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Abstract

Natural killer (NK) cells are cytotoxic lymphocytes capable of rapidly
eliminating viral- and tumour-transformed cells. Fascinating earlier evidence
suggests an intrinsic capacity of natural killer (NK) cells to acquire features of
immunological memory in the context of cytomegalovirus (CMV) infection or
pro-inflammatory cytokine stimulation (CIML-NK). We and others have
identified that priming NK cells with specific cancer cell lines induces tumour-
primed NK (TpNK) cells, which are capable of lysing previous resistant cancer
cells and acquire features that resemble immunological memory. However,

tumour-memory NK cells remain far less studied.

Here, | generated memory-NK cells by cytokine and tumour-priming to find
commonalities, and better define the nature of NK cell “memory” in vitro and,
for the first time, in vivo. TpNK cells showed increased cytotoxicity against
multiple tumour cell lines in vitro, analogous to CIML-NK cells.
Multidimensional cytometry identified distinct memory-like profiles of subsets
of cells with memory-like characteristics; upregulation of CD57, CD69, CD25
and ICAM1. Proteomic profiling identified 170 proteins restricted to TpNK cells,
including proteins involved in mitochondrial survival, which translated into
enhanced metabolic function. NK cell homotypic interactions were studied as
a potential mechanism of activation, providing preliminary evidence that TpNK
cells engage in homotypic interactions with autologous NK cells and potentially
activate NK cells in a homotypical manner.

Finally, | provide evidence of the generation of tumour-memory NK cells in
patients with myeloid leukaemias both in vitro and in vivo as part of a clinical
trial (NCT05933070). The patients’ NK cells present a phenotype akin to the
one described in healthy donors previously and display enhanced cytotoxic
capacity and persistence over time, all in keeping with the characteristics of

tumour-memory NK cells.

To my knowledge, an in-depth characterisation of the effects of tumour-priming
in the generation of tumour-memory NK cells has not been done and highlights
the importance of further understanding tumour-memory NK cells for their

important implications in the context of cancer immunotherapy.
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Popular science abstract

Natural killer (NK) cells are a specific cell type of the immune system
specialised in killing cancerous cells and cells infected by viruses. They are
characterised by their ability to quickly kill target cells. This is because they do
not need to go through a learning process like other immune cells; their ability

to kill target cells is “innate” to them.

In the context of cancer, the immune system appears dysregulated, as
cancerous cells induce changes in their surroundings that confuse immune
cells into believing they are unnecessary. Despite that, these changes are
reversible, and scientists are constantly developing new techniques and
therapies that restore and aid the immune system so that it is effective again

in attacking cancer cells. This is called cancer immunotherapy.

The Lowdell lab has been focused on studying the interaction of NK cells with
cancer cells. They identified a cancer cell line called INB16 that had specific
properties; when INB16 is incubated with NK cells, these NK cells achieve an
intermediate state of activation that can be used for immunotherapy. These
NK cells are called tumour-primed NK cells (TpNK) and are currently used as

an experimental therapy for cancer patients.

In this thesis, | have further characterised TpNK cells by looking at what makes
them a good option for immunotherapy. This included looking at changes in
their proteins, as well as different experiments to test how they perform their
functions. | identified that these cells have indeed multiple benefits, which
provide them with an advantage in killing cancer cells. Furthermore, in this
thesis, we have also tested TpNK cells in a clinical trial in patients with blood
cancers and have shown that this treatment is safe and can be beneficial to

some patients.

Ultimately, understanding more about TpNK cells and how we can use them

to our advantage will help us develop better therapies for cancer patients.
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Impact statement

Immunological memory has been extensively studied in various types of NK
cells, yet the characteristics of tumour-memory NK cells remain largely
undefined. This thesis presents valuable insights into the generation of

tumour-primed NK cells with features of immunological memory.

This work highlights similarities and differences between tumour- and
cytokine-memory NK cells, providing important understanding into defining
commonalities in NK cell memory. This comparison is novel and contributes to

the understanding of the basic biology of the innate immune system.

The culmination of this research is the successful generation of tumour-
memory NK cells in patients with myeloid leukaemias in a clinical trial. The
evidence indicates that this approach is safe and well-tolerated, setting the

precedent for future clinical trials with similar protocols.

