-15. Elevated frequencies of ‘double-positive’ CD49a+CXCR6+ NK cells could be

generated most effectively using IL-12 and IL-15. Sorting of CD49a+/- and CXCR6+/- subsets would
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be required to understand to what degree these changes occur as a result of enhanced proliferation
of existing subsets or upregulation of markers on previously CD49a- or CXCRG6- cells. Itis clear that
both CD49a+/- and CXCR6+/- NK cells proliferate in response to both IL-15 and the cytokine cocktail.
While CD49a+ NK cells expressed slightly lower CFSE MFIs at day six under both conditions, the
differences were minimal. | therefore propose that in addition to CD49a+ NK cells proliferating
strongly, CD49a is also upregulated as a surface marker under these conditions, in keeping with it
being a very late antigen (VLA-1) activation receptor. This would account for the increase in absolute
number and frequency of CD49a+ NK cells and decrease of CD49a- NK cells (Fig 6-2). The same
is likely to apply for CXCR6+ NK cells in the presence of IL-15 although they are less cytokine

responsive than the CD49a+ subset.

Interestingly the two NK cell subsets respond dramatically differently to the cytokine cocktail (Fig 6-
2). While this leads to the strongest induction of CD49a+ NK cells, CXCR6+ NK cell populations
within the peripheral blood fail to increase, and frequencies decrease when culturing hepatic MNCs.
Yet proliferation is only marginally reduced on NK cells expressing CXCR6 at day 6, compared to
CXCRG6- NK cells and is still stronger under these conditions than with IL-12 for example. | therefore
expect that in to addition CXCR6- NK cells proliferating more strongly under these conditions,
CXCRG6 is being downregulated as a surface marker both on hepatic NK cells and on proliferating
peripheral blood NK cells. It is possible that this occurs as a result of NK cell exhaustion. These
events would both account for the increase in absolute numbers of CXCRG6- NK cells observed under

these conditions.

Figure 6-2 Depiction of CD49a+/- and CXCRG6+/- NK cell numbers and frequencies in culture
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Cytokine-induced CD49a+CXCR6+ NK cells display features consistent with both a hyperfunctional,
adaptive-like phenotype (enhanced expression of NKG2C and IFNy, and enhanced proliferation)
and liver-residency (CXCR6+CD69+), although further experiments would be required to more
definitively demonstrate adaptive behaviour. The fact that they can be generated in vitro using a
peripheral blood sample only and then directed towards the liver through the upregulation of CXCR6,
offers an attractive therapeutic option for generating NK cells with ‘boosted’ function which can act

locally.

These findings therefore suggest that cytokine-induced ‘CD49a+CXCR6+ memory-like NK cells
generated in the peripheral blood may provide a novel therapeutic target for liver disease.
Specifically they may be able to induce clearance of HBV or HCV, or reduce the HBV viral load. Of
particular interest is their potential to limit growth or induce regression of HCC. Cytokine-induced
memory-like NK cells have shown clinical effectiveness against AML and therefore harnessing these
in the liver presents a promising opportunity to develop a new cell-based immunological therapy for
HCC. Cytokine-induced ‘CD49a+CXCR6+ memory-like NK cells may also have potential activity as
a preventative therapeutic agent against HCC in individuals at particularly high risk, for example

those with HBV and cirrhosis, depending on their longevity.

These findings also raise some interesting questions regarding the nature of NK memory. As
previously discussed the mechanisms leading to the generation of memory NK cells have not been
established. In T-cells this occurs through re-arrangement of the RAG gene, however NK cell
receptors are encoded in the germ-line and are therefore fixed. It has been suggested that memory-
like behaviour occurs at an epigenetic level following exposure to a combination of cytokines, in the
case of cytokine-induced memory-like NK cells, leading to high levels of IFNy production [183].
However how these modifications bring about enhanced proliferation and cell killing is unclear, as is
the mechanism by which memory is passed onto daughter cells if changes do not occur at a DNA
level. Furthermore g- NK cells (NKG2C+) NK cells seen to undergo expansion following hCMV
infection, were found to have a vigorous antibody-dependent functional response towards hCMV
and were deficient in multiple transcription factors including SYK, suggesting epigenetic
modifications of the SYK promoter may induce a stably maintained pool of antigen experienced NK
cells, continuously re-shaped following repeat exposure to a related antigen in the presence of

autologous immunoglobulins [198].
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This project demonstrates that liver-resident CD49a+ NK cells have features to suggest they may
be the memory-like equivalent of CD49a+ NK cells found in mice, with evidence that they have
undergone clonal expansion and have enhanced IFNy production. Furthermore | have shown that
they can be generated in the peripheral blood using activating cytokines, with the strongest induction
following culture with a cocktail of cytokines. Therefore CD49a+ NK cells may represent a group of
cytokine-induced memory like NK cells as described by Romee et al [183,185], which home towards
the liver. They therefore also display longevity and pass their enhanced effector function onto future
generations, increasing their duration of action. In terms of taking this work forward into translational
studies it will be very important to establish the stability of this population, or to determine if this is
just a transitional state. This could be done in vitro, however maintaining viability is likely to be a
problem, or by sampling NK cell populations in the peripheral blood and liver tissue over time from
patients who have undergone an HLA-mismatched liver transplant. It would also be beneficial to
establish if memory-like features of CD49a+ NK cells are passed onto daughter cells. CFSE staining
to identify the progeny of cytokine-induced CD49a+ NK cells, followed by FACS sorting and
examination of NKG2C/KIR status and Th1 cytokine release would be way of investigating this.
Determining the longevity of CD49a+ cytokine-induced memory like NK cells is likely to significantly
impact their therapeutic potential as this would allow an expanded population of hyper-functional NK
cells to persist within the liver for sustained period of time to allow a clinical effectiveness. The use
of cytokine-induced memory-like NK cells will hopefully be able to move translational use of
autologous NK cells forward, particularly for the treatment of solid tumours, where the expansion of

NK cells using IL-2 only has not been successful [270].