The findings of this research have important implications for both basic and
translational research, offering significant revelations into the biology of

tumour-memory NK cells.
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Chapter 1 Introduction

1.1 Basic Biology and Functions of Natural Killer Cells

Natural Killer (NK) cells were first identified in the 1970s and were
characterized by the presence of large granules in the cytoplasm and their
ability to “spontaneously” lyse tumour cells (Herberman, Nunn, & Lavrin, 1975;
Herberman, Nunn, Holden, et al., 1975; Kiessling, Klein, & Wigzell, 1975;
Kiessling, Klein, Pross, et al., 1975). They belong to the family of group 1
innate lymphoid cells (ILCs) and, in humans, form between 5 to 15% of the
total population of circulating lymphocytes, where they display a critical role in
infection, autoimmunity, transplantation, reproduction and tumour immune
surveillance (Spits et al., 2013). Once activated, NK cells exhibit direct
cytotoxicity against stressed cells and secrete cytokines like tumour necrosis
factor a (TNFa) and interferon y (IFNy) to modulate the functions of other
immune cells (Fauriat et al., 2010). NK cells share many characteristics with T
cells, including a common lymphocyte progenitor and their ability to mount
robust cytotoxic responses and cytokine secretion. Still, they remain distinct in
their ability to kill target cells without prior sensitization or major
histocompatibility complex (MHC) restriction (Narni-Mancinelli et al., 2011; J.
C. Sun & Lanier, 2011).

The importance of NK cells is illustrated by studies showing that the
impairment of these cells results in increased viral infections (Biron et al.,
1989; Eidenschenk et al., 2006), where complete NK cell deficiencies in
humans result in fatal infections during childhood (Orange, 2006). Impairment
of NK cells also increases susceptibility to developing tumours (Waldhauer &
Steinle, 2008), where individuals with less cytotoxic NK cells have an
increased risk of developing cancer (K. Imai et al., 2000).

1.1.1 NK cell subsets and development

Human NK cells are defined phenotypically by their expression of the neural
cell adhesion molecule (NCAM) CD56 and the lack of expression of the T cell

receptor CD3. According to the surface cell density of CD56, NK cells can be
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sub-categorised into CD569™ and CD569" which have different

characteristics and display different functions.

CD569™M NK cells are the more mature subset and comprise approximately
90% of circulating NK cells (Cooper et al., 2001). These cells express lower
levels of CD56 and the low-affinity IgG receptor CD16 and express high levels
of perforin and granzymes, making them primarily responsible for cytotoxicity.
They are highly efficient at forming conjugates with target cells and can induce
both direct cytotoxicity and antibody-dependent cell cytotoxicity (ADCC)
(Cooper et al., 2001). However, they have less ability to produce

immunoregulatory cytokines (Cooper et al., 2001; Jacobs et al., 2001).

CD56119ht NK cells account for 10% of peripheral blood NK cells and are more
immature than CD569™ NK cells. CD56"9" NK cells express high levels of
CD56 and little to no expression of CD16. They lack perforin and display
reduced cytotoxicity upon contact with target cells; instead, CD56"9" NK cells
are the predominant source of immunoregulatory cytokines like TNFa and
IFNy (Cooper et al., 2001).

Despite this classification, it is well known that NK cells are a very
heterogeneous cell type (C. Yang et al., 2019), which include subsets of tissue
resident NK cells (trNK). These are NK cells found in the liver, lungs, spleen
and uterus among other organs, that have unique tissue-specific markers and
are lineage distinct, requiring different transcription factors for their
differentiation (Hashemi & Malarkannan, 2020). While both conventional NK
cells and trNK cells share similar effector functions, studies indicate that trNK
cells are more specialised depending on the tissue where they reside
(Hashemi & Malarkannan, 2020). For example, uterine trNK cells have a role
in placental vascular remodelling, foetal growth and memory of pregnancy
(Lash et al., 2006; Matson & Caron, 2014). In the liver, their importance is
highlighted by the fact that liver trNK cells represent up to 30-50% of all
hepatic lymphocytes in contrast to 5-16% in PBMC (Racanelli & Rehermann,
2006). Functionally, it appears that liver NK cells are non-cytotoxic but produce
high levels of pro-inflammatory cytokines, suggesting they have different

functional characteristics and might contribute to liver inflammation and
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fibrosis (Martrus et al., 2017). While more studies are looking into trNK cells,

they remain far less studied than peripheral blood NK cells.