6.3 Peripheral blood NK cells play a role in primary biliary cholangitis

GWAS studies have identified components of the IL-12/pSTAT4 signalling cascade to be associated
with susceptibility to the autoimmune liver disease, PBC. | identify elevated resting levels of pSTAT4
in NK cells in the peripheral blood in this condition and hypersensitivity of NK cells towards picogram
doses of IL-12 leading to enhanced production of IFNy compared to NK cells from individuals with
the genetic liver disease, haemochromatosis and healthy volunteers. This thereby implicates NK
cells in the pathogenesis of PBC through hyperactivation of this axis. Interestingly | have also shown
that IL-12 hypersensitivity in PBC can lead to induction of CXCR6+ NK cells in the peripheral blood
using much lower concentrations of IL-12 compared to control groups. Therefore overactivation of
the IL-12/pSTAT4 signalling axis in NK cells in PBC can lead to the generation of NK cells with

enhanced Th1 cytokine production and upregulation of markers of liver-homing.
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A number of polymorphisms along this pathway have been linked to PBC including IL-12A, IL-12
receptor B2, STAT4, SH2B3 and Tyk [135,137-139]. RNA sequencing results presented here
identify upregulation of transcripts encoding for the IL-12RB2 and IL-23 receptors on liver-resident
CXCR6+ NK cells. | therefore propose that genetic variants encoding IL-12R32 may be one
mechanism through which IL-12 hypersensitivity, and elevated resting levels of pSTAT4 arise in NK
cells in PBC. Activation or overexpression of this receptor in NK cells would result in higher levels
of IFNy production enhancing the autoreactivity of CD4+ and CD8+ T-cells (Fig 6-3). Furthermore
the IL-23R is also over-expressed on liver-resident CXCR6+ NK cells and this may result in NK cell-
mediated IL-17 production and Th17 T-cell differentiation. It would therefore be interesting to
investigate activation of the IL-23/IL-17 signaling pathways in NK cells in PBC. The 2 subunit of
the IL-12 receptor is induced by IFNy and therefore its expression may be maintained by release of
IFNy from autoreactive NK cells and T-cells (Fig 6-3). | would expect that induction of CXCR6
through IL-12 sensitivity would lead a subpopulation of hyperfunctional NK cells to home to the liver,
particularly the biliary tree, and it would be interesting to know whether this subset also upregulate
CCR5. Investigating the cytotoxic capacity of NK cells with raised resting levels of pSTAT4 is the

key experiment here however.

Inhibiting this signalling cascade therefore presents on attractive therapeutic target for PBC. Options
include Ustekinumab, an IL-12p40 antibody which is known to have a favourable side effect profile,
being currently used for the treatment of psoriatic arthritis, and has the advantage of inhibiting both
the IL-12 and IL-23 signalling pathways. While this was not shown to reduce ALP levels, i.e. improve
cholestasis, in the group of patients in who were not responsive to UDCA, it is likely that this biologic
should instead be targeted at young patients with aggressive PBC still in the ‘immunological’ rather
than ‘cholestatic’ phase of the disease and a repeat clinical trial may be of benefit [271]. The use of
novel biomarkers to direct therapy to patients most likely to be responsive may also be worthwhile,
and the identification of IL-12 hyper-responsive NK cells may be useful in this setting. Another option
is Lisofylline, a small synthetic molecule that inhibits STAT4 activation and has been used in phase
I trials for T1 diabetes [272]. These biologics have the potential to alter the course of more rapidly

advancing PBC, and prevent young people from requiring a liver transplant (Fig 6-3).

While NK cells as a whole were found to produce IFNy in response to low concentrations of IL-12,
not seen in control groups, CD49a+ NK cells produced much greater quantities than other NK cell

subsets. Furthermore differences in IFNy production between patients with PBC and
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haemochromatosis were only seen for CD49a+ NK cells and not CD49a- NK cells. Elevated resting
levels of CD49a+ NK cells were also found in the peripheral blood of patients with PBC, although
similar frequencies could be induced using exogenous IL-12 in patients with both PBC and
haemochromatosis. It is therefore possible that adaptive-like CD49a+ NK cells may also play a role
in PBC, and it would be fascinating to investigate further possible links between memory-like NK

cells and autoimmune disease.

Figure 6-3 Model for the role of IL-12 hypersensitivity in NK cells in the pathogenesis of PBC and

potential therapeutic targets
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6.4 Future Directions

6.4.1 PBC project

In PBC anti-mitochondrial antibodies are directed against the PDC-E2,12.,06 epitope. It would
therefore be interesting to stimulate potential adaptive-like NK cells with a peptide sequence from
PDC-E2 to look for evidence of enhanced functional response and peptide specificity. | have
previously demonstrated high expression of the activating receptor NKG2C on liver-resident, and
cytokine-induced CD49a+ NK cells and hypothesise that this may play an important role in promoting
recognition of the PDC-E2 protein through HLA-E. Using netMHCpan software it would be possible
to identify peptides from the PDC-E2 protein with potential to bind HLA-E*0101. If these peptides are
able to stabilise HLA-E on the cell surface of target cells, for example, MHC-Il TAP deficient 721.174
cells, it would be worthwhile assessing NK cell effector function and markers of adaptive behaviour
following stimulation of peptide-loaded target cells. This work would further investigate an
association between adaptive-like NK cells and autoimmune disease, and look for evidence of

antigen specificity using other peptides known to activate NKG2C as controls.

Interestingly hCMV along with a handful of other viruses contain microbial sequences (V120 in the
case of hCMV) which shares a high degree of similarity with PDC-E2 [273]. This suggests microbial
infection may play a role in the induction of anti-mitochondrial antibodies against PDC-E2, breaking
down immunological tolerance via microbial mimicry. It would therefore be interesting to examine
the sera of patients with PBC to look for evidence of an association with CMV. This could help

establish if viral infection may predispose patients to developing this autoimmune condition.

CD49a+ and CXCR6+ NK cells may mediate disease progression in PBC via IL-12 hypersensitivity
leading to adaptive-like NK cells with biliary-homing markers. It would therefore be useful to sort
CD49a+/- and CXCR6+/- NK cells from patients with PBC for RNA sequencing analysis. Genes of
particular interest include other cytokine signalling pathways, particularly IL-23/IL-17 and markers

associated with liver homing.

To move these findings forward into translational work it will be important to establish if 1L-12
activated CD49a+CXCRG6+ NK cells found PBC can mediate enhanced killing of BECs. This could

be achieved using a BEC cell line, or using techniques described by Shimoda et al, in which they
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are able to isolate BECs from human liver samples. Secondly it would be useful as a proof of concept
study to attempt to block markers of IL-12 hypersensitivity reported in CXCR6+ and CD49a+ NK
cells using Lisofylline or Ustekinumab. A number of mouse models of PBC do exist, however as
discussed this disease is complex in that its aetiology is likely to be multifactorial, involving genetic
and environmental factors, and it has a number of pathological stages. Therefore current animal

models may not be sufficiently optimised to investigate these findings further [274].

Finally a further important translational opportunity exists in undertaking a second clinical trial using
Ustekinumab in a stratified patient cohort to allow examination of its effectiveness in individuals with
rapidly progressing disease who have significant inflammation, but have not developed severe
cholestasis or fibrosis as yet. This would also permit the assessment of NK cell reactivity towards
low dose IL-12 as a novel biomarker of treatment response, and allow an opportunity to validate the

results of this work.

6.4.2 Liver-homing cytokine-induced memory-like NK cells

This work identifies that IL-12 and IL-15 can be used to generate hyperfunctional CD49a+CXCR6+
NK cells that express biliary-homing markers. These NK subsets may also demonstrate adaptive-
like features including enhanced proliferation and longevity. To investigate their therapeutic potential
a mouse model would be the next step. Work is currently ongoing in the Khakoo lab in which
peripheral blood NK cells are stimulated with a cocktail of cytokines to see if they can prevent or

slow the progression of disease in a mouse model of liver cancer.
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Appendices

A.1 Information sheet and consent form for patients undergoing hepatic

resection for cancer

Medical
Research
Council

HJNIVERSITY OF

amptOn University Hospital SoNthggmnpdg(?n TIFIUS?ZE MRC
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PARTICIPANT INFORMATION SHEET
PATIENTS UNDERGOING HEPATIC RESECTION FOR CANCER

Title of Project: Understanding the role of natural killer cell tolerance in the liver in determining

outcomes for chronic liver disease

REC Submission No: 137013

Version No & date of issue: Version 4, 20/01/14

We would like to invite you to take part in a research study. Before you decide you need to
understand why the research is being done and what it would involve for you. Please take your time
to read the following information and discuss it with friends, relative and your GP if you wish. Ask
us if there is anything that is not clear or if you would like more information. Take time to decide
whether or not you wish to participate. You are not under any obligation to take part and your

decision to enter this project will not affect the care you receive.

What'’s is the purpose of this study?

Liver disease is the fastest growing cause of death in the under 65s. If not treated it can result in
liver failure and cancer of the liver, yet unfortunately very few treatments exist for these conditions.
The Clinical and Experimental Sciences (CES) academic unit at the University of Southampton is
investigating a group of cells, called Natural Killer (NK) cells which are vital components of the body’s
immune defence against viruses and cancers. They are also important in a number of liver diseases.
We are always looking to improve the treatments we provide. To do this we need to understand
more about NK cells, particularly NK cells found inside the liver of patients both with and without

chronic liver disease as we suspect they may differ to those found in the blood. This difference may
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be an important target for new treatments. We shall be using a number of detailed laboratory
techniques to study these samples to gain a better understanding of how NK cells mature in normal
livers and how their development is affected in chronic liver disease. This greater understanding will
allow us to develop better treatments for patients in the future and may help generate new ideas for

vaccines.

Why have | been invited?

You have been asked to take part because you are due to have an operation on your liver to remove
cancer that either originated in the liver or has spread to the liver. In order to understand the changes
that occur in NK cells in liver disease it is important to understand how they develop in the livers of
patients without a primary liver disease as well as those with liver cancer. If you are willing to
consent to our study, we will take a small portion of liver tissue that the surgeon has removed at the
time of your operation that is surplus to requirement. This will not require any extra tissue to be
removed as we would use part of the tissue that would be taken from your liver anyway. We will

also ask your permission to take an additional sample of blood prior to your surgery.

Do | have to take part?

No, it is up to you to decide whether you wish to take part. We will describe the study and go through
this information sheet which we will then give you to keep. If you agree to take part, we will ask you
to sign a consent form. You will be free to withdraw at anytime without giving a reason. Your decision

will not affect your medical care in any way.

What are the possible benefits of taking part?
The study will have no direct benefit to you, but the information we get from this study will help our
understanding of chronic liver disease. It is hoped the information we get from this study will help

us develop better treatments for liver disease.

Will my taking part in this study be kept confidential?

Yes. All the information about your participation in this study will be kept strictly confidential by your
clinical carers and the research team. The handling, processing, storage and destruction of study
information and data will be conducted in accordance with the Data Protection Act 1998. We will
collect data relevant only to our study. Data recorded may include your date of birth, gender, age of
surgery, and whether you are known to have an underlying primary liver condition. This data will be
coded anonymously so that you cannot be identified. It will then be stored securely on a password
protected database and made available only to members of the research team. On occasions other
research groups may ask to access data that we have collected as part of this study. The

researchers will review each case in detail and share data only to parties with sound ethically
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approved projects where the research question is clearly defined and judged to be of adequate
clinical importance. In all circumstances a data sharing agreement will be signed which will prohibit

secondary parties from attempting to identify study participants.

What will happen to me if | take part?

If you agree to take part we will collect a sample of blood from you (about four teaspoonfuls) before
your operation. During your operation a small piece of liver tissue will be taken from the surgical
specimen removed. Once the surgical specimen and blood have been obtained, you will not be
required to undergo any further tests or follow up for this research study. The scientific procedures
used in the study are not diagnostic and will not be used to determine further treatment. They are
purely to aid our understanding of NK cell maturation. You will therefore not be exposed to any extra

risk in addition to the risks of your treatment. No other inconvenience is anticipated.

What will happen if | don’t want to carry on with the study?