1.1.1.1 Stages of development

Initially thought to originate only in the bone marrow, it is now known that NK
cells can also develop from common lymphoid progenitors and mature in
secondary lymphoid tissues like the tonsils, spleen, and lymph nodes (Scoville
et al., 2017).

Freud and Caliguiri described a stepwise model for the development and
maturation of human NK cells, based on the expression of CD34, CD117,
CD94 and CD16 (Freud & Caligiuri, 2006). However, this model could not
explain the exclusive identity of progenitors committed only to NK cell

development.

The different stages of NK cell development are summarised in Figure 1.1.
Haematopoietic stem cells (HSCs) that are Lin"CD34*CD133*CD244" give
rise to the lymphoid-primed multipotential progenitors (LMPP); LMPP retain
CD34 expression and express CD45RA and CD10. The next stage gives rise
to the common lymphoid progenitor (CLP), important markers in this stage are
CD10 and CD7 (Sathe et al., 2017). Next, these cells lose CD34 expression
and acquire LFA1, which will give rise to the NK cell progenitor (NKP). Another
important marker in the distinction between CLPs and NKPs is CD127
(Renoux et al., 2015). NKPs express CD122, which is the 1L2/15 receptor 3
chain, allowing the NK cells to become responsive to IL15 which will enhance
their development, maturation and function (Cichocki et al., 2019). The
acquisition of CD94 characterises the next stage, representing the CD56"9nt
NK cell subset. Finally, the loss of CD94 and the acquisition of CD16 and KIR
gives rise to the CD569™ NK cell subset (Briercheck et al., 2009; Cichocki et
al., 2019).

The CD569™ subset of NK cells is a very heterogeneous mix of different
populations based on the expression of several markers, such as Killer cell
Immunoglobulin-like Receptors (KIR), CD94, NKG2A, CD62L, and CD57,

which indicate the maturation status of NK cells. Mature NK cells will
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downregulate NKG2A and CD62L and express KIR and CD57 (Bjorkstrom et
al., 2010; Lopez-Vergeés et al., 2010).

There is an ongoing debate on whether the linear model of NK cell
development is accurate, as it is unlikely to explain the vast heterogeneity
found in NK cells. Horowitz and colleagues have estimated that there are
between 6,000 and 30,000 distinct phenotypic populations within an individual
(Horowitz et al., 2013), which raises questions about the origin of these
populations, but no studies have been conducted so far.

NK cell NK cell
HSC LMPP CLP NKP CD56isht CD56%m
— - - i N N VT ¥
\ \ "/ ¢ N i £ \‘\ £ : \\\
— — | — | — | | — ( / )
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Lin CD34" CD34" CD34 CD34 CD34
CD34* CD45RA* CD45RA" CD45RA* CD94* CD94-
CD133* CcD10* CD10* LFAT* CD16- CD16*
CD244* CcD7* CD10*
CcD117* CD7*
cD127* cD117*
CD38* CD127°
CD123- CD38*

Figure 1.1. Stages of NK cell development

NK cells exhibit different maturational stages with distinct NK cell populations. HSC,
haematopoietic stem cells; LMPP, lymphoid-primed multipotential progenitors; CLP,

common lymphoid progenitor; NKP, NK cell progenitor. Created with Biorender.