You can withdraw from the study at any time. If you withdraw from the study, we will destroy all the
identifiable samples, but we will use the data up to your withdrawal. Any stored blood or tissue
samples that can still be identified as yours will be destroyed if you wish. If you participate in the
study, you will be free to withdraw at any time without giving a reason. The standard of care which

you receive will be the same whether or not you take part in this study.

What if there is a problem?

If you have a concern about any aspect of this study, you should ask to speak to the researchers
who will do their best to answer your questions (Dr Theresa Hydes 07799141947 and Professor
Khakoo 023 8120 4004). If you remain unhappy and wish to complain formally, you can do this
through the NHS complaints procedure (or private institution). Details can be obtained from

Southampton General Hospital.

What will happen to any samples | give?

A part of your liver containing the cancer will be removed as part of your planned operation. A small
piece of the liver section which has been removed, will be taken and examined as part of this study.
Only liver tissue required for your clinical care will be removed. The blood sample can be collected
at a point convenient to you up until the end of your operation. All samples will be coded for storage
and their use in any experiments so that you cannot be easily identified. Blood and tissue samples
will be processed in a secure laboratory. The samples will be available for researchers in the Clinical
and Experimental Sciences Academic Unit at the University of Southampton School of Medicine to
study. The liver and blood samples will be closely analysed to try to establish how the liver affects

NK cell development. The information obtained from the samples is unlikely to yield any information
192



that will be individually significant however. We will also ask your permission to store the blood and
liver samples you have donated (1) for further study in this research project, and (2) for use in future
research projects investigating liver disease that are granted approval from a local Research Ethics
Committee. If future researchers are granted ethical approval then any tissue used will be made

anonymous so you cannot be identified.

What will happen to results of the research study?
The results of any research will be published in the scientific literature. There will be no means of

identifying individuals within this.

Who has reviewed and given ethical approval for the study?
All research in the NHS is looked at by an independent group of people called a Research Ethics

Committee, to protect your safety, right, wellbeing and dignity.

Further information

If you have any questions please feel free to ask the study doctors directly at Southampton
General Hospital:

Dr. Theresa Hydes 07799141947

Professor Salim Khakoo 023 8120 4004

Alternatively for independent advice you can contact ‘Involve’, a national advisory group, funded by
the National Institute for Health Research (NIHR), whose role is to support and promote active public
involvement in NHS, public health and social care research. Website: www.invo.org.uk/index.asp.
Tel 02380 651088.

Thank you for taking the time to read this leaflet

193



Medical
Research
Council

HJNIVERSITY OF

ampton University Hospital Southampton NHS

Sout MRC

Title of Project: Understanding the role of natural killer cell tolerance in the liver in determining
outcomes for chronic liver disease

REC Submission No: 137013
Name of Researcher: Salim Khakoo
Version No & date of issue: Version 4, 20/01/14

Patient Identification Number for this research:

CONSENT FORM - PATIENTS UNDERGOING HEPATIC RESECTION FOR CANCER

Please initial box

1. I confirm that | have read and understand the information sheet (Version 4, dated

20/01/14) for the above study. | have had the opportunity to consider the information,

ask questions and have had these answered satisfactorily.

2. |l understand that my participation is voluntary and that | am free to withdraw at any

time without giving any reason, without my medical care or legal rights being affected.

3. lunderstand that relevant sections of my medical notes and data collected during the

study may be looked at by individuals from the Clinical and Experimental Sciences

Academic Unit at the University of Southampton, from regulatory authorities or from

the NHS Trust, where it is relevant to my taking part in this research. | give permission

for these individuals to have access to my records.

4. | give permission to have an additional sample of blood taken and examined before

my operation to be used as part of this study.

5. | give permission for left-over samples of my liver taken at surgery to be examined as

part of this study.
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6. | give permission for anonymised blood and liver samples, in addition to clinical data to
be stored securely for the purpose of this research in the Clinical and Experimental
Sciences Academic Unit at the University of Southampton for the duration of this

study.

7. | give permission for anonymised blood and liver samples donated for this study to be
stored in a Human Tissue Authority approved tissue bank at the University of
Southampton following the completion of this study, with the understanding that these
may be used in future research projects related to the investigation of liver disease,
providing that specific study protocols have received local Research Ethics Committee

approval.

8. 1give permission for DNA analysis to be carried out on the collected samples.

9. lagree to take part in the above study.

Name of Participant Date Signature

Name of Person Date Signature
taking consent.

1 for patient, 1 for researcher, 1 to be kept with the hospital notes
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A.2 Information sheet and consent form for patients with Primary Biliary
Cholangitis
Medical

Research
Council

UNIVERSITY OF S _
SOthhampton University Hospital SoNlttgf::ﬂ?S T!{Eg?:gi MRC

PARTICIPANT INFORMATION SHEET
PATIENTS WITH PRIMARY BILIARY CIRRHOSIS

Title of Project: Understanding the role of natural killer cell tolerance in the liver in determining

outcomes for chronic liver disease

REC Submission No: 137013

Version No & date of issue: Version 3, 01/08/16

We would like to invite you to take part in a research study. Before you decide you need to
understand why the research is being done and what it would involve for you. Please take your time
to read the following information and discuss it with friends, relative and your GP if you wish. Ask
us if there is anything that is not clear or if you would like more information. Take time to decide
whether or not you wish to participate. You are not under any obligation to take part and your

decision to enter this project will not affect the care you receive.

What'’s is the purpose of this study?

Primary Biliary Cirrhosis (PBC) is a chronic liver disease in which the patient’s own immune system
becomes ‘overactive’ and starts targeting some of the normal cells in the bile ducts which drain the
liver. This leads to inflammation of the bile ducts and if the disease is more aggressive, a gradual
destruction of the bile ducts over time. Most patients with PBC have no symptoms and will live to a
normal life expectancy, however a subpopulation of patients have a more aggressive form of PBC
and in the worst case scenario can go on to develop liver cirrhosis (scarring of the liver) and cancer
of the liver. Treatment options for PBC are limited and little progress has been made in the
development of new drugs over the last ten years. Furthermore, currently available treatment
options for PBC are often not effective in patients with the more severe form, resulting in such
patients often requiring a liver transplant. Current estimates suggest 13 per 100,000 people in the
UK are affected by PBC, and the incidence is rising steadily. There is therefore an urgent need to

develop new treatment targets in order to holt disease progression and prevent the development of
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cirrhosis and liver cancer.

The Clinical and Experimental Sciences (CES) academic unit at the University of Southampton is
investigating a group of cells called Natural Killer (NK) cells, which are vital components of the body’s
immune system. They are important in a number of autoimmune diseases, however their function
in PBC is yet to be determined. Furthermore recent large gene mapping studies have highlighted
variations in a gene expressed by NK cells which is known to be important in determining outcomes
in PBC. We would therefore like to examine the behavior of NK cells in PBC and to further define
the role of this signaling gene in disease progression. To do this we need to collect blood samples
from patients with PBC and analyse these using a number of detailed laboratory techniques. A
greater understanding of the behaviour of NK cells in PBC will allow us to develop better treatments

for patients in the future.

Why have | been invited?

You have been asked to take part because you have been previously diagnosed with PBC. We
would like to examine the behaviour of NK cells in PBC as we believe they may be dysfunctional in
this condition and could be targets for future treatments. If you are willing to consent to our study

we will collect one sample of blood from you for research purposes.

Do | have to take part?

No, it is up to you to decide whether you wish to take part. During your research clinic appointment
we will describe the study to you and go through this information sheet. If you agree to take part,
we will ask you to sign a consent form. You will be free to withdraw at anytime without giving a

reason. Your decision will not affect your medical care in any way.

What are the possible benefits of taking part?
The study will have no direct benefit to you, but the information we get from this study will help our
understanding of PBC. It is hoped the information we get from this study will help us develop better

treatments for this condition.

Will my taking part in this study be kept confidential?

Yes. All the information about your participation in this study will be kept strictly confidential by your
clinical carers and the research team. The handling, processing, storage and destruction of study
information and data will be conducted in accordance with the Data Protection Act 1998. We will
collect data relevant only to our study. Data recorded may include your date of birth, gender, age of
diagnosis, current medication and the stage of your PBC. This data will be coded anonymously so

that you cannot be identified. It will then be stored securely on a password protected database and
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made available only to members of the research team. On occasions other research groups may
ask to access data that we have collected as part of this study. The researchers will review each
case in detail and share data only to parties with sound ethically approved projects where the
research question is clearly defined and judged to be of adequate clinical importance. In all
circumstances a data sharing agreement will be signed which will prohibit secondary parties from

attempting to identify study participants.

What will happen to me if | take part?

If you agree to take part we will arrange for you to attend a research clinic at a time convenient to
you. During the clinic appointment, we will ask you to sign a consent form and then collect a sample
of blood from you (about three tablespoonfuls). Once the blood sample has been collected you will
not be required to undergo any further tests or follow up for this research study. The scientific
procedures used in the study are not diagnostic and will not be used to determine further treatment.
They are purely to aid our understanding of PBC. You will therefore not be exposed to any extra
risk. No other inconvenience is anticipated. Each donation is valuable to us and we may therefore
approach you in the future to ask if you would like to provide a further blood sample for this study.
The donation of any further samples is wholly voluntary and you do not have to provide this if you
do not wish to. Choosing not to provide any additional samples will not affect any future participation
in this study or your future medical care. We will ensure a minimum of 4 weeks between donations.

We will ask for your written consent prior to each donation you give.

What will happen if | don’t want to carry on with the study?

You can withdraw from the study at any time. If you withdraw from the study, we will destroy all the
identifiable samples, but we will use the data up to your withdrawal. Any stored blood samples that
can still be identified as yours will be destroyed if you wish. If you participate in the study, you will
be free to withdraw at any time without giving a reason. The standard of care which you receive will

be the same whether or not you take part.

What if there is a problem?

If you have a concern about any aspect of this study, you should ask to speak to the researchers
who will do their best to answer your questions (Dr Theresa Hydes 02381 206671). If you remain
unhappy and wish to complain formally, you can do this through the NHS complaints procedure (or

private institution). Details can be obtained from Southampton General Hospital.

What will happen to any samples | give?
A blood sample will be collected during your clinic appointment. All samples will be coded for storage

and their use in any experiments so that you cannot be easily identified. Blood samples will be
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processed in a secure laboratory. The samples will be available for researchers in the Clinical and
Experimental Sciences Academic Unit at the University of Southampton School of Medicine to study.
The blood sample will be closely analysed to try to establish how NK cells behave in PBC. The
information obtained from the samples is unlikely to yield any information that will be individually
significant however. We will also ask your permission to store the blood sample you have donated
(1) for further study in this research project, and (2) for use in future research projects investigating
liver disease that are granted approval from a local Research Ethics Committee. If future
researchers are granted ethical approval then any blood samples used will be made anonymous so

you cannot be identified.

What will happen to results of the research study?
The results of any research will be published in the scientific literature. There will be no means of

identifying individuals within this.

Who has reviewed and given ethical approval for the study?
All research in the NHS is looked at by an independent group of people called a Research Ethics

Committee, to protect your safety, right, wellbeing and dignity.

Further information

If you have any questions please feel free to ask the study doctors directly at Southampton
General Hospital:

Dr. Theresa Hydes 02381 206671

Professor Salim Khakoo 023 8120 4004

Alternatively for independent advice you can contact ‘Involve’, a national advisory group, funded by
the National Institute for Health Research (NIHR), whose role is to support and promote active public
involvement in NHS, public health and social care research. Website: www.invo.org.uk/index.asp.
Tel 02380 651088.

Thank you for taking the time to read this leaflet
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S HJNlVERS'TY OF Uni ity H Asl South i m Medical
niversi ospital southampton Research
Oth amptOn J p NHS Foungatlon Trust MRC Council

Title of Project: Understanding the role of natural killer cell tolerance in the liver in determining
outcomes for chronic liver disease

REC Submission No: 137013
Name of Researcher: Salim Khakoo
Version No & date of issue: Version 2, 09/09/16

Patient Identification Number for this research:

CONSENT FORM - PRIMARY BILIARY CIRRHOSIS

Please
initial
box

1. | confirm that | have read and understand the information sheet (Version 3, dated 01/08/16) for
the above study. | have had the opportunity to consider the information, ask questions and have
had these answered satisfactorily.