1.1.2 NK cell recognition

NK cells were discovered in the mid-70s, but the mechanisms by which they
exerted cytotoxicity remained unknown for a long time. The first studies
regarding NK cell cytotoxicity came in the late 80s from Karre and Ljunggren,
when they observed that murine NK cells could kill targets with reduced or
absent MHC class | molecules and thus proposed the “missing-self’
hypothesis (Karre et al., 1986; Ljunggren & Karre, 1990). The search for the
intricacies of this mechanism led to the discovery of inhibitory KIRs, which
supported their hypothesis (Colonna & Samaridis, 1995; D’Andrea et al., 1995;
Karlhofer et al., 1992; Wagtmann et al., 1995).
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With more advances in the NK cell field, studies showed that the absence of
MHC class | was insufficient to trigger NK cell cytotoxicity (Costello et al., 2002;
Ruggeri et al., 2002); this was at a time when many NK cell activating receptors
were discovered and led to the formulation of the “dynamic equilibrium”
hypothesis, which explains that the balance of activating and inhibitory
receptors is what determines the final outcome (Brumbaugh et al., 1998).

When the minimal requirements for NK cell cytotoxicity are met, lysis can occur
irrespective of strong inhibitory signals (Bryceson et al., 2006; North et al.,
2007). It is well established that pre-activating NK cells with a cytokine such
as interleukin (IL) IL2 results in the generation of lymphokine-activated killer
cells (LAKs) that can exert cytotoxicity against previously resistant target
tumours (Frederick et al., 1997; Hoskin et al., 1989; Storkus et al., 1989). Thus,
if the NK cell meets the right combination of activating stimuli, it can exert

cytotoxicity even in the presence of inhibitory signalling.

NK cell receptors, including activating, maturation/differentiation, homing, and
inhibitory receptors, as well as their ligands, are summarised below (Figure
1.2).
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Figure 1.2. NK cell receptors and their ligands

NK cell receptors are represented on the left hand side; the right hand side represents

a transformed cell expressing NK cell ligands. Created with Biorender.
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1.1.2.1 Activating receptors

The Natural cytotoxicity receptors (NCRs) are amongst the major activating
NK cell receptors and comprise NKp46, NKp44 and NKp30. NKp46 and
NKp30 are expressed in resting NK (rNK) cells and are upregulated in
activated NK cells; NKp44 is only expressed constitutively in CD5619ht NK
cells and is upregulated in all NK cells when activated. Various ligands interact
with the NCRs; some are virus-derived and interact with viral-infected cells like
the influenza virus-derived HA recognized by NKp46 or NKp44. Others like
BAT3/BAG6, MLL5, and PCNA are expressed in cells in response to stress or
during tumour transformation (Sivori et al., 2019). B7-H6 is another NKp30

ligand expressed on the surface of tumour cells (Brandt et al., 2009).

Another important activating receptor on NK cells is NKG2D, a type |l
transmembrane and C-type lectin-like receptor expressed constitutively on NK
cells; its ligands are ULBP1-6 and MICA/B, which are Human Leukocyte
Antigen (HLA) class | structural homologs that are upregulated in infected,

stressed, and cancer cells (Bauer et al., 1999).

NKG2C is an HLA-specific activating receptor that forms a heterodimer with
CD94 and binds to HLA-E with low affinity (Valés-Gomez et al., 1999).
CD94/NKG2C is involved in the response to human cytomegalovirus (HCMV)
and is highly expressed in these individuals (Guma et al., 2006; Lopez-Verges
et al., 2011a).

CD69 is a membrane-bound, type Il C-lectin receptor; it is a classical early
marker of lymphocyte activation and is rapidly induced in NK cells shortly after
activation (Borrego et al., 1999). The ligand for CD69 was unknown for a long
time, but is now known to interact with Galectin (Gal)-1 (de la Fuente et al.,
2014); Gal-1 is a carbohydrate-binding protein expressed in dendritic cells and

macrophages.

Other NK cell activation markers include the IL2Ra chain or CD25, which,
together with the IL2/15RB3-chain (CD122) and the common y-chain (CD132),
form the high-affinity IL2 receptor. This increases the affinity for IL2, which
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drives proliferation and enhanced cytotoxicity (Caligiuri et al., 1990, 1993; S.-
H. Lee et al., 2012; Minami et al., 1993).

Other molecules, including 2B4 (Sivori et al., 2000), DNAM-1 (Shibuya et al.,
1996), NKp80 (Vitale et al., 2001), and CD2 (Selvaraj et al., 1987), act as co-
stimulatory molecules amplifying the NK cell triggering induced by NCRs or
NKG2D.