2. lunderstand that my participation is voluntary and that | am free to withdraw at any time
without giving any reason, without my medical care or legal rights being affected.

3. lunderstand that relevant sections of my medical notes and data collected during the study may
be looked at by individuals from the Clinical and Experimental Sciences Academic Unit at the
University of Southampton, from regulatory authorities or from the NHS Trust, where it is relevant
to my taking part in this research. | give permission for these individuals to have access to my
records.

4. | give permission to have an additional sample of blood taken and examined as part of this
study.

5. | give permission for anonymised blood samples, in addition to clinical data to be stored securely
for the purpose of this research in the Clinical and Experimental Sciences Academic Unit at the
University of Southampton for the duration of this study

6. | give permission for anonymised blood samples donated for this study to be stored in a Human
Tissue Authority approved tissue bank at the University of Southampton following the completion
of this study, with the understanding that these may be used in future research projects related
to the investigation of liver disease, providing that specific study protocols have received local
Research Ethics Committee approval.

7. | give permission for DNA analysis to be carried out on the collected samples.

8. | agree to take part in the above study.
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Name of Participant Date Signature

Name of Person Date Signature
taking consent.

1 for patient, 1 for researcher, 1 to be kept with the hospital notes
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A.3 Additional results

Supplementary results from RNA sequencing data of liver-resident CXCR6+ and CXCR6- NK

cells
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Appendix Fig 1 Primary Component Analysis plots of CXCR6+ (n=3) and CXCR6- (n=4)
samples examined.
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Appendix Fig 2 Heat map generated using RNA-seq data displaying the top 100 differentially
expressed genes between liver-resident CXCR6+ and CXCR6- NK cells.
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Linear regression for levels of pSTAT4 and surface expression of CXCR6 and CD49a
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Appendix Fig 3 Linear regression for levels of pPSTAT4 and surface expression of CXCR6 and
CD49a for individuals with haemochromatosis, PBC and healthy controls at rest and following
stimulation with increasing concentrations of I1L-12
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A.4 List of Reagents

o3 © »® No

- O

12.
13.
14.
15.
16.
17.
18.
19.

20.

21.

Phosphate Buffered Saline, 0.0067 M PO, without Ca + Mg, BioWhittaker, Lonza, Belgium, Cat
BE17-516F

Roswell Park Memorial Institute Medium 1640 (1X) + GlutamMAX-I, Gibco, Life Technologies,
UK, Cat. 61870-044

Dulbecco's Modified Eagle Medium (1X) + 4.5g/I D-Glucose, -L-Glutamine, -Pyruvate, Gibco,
Life Technologies, UK, Cat. 11960-085

AIM-V Medium, +L-Glutamine, + 50ug/ml Streptomycin sulfate, + 10ug/ml Gentamicin sulfate,
Gibco, Life Technologies, Lot No. 1722762, Cat. 12055-083

Fetal Bovine Serum, Hyclone, South American origin, ThermoScientific, Northumberland, Cat
SV30180-03

Penicillin, Streptomycin, Glutamine, Gibco, Life Technologies, UK, Cat. 10378-016

Dimethly sulfoxide, Sigma, Cat. D8418

Ficoll-Paque PREMIUM, GE Healthcare Life Sciences, Sweden, 17-5442-03

Bovine Serum Albumin, Sigma, Cat. A2153

. Sodium Azide, Sigma, Cat. S2002-100G
. Human Serum, Lot No. SLBK1550V, from male AB clotted whole blood, USA origin, Sigma,

Cat. H6914

HEPES 299.5% titration, Sigma, Cat. H3375

EGTA, Sigma, Cat. 34596

TIV Collagenase from Clostridium histolyticum, 2125CDU/mg, Sigma, Cat. C5138

Calcium Chloride, Sigma, Cat. 223506

UltraPure 0.5M EDTA, pH 8.0, Invitrogen, Cat. 15575-020

LS Columns, Miltenyi Biotec, Cat. 130-042-401

TRI Reagent Solution, RNA isolation reagent, Ambion, Cat. AM9738

BD Cytofix, Fixation Buffer (4.2% formaldehyde), Lot No. 5163547, BD Biosciences, Cat.

554655

BD Phosphoflow, Perm Buffer 1l (87.68% Methanol), Lot No. 5075568-1, BD Biosciences, Cat.

558050

BD Cytofix/Cytoperm Plus, Fixation/Permeabilisation Kit with BD GolgiStop, Lot No. 5103563,

BD Biosciences, Cat. 554715

e BD Cytofix/Cytoperm, Fixation and Permeabilisation solution (4.2% formaldehyde), BD
Biosciences, Cat. 51-2090KZ

e BD Perm/Wash, 10X, Buffer, BD Biosciences, Cat. 51-2091KZ
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BD GolgiStop, Protein transport inhibitor, BD Biosciences, Cat. 51-2092KZ

22. Foxp3 Staining Buffer Set, eBioscience, Cat. 00-5523-00

Fixation/Permeabilisation Concentrate, eBioscience, Cat. 00-5123-43
Fixation Permeabilisation Diluent, eBioscience, Cat. 00-5223-56

Permeabilisation Buffer, 10X, eBioscience, Cat. 00-8333-56

23. CellTrace CFSE Cell Proliferation Kit, Molecular probes, Life Technologies, Cat. C34554

24. Intracellular antibodies

Anti-human IFNy-APC, 1:10, Clone B27, Lot No. B200216, Biolegend Cat No. 506510
Anti-human pSTAT4-AF647, 1:2.5, Clone pY693, Lot No. 5247620, BD Biosciences, Cat
No. 558137

Anti-human T-bet-BV421, 1:100, Clone 4B10, Lot No. B204996, Biolegend, Cat. 644815
Anti-human Eomes-efluor660, 1:100, Clone WD1928, Lot N0.4278546, eBioscience, Cat.
50-4877

24. Human Cytokines

Recombinant human IL-2, Lot No. 051212, PeproTech, UK, Cat No. 200-02
Recombinant human IL-12 (p70), Lot No. 0707S96-4, PeproTech, UK, Cat No. 200-12
Recombinant human IL-15, Lot No. EA5412071, R&D Systems, Oxford, UK, Cat No. 285-
IF-100

Recombinant human IL-18, Lot No. 114, Medical and Biological Laboratories Ltd, Japan,
Cat No. B001-5

25. BD CompBeads, Anti-Mouse Ig, k / Negative Control, Compensation Particles Set, BD
Biosciences, Lot. 4101845, Cat. 552843
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A.5 Accompanying Material

BB

SOCIETY FOR NATURAL IMMUNITY

a0rmina (Vi

NK 2016 (2016)

ABSTRACT BOOK

A comparison of CD49%9a+ and CXCRG6+ Natural Killer cell populations in the human liver reveals
distinct phenotypes suggestive of NK cell memory and migration

Theresa Hydes', Jennie Naftel', Mohammed AbuHilal', Thomas Ammstrong', Zaed Hamady', John
Primrose’, Arjun Takhar!_ Salim Khakoo'-

1. University of Southampton, Southampton, UK
2. University Hospital Southampton NHS Foundation Trust, Southampton, UK

Background: Selected NK cell populations exhibit ‘memory’ against haptens and viruses in mice, with
liver-specific adhesion molecules CXCR6 and CD49a acting as surface markers. NK cells expressing both
markers have been identified in the human liver. In both species cytokines can generate NK cells with
adaptive properties in the peripheral blood.

Aim: To compare liver resident CXCR6+ and CD49a+ NK cells in humans in terms of phenotype,
expansion and function and to assess the role of cytokines in generating NK cells with this phenotype.

Methods: Liver tissue was sampled from 52 patients with metastases. Paired peripheral blood samples
were obtained from 30 patients. Mononuclear cells were stained for surface markers and IFNy. To examine
cytokine-driven expansion paired blood and liver mononuclear cells were incubated with I1.-2/12/15/18 or
all four.

Results: CD49a+ and CXCR6+ NK cells comprised 7.6% and 65.3% of intrahepatic NK cells (<5%
circulation). Unlike the universal presence of CXCR6+ NK cells, CD49a+ NK cells were present in only
half of individuals. While not terminally differentiated, CD49a+ NK cells maintained high levels of KIR
and NKG2C suggestive of clonal expansion and licensing. whereas CXCR6+ NK cells were CD16-
CD161+CD69+KIR®*NKG2C*™. CD49a+ NK cells displayed enhanced IFNy production and expansion
following stimulation with all activating cytokines, including the cytokine cocktail compared to CXCR6+
NK cells. Interestingly expression of CD49a and CXCR6 could be induced on circulatory NK cells
following culture with IL-15 and IL-12 respectively. Cytokine-generated CD49a+ NK cells were
CD56"E*NKG2CH:[FNy™ 2" consistent with an activated memory-like phenotype, whereas CXCR6+ NK
cells were CDS6°"#NK G2C " FNy*™.

Conclusion: Human hepatic CD49a+ NK cells display features consistent with memory. whereas CXCR6
1s a likely marker of liver residency. Cytokine stimulation may allow the generation of memory-like NK
cells in the blood and induce their migration to the liver with therapeutic implications for viral hepatitis
and liver cancer.
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BASL Annual Meeting (2016)

Basic Science

Natural Killer cell hypersensitivity in Primary Biliary Cholangitis: a
novel mechanism for autoimmunity

THERESA HYDES !
! Lversy of Soushawpan
Introduction

GWAS studies have identified polymorphisms in the IL-12/STAT4 pathway as being significantly
associated with developing Primary Biliary Cholangitis (PBC). Natural Killer (NK) cells express the IL-12
receptor and respond to IL-12 stimulation through the STAT4 pathway. The healthy human liver is rich in
CXCR6+ NK cells and “adaptive” NK cells have been characterised in mice as being liver resident and,
expressing CD49a and the liver homing marker CXCR6. Human CD49a+ NK cells are mature and express
NKG2C. They constitute a clonally expanded population which display enhanced proliferative capabilities,
a Thi cytokine profile and hyper-responsiveness to inflammatory cytokines. They may thus represent an
“adaptive” NK cell population.

Aim
To assess the role of the IL-12-pSTAT4 axis in NK cells in PBC.

Method

PBMCs were isolated from 23 patients with PBC and age-matched haemochromatosis controls. NK cells
were analysed for surface markers (CXCR6, CD493, NKG2C), pSTAT4 and IFNy by flow cytometry at rest
and following stimulation with IL-12 and IL-15.

Results

PBC patients had more CD56%sight NK cells in the peripheral blood than controls (8.9% vs 6.4%, p<0.05).
Their circulating NEK cells expressed greater levels of CD49a (2.4% vs 1.4%, p<0.05), CXCRS6 (5.7% vs
2.4%, p<0.01) and higher resting levels of pSTAT4 compared to controls (5.4% vs 2.3%, p<0.05)
indicating an activated status. CXCR6 could be readily induced in PBC patients using small concentrations
of IL-12 (0.005ng/ml), increasing the frequency of CXCR6+ NK cells from 5.2 to 11.2% (PBC) vs 2.8 10
3.4% (controls), p<0.001. Consistent with increased baseline levels of pSTAT4, CD49a+ NK cells from
PBC patients responded better to low levels of IL-12 by secreting IFNy (4.3% vs 1.6%, p<0.01).
Furthermore CD49a+ and NEG2C+ NK cells could be generated in the peripheral blood in PBC more
easily using IL-15 (24.3% vs 12.5%, p<0.05) and IL-12 (11.5% vs 7.7%, p

Conclusion

Our data provide a functional correlate to the GWAS studies. NK cells from patients with PBC have
baseline activation of the IL-12/STAT4 pathway and exhibit hyper-responsiveness to IL-12 leading to the
generation of “adaptive™ NK cells that express the liver homing marker CXCR6. Hypersensitivity of
peripheral NK cells to cytokines in PBEC may lead to activated CXCR6+ NK cells homing to the liver and
causing biliary destruction. Blocking this pathway may provide a novel therapeutic target for PBC.
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DISTINCT NATURAL KILLER CELL POPULATIONS IN