The Fcy receptor CD16, is the only receptor that can mediate direct cytotoxicity
without the need for other molecules (Bryceson et al., 2006). It recognises the
Fc portion of Immunoglobulin (Ig) G-coated target cells and induces ADCC
(Ochoa et al., 2017). High expression of CD16 is also a marker for NK cell
terminal differentiation and is restricted to CD569™ KIR* NK cells.

The NK cell death receptors include Tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL) and its receptors TRAIL-R1/2/3
(Falschlehner et al., 2009; Wiley et al., 1995); and Fas ligand (FasL) in the NK
cell and its receptor Fas in the target cell (Ashkenazi & Dixit, 1998). Ligation

via death cell receptors induces caspase-mediated apoptosis in the target cell.

1.1.2.2 Inhibitory receptors

Inhibitory KIRs (iKIR) are HLA class I-specific inhibitory receptors with type |
transmembrane receptors specific for polymorphic HLA-A, B and C molecules
(Moretta et al., 1996). To transduce the inhibitory signals, they contain ITIM
motifs in their cytoplasmatic tails (Moretta et al., 1996). Activating KIRs (aKIR)
have also been described, but there is limited knowledge about them (Moretta
et al., 1995). Inhibitory KIRs contain long cytoplasmic tails, whereas activating

KIRs have short cytoplasmic tails (“L” or “S” in the nomenclature, respectively).

Another HLA-class I-specific inhibitory receptor is NKG2A, which
heterodimerises with CD94. NKG2A is a type Il transmembrane receptor that
recognizes HLA-E, a non-classical HLA molecule. Like KIR molecules, it
contains ITIM motifs in its cytoplasmic tail to transduce inhibitory signals
(Braud et al., 1998; Moretta et al., 1996).

Besides the HLA class | specific inhibitory receptors, NK cells contain various

other inhibitory receptors. Some of those are absent in healthy cells but can
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be induced in the context of disease to facilitate immune escape. These
include receptors like TIM3 (Golden-Mason et al., 2013), TIGIT (X.-M. Zhou et
al., 2018), LAG3 (Miyazaki et al., 1996), KLRG1 (Huntington et al., 2007), and
LAIR1 (Meyaard et al., 1997).

1.1.2.3 Homing receptors

The regulation of NK cell trafficking throughout the body relies on a complex
interplay of chemokines, chemokine receptors, and adhesion molecules.
Among these adhesion molecules, ICAM1 is a key facilitator of leukocyte
migration by binding to LFA1 (Barber et al., 2004; Chong et al., 1994; Wee et
al., 2009). CD62L is another important receptor belonging to the adhesion
molecule family, which enables lymphocyte trafficking in and out of the
bloodstream by promoting rolling and adhesion to the blood vessel wall
(Bevilacqua, 1993).

1.1.2.4 Maturation/differentiation markers

The significance of the CD57 expression on NK cells remained elusive for a
long time. In CD8+ T cells, CD57 was regarded as both a marker of terminal
differentiation and a marker of senescence (Kern et al., 1996), which is why
its role in NK cells remained unclear. Nowadays, it has been well established
that CD57 is a marker of terminally differentiated NK cells. Studies have shown
that CD57* NK cells have a receptor repertoire that suggests maturation; these
NK cells are CD569™ KIR* and CD16*. Furthermore, CD57* NK cells
proliferate less and have an enhanced capacity to secrete IFNy and induce
lytic potential, all in keeping with a phenotype of terminal differentiation
(Bjorkstrom et al., 2010; Lopez-Verges et al., 2010). This is further supported
by observations that 30-60% of CD569™ CD16P"9" NK cells express CD57,
which is not observed in immature CD56°"9" NK cells (Lanier et al., 1983;
Nagler et al., 1989). Furthermore, foetal and newborn NK cells do not express
CD57 (Abo et al., 1984), and CD57 expression in NK cells increases with age
(J. Merino et al., 1998; Tilden et al., 1986).
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1.1.3 NK cell cytotoxicity

NK cells can lyse cancerous or virus-transformed cells by recognising different
ligands on the surface of these cells. Once the NK cell has committed to
eliminate a viral infected or transformed cell, there are three main mechanisms
to induce cell death: the release of cytotoxic granules containing perforin and
granzymes; the induction of death receptor-mediated apoptosis by expressing
TRAIL or FasL and via ADCC. In addition, NK cells will secrete an array of
cytokines like TNFa and IFNy that will modulate other immune cell responses
(Figure 1.3).
Releasg?aonfutlzzéotoxic

Death receptor-
mediated apoptosis

FasL
TRAIL

Granzyme B
Perforin

Y TNF-a

Immunomodulatory
properties

Antibody-dependant
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Figure 1.3. NK cell cytotoxicity

NK cells can exert direct cytotoxicity against target cells through the release of
cytotoxic granules like perforin and granzyme B, through the engagement of death-
cell receptors in the surface of cancer cells, and via antibody-dependent cell
cytotoxicity through the recognition of the Fc portion of IgG with CD16. NK cells can
also exert indirect cytotoxicity via the release of TNFa and IFNy, which will have anti-

tumour functions and modulate other immune responses. Created with Biorender.
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1.1.3.1 Direct cytotoxicity
1.1.3.1.1 Release of cytotoxic granules

NK cells exert their cytotoxic effect mainly through the targeted release of lytic
granules containing granzymes and perforin, which are synthesized under
tight regulation. Granzyme B has been the most extensively studied in relation
to NK cells, despite the existence of other granzymes. Granzyme B is a serine
protease whose substrates are caspase-3 and caspase-7 in the target cell,
inducing caspase-dependent cell death; they can also kill by cleavage of Bid,
which relocates to the mitochondria and cause a series of events that lead to
cell apoptosis (Fischer et al., 2003; Krzewski & Coligan, 2012; Salcedo et al.,
1993; Sutton et al., 2000).

NK cells follow different steps to recognise the target, where the formation of
the immunological synapse is considered the main event, culminating with the
secretion of preformed lytic granules. This requires the coordination of different
elements, including cytoskeleton reorganisation (Mace et al., 2014). A crucial
step is the ligation of LFA1 on the NK cell, leading to F-actin reorganisation
(Mace et al., 2009, 2010). The next step begins with the preformed lytic
granules moving along microtubules and converging in the microtubule
organizing centre (MTOC) (Mentlik et al., 2010). At the synapse, perforin
monomers will aggregate and form pores in the membrane, allowing granzyme
B to travel inside the cell and trigger apoptosis (Leung et al., 2017; Lopez et
al., 2013). As an alternative mechanism, it has been proposed that granzymes
are taken up by the target cell via endocytosis, which is facilitated by the
binding of granzyme B to the mannose 6-phosphate receptor. Once inside the
target cell, perforin facilitates the breakage of the endocytic vesicle so that

granzyme B can be released (Froelich et al., 1996; Thiery et al., 2011).

1.1.3.1.2 Death receptor-mediated apoptosis

NK cells can also induce death via the expression of FasL or TRAIL on their
surface. FasL (CD95L) is a transmembrane protein which, upon expression,
links to Fas (CD95) on the target cell and thus activate the apoptotic cascade.

FasL is stored in secretory granules distinct from the ones containing perforin
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and granzymes, and its expression relies on NK cell degranulation (Bossi &
Griffiths, 1999; Peter & Krammer, 2003). TRAIL is also a transmembrane
protein, which binds to different TRAIL receptors; TRAIL-R1 and TRAIL-R2
induce apoptosis on the target cell, TRAIL-R3, TRAIL-R4, and osteoprotegerin
induce NF-kB signalling (von Karstedt et al., 2017). However, how TRAIL is
stored in NK cells or under what conditions it is induced onto the NK cell
surface is unknown. It is also unknown how a target cell can induce surface

expression of TRAIL in the synapse.

1.1.3.1.3 Antibody-dependant cell-cytotoxicity

ADCC is a granule-mediated form of NK cell killing. Its ability to function
without requiring multiple receptor/ligand interactions between the NK and
target cells sets it apart. Rather, it depends on recognising the Fc portion of an
IgG on a coated target cell. This is achieved via the Fc receptor expressed by
NK cells (FcyRIIl or CD16) binding to the Fc portion of the antibody, which will
precede the release of perforin and granzyme by the NK cell (Romee et al.,
2013).

1.1.3.2 Immunomodulatory properties of NK cells

NK cells are potent producers of pro-inflammatory and immunosuppressive
cytokines, which modulate various other immune responses. Although they
can produce a wide range of cytokines, they primarily secrete Th1-type
cytokines, which include IFNy, TNFa and granulocyte/ monocyte colony-
stimulating factor (GM-CSF). NK cells also produce chemotactic cytokines
called chemokines, including CCL3 (MIP-1a), CCL4 (MIP-1B8), CCL5
(RANTES), and CXCLS8 (IL8), which attract effector cells to inflamed tissues.
These secreted cytokines will have anti-tumour and anti-viral functions but will
also modulate other immune cells like neutrophils, T cells, B cells, and
monocytes (Abel et al., 2018; Cichicki et al., 2016; van den Bosch et al., 1995).
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1.2 Natural Killer Cell Priming

Although it was once believed that resting NK cells were capable of
“spontaneous” lysis of tumour cells, it is now known that NK cells need to be
primed to exert cytotoxicity fully, which can be achieved through various

mechanisms (Figure 1.4).

Pro-inflammatory cytokines remain among the most used mechanisms to
prime NK cells ex vivo. This is achieved by exposure to cytokines like IL2 or
IL15, generating LAK cells which exhibit enhanced killing of tumour target cells
or the secretion of pro-inflammatory cytokines (Bryceson et al., 2006; Ferrini
et al., 1987; Rosenberg et al., 1987).

Alternatively, we and others have shown that NK cells can be primed by
interacting with certain tumour cells; the Lowdell group described that when
an NK cell that comes into contact with the acute lymphoblastic leukaemia
(ALL) cell line CTV-1 or its cloned daughter cell line INB16, this generates
tumour-primed NK cells (TpNK) that are capable of killing NK-resistant tumour
cell lines, primary leukaemias and solid tumours, in HLA-matched, allogeneic
or autologous settings (North et al., 2007). The priming cell presents an
appropriate ligand combination to prime the NK cells without triggering its
cytotoxicity. A critical receptor/ligand combination identified for tumour-
mediated NK cell priming is via CD2 binding on the NK cell to CD15 on INB16
(North et al., 2007; Sabry et al., 2011). In this interaction, CD16 is shed, leading
to the release of CD3¢. Subsequently, CD3( binds to the intracellular domain
of CD2 in the NK cells, forming a complex with CD15 in INB16. This interaction
results in the phosphorylation of CD3(, LAT, and STATS, ultimately reducing
the threshold signalling required for NK cells to exert cytotoxicity (Sabry et al.,
2011). Others have also determined how NK cells can be activated by cancer
cell lines. Dufva and colleagues uncovered distinct NK cell activation patterns
and molecular phenotypes on NK cells primed with cell lines from
haematological cancers, ranging from more sensitive myeloid to less sensitive

B-lymphoid cancers (Dufva et al., 2023).
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NK cells can also be primed by interacting with other cells from the immune
system cells, mainly DCs. DCs trans-present cytokines like IL15 or IL2 to NK

cells to activate them, in turn inducing DCs maturation (Moretta, 2002).

NK cell priming has also been described in the context of NK-to-NK cell
homotypic interactions. NK cells have been seen to trans-present IL2 to
neighbouring NK cells in a homotypical manner to ensure IL2 availability in a
challenging tumour microenvironment (TME) (M. Kim et al., 2017; T.-J. Kim et
al., 2014), but these interactions have been very ill-defined. Our group has
provided some evidence where, in the context of tumour-priming, patients with
acute myeloid leukaemia ( AML) who received allogeneic tumour-primed NK
cells displayed primed autologous NK cells after treatment, which could only
be explained by the donor NK cells priming the patient’s NK cells (Fehniger et
al., 2018; Kottaridis et al., 2015). In this thesis, | further explore this
phenomenon by providing evidence of NK-NK homotypic interactions in the

context of tumour-priming.
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Figure 1.4 Mechanisms of NK cell priming

NK cells can be primed through various mechanisms. Exogenous pro-inflammatory
cytokines like 1L2/12/15/18/21 can prime NK cells ex vivo and generate NK cells with
enhanced cytotoxic capacity. Tumour-priming is achieved by the interaction of specific
receptor-ligand interactions between the cancer cell and the NK cell. DCs prime NK
cells by trans-presenting IL2 or IL15 which in turn induces DC maturation. NK-NK
homotypic priming occur by an activated NK cell trans-presenting IL2 to a
neighbouring NK cells. Created with Biorender.
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1.3 Natural Killer Cell Memory

New evidence has emerged in the past decade demonstrating that specific
populations of NK cells exhibit properties similar to immunological memory,

formerly only attributed to the adaptive immune system.

In the adaptive immune system, specific naive T cells are stimulated when
they recognise an antigen and expand to generate daughter cells with effector
functions. Most of these expanded T cells undergo apoptosis leaving behind
an array of memory cell subsets, which reside in tissues and patrol through
the body to identify the same antigen in the future. If that happens, the recall
phase starts, in which the T cell robustly expands to fight the same antigen

again (Pennock et al., 2013).

Until recently, the memory and recall phases characteristic of the adaptive
immune system had not been described in NK cells; however, there is
mounting evidence that some subsets of NK cells display an array of
responses corresponding to these phases. The first evidence on NK cell
memory was described in response to various haptens. Mice lacking T and B
cells but not NK cells developed contact hypersensitivity responses to haptens
that persisted for several weeks. The transfer of NK cells from sensitised mice
to unexposed mice resulted in contact hypersensitivity responses upon a
second exposure to the same hapten (O’Leary et al., 2006; Paust et al., 2010).
Since then, NK cells with characteristics of immunological memory have been

described under different conditions, which are covered next (Table 1.1).
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Adaptive NK cells

CIML-NK cells

Tumour-memory
NK cells

Mode of Viral infection Exposure to Priming with

generation IL12/15/18 tumour specimen

Phenotype NKG2C* CD57" CD25" CD94N Depending on
CD25" NKG2A NKG2A" CD69" priming agent
FCeRy NKp46"

Functional tIFNy production 1 IFNy production 1 IFNy production

characteristics

1ADCC

1 anti-tumour

1 anti-tumour

cytotoxicity cytotoxicity
Antigen Viral-encoded Unlikely ?
dependence proteins
Epigenetic Yes Yes ?
modulation

Table 1.1. Overview of various forms of human memory NK cells

Table shows the differences between adaptive NK cells, cytokine-induced memory-

like NK cells and tumour-memory NK cells.

1.3.1 Adaptive NK cells

The first evidence of memory properties in NK cells came from studies in
murine cytomegalovirus (MCMV) infections. Sun and colleagues observed
that NK cells bearing the virus-specific Ly49H receptor proliferated and
showed antigen specificity towards the mCMV-encoded glycoprotein m157,
resembling characteristics of immune memory. Furthermore, the infection with
an mCMV strain lacking m157 did not induce the expansion or development
of memory NK cells. These NK cells also persisted over time and showed
enhanced responses upon a secondary mCMV exposure (J. C. Sun et al.,

2009). These NK cells were termed “adaptive” NK cells.

Similar observations were made in humans, where CMV* individuals present
enriched NKG2C* populations of NK cells that are long-lived and show

enhanced secondary responses against CMV-infected target cells compared
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to “naive” NK cells (Béziat et al., 2013; Foley et al., 2012; Lopez-Verges et al.,
2011a).

Adaptive memory-like NK cells are mainly characterised by their high
expression of NKG2C; other surface markers identified include CD57" CD25M
and NKG2A- (Béziat et al., 2013; Foley et al., 2012; Lopez-Verges et al.,
2011b; J. C. Sun et al., 2009).

These adaptive NK cells are potent secretors of IFNy, and show enhanced
cytotoxicity in secondary responses to viral infected cells but only in an

antibody-dependent manner (J. Lee et al., 2015).

There is evidence that adaptive NK cells are imprinted at the epigenetic level.
In the setting of transplantation, patients who received NKG2C* NK cells from
CMV-seropositive donors showed heightened