THE HUMAN LIVER EXPRESS MARKERS OF NK CELL
MEMORY AND MIGRATION
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and Aims: The liver is thought to be a site of cytokine-
driven Natural Killer (NK) cell differentiation & memory-like NK cell
residence, Liver-specific adhesion molecules CXCR6 & CD49a act as
surface markers of memory-like NK cells in mice capable of
mounting a vigorous antigen specific response on re-exposure to
haptens & viruses. We aim to determine the existence CXCR6 &
CD49a +NK cells in humans, define their maturation status &
examine the role of cytokines in driving their differentiation
& proliferation.
Methods: Liver tissue was sampled from the margin of 40 patients
with metastases & flushed with chelating buffer followed by
collagenase or mechanical digestion. Paired blood samples were
taken from 16 patients. Mononuclear cells were isolated by ficoll
density separation & cell surface staining performed. To assess
proliferation paired peripheral blood & liver mononuclear cells were
stained with 5uM CFSE & incubated with IL-2/-12/-15/-18 or a
cytokine cocktail for 6 days (n = 9). Surface staining was performed on
day 0 & 6. Statistical analysis included median, IQR, Mann-Whitney U
& Wilcoxon signed rank test.
Results: CD49a+ & CXCR6+ NK cells comprised 6.5% & 68.3% of
intrahepatic NK cells with <5% of each in the peripheral blood.
CD49a + NK cells were present in only 50% of individuals. While most
were immature (CD16-) they maintained high levels of KIR (21.8%) &
NKG2C (12.9%) suggestive of clonal expansion & antigen experience.
(D49a +NK cells demonstrated other adaptive qualities including
enhanced proliferation post exposure to IL-15 & a cocktail of IL-2/12/
15/18. Interestingly CD49a expression could be induced by cytokines
on both hepatic & peripheral blood NK cells. Conversely CXCR6 + NK
cells were found in the liver at significant levels in all individuals &
were less mature than the CD49a + population. They expressed
low levels of KIR (4.7%) & NKG2C (6.5%) & did not proliferate in the
liver in response to cytokines. The expression of CXCRG6 could
however be induced on peripheral blood NK cells following culture
with IL-12 & IL-15. CD49a expression did not differ between CXCR6 &
liver NK cells.
Conclusions: Human hepatic CD49a+NK cells display features
which suggest their potential to exert memory-like behavior,
whereas CXCR6 appears to be a marker of liver residency. Cytokine
stimulation may be a key mechanism for generating NK cells with a
memory phenotype & inducing their migration to the liver. This has
therapeutic implications for the management of viral hepatitis & liver
cancer.
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Natural killer cell maturation markers in the human liver and
expansion of an NKG2C+KIR+ population

Theresa Hydes, Mohammed Abu hild, Thomas Armstrong, John Primr ose, Arjun Takhar, SdlimKhakoo

Abstract

Background Selected populadons of murine natural killer (NK) cells possess memory features o hapeens, cytokines, Pubished Oufne

and viruses. Liverspecfic adhesion molecules CXCR6 and CD49a have been identified as surface markers in mice.  Frénwy26 205

In people, expansion of long-lved terminally differentared NKG2C+ populations occur in the blood afier viral Posré8

mfecion. We aimed to compare imrahepati and blood NK cell recepror expression to determine the existence Usivenity of Southampton,
of CD49a+ and CXCR6+ NK cells in human Hver and define the maturation status of NKG2C+ NK cells at this stie.  Sovthampten, UK

Metnods Tissue samples were waken from the liver margin of 39 patients with hepatic metastases and flushed with  fopital Scuthamptos,
chelating buffer followed by collagenase or mechanicl digesvon. Patred peripheral blood samples were taken from UK Asubil MD,

15 patents, the remainder being unpatred. Mononuclear cells were tsolated by ficoll separation and cell surface [ /omrgMEES
staining performed for CD3, CD56, CD16, CD57, CD117, CD161, CD158a, CD158b, CD49a, CD49b, CXCR6, NKG2C, A TakbarMEES)

and NKp46. Staustical analysts to compare Intrahepatic and blood NK cell recepeor expression included the median,

IQR, and Mann-W hitney U est. Dr Therena Hydes, Unvenisy

Findings Frequendes of NK cell precursors were similar in the liver and the blood (0-91% [0-62-3-26] vs 0-87  LevelE South Acsdeesic Block,
[0-41-1-52; however, expresston of all later markers of matrity were reduced including CD16 (4756 [40-4-61-4] == s "ot
¥ 88-7 [B2-2-93-2], p<0-0001), CD57 (30-7% [25-0-53-9] »s 73-4 [70-4-87-6], p=0-0003), and KIR (11-2% smsewmix
[7-5-14-5] vs 26-7 [17-3-30-8], p<0-0001). Expanded hepatic CD16- NK cells were pandcularly immature with reduced  thersma@doctonomuk
CD57 and Increased CD161 compared with the blood. NKG2C+ NK cells were found in stmilar frequencies in liver and

blood. The hepatic NKG2C+ population was terminally differentiated, as in the drculavon, b demonstrated a three

fold Increase In KIR expression compared with NKG2C- counterpars, which was not seen in the blood. As in previously

published research in mice, CD4%+ and X CR6+ NK cells were liver resident (6-5% [3-9-14-6] liver s 2-1[1-3-4-3]

blood, p<0-0001, and 65-3 [48-1-75-2] s 4-5 [1-43-12-12], p=0-0039, respectively). Both populations were Immature,

with reduced KIR expression.

Interpretation We have shown that the Iiver contains an expanded populaton of immature CD16~ NK cells. These
cells might waffic from the blood and then differenttae im0 hepatic-spedfic CD49a+ and CXCR6+ NK cells.
The funcron of these subsets is unknown but thelr timmarurity hints against memory. Terminally differendared
NKG2C+ cells show KIR expansion in the human Hver and probably represent an antigen-experienced population,
raising the question of whether the Iiver 1s a stte of NK cell memory acquisition.
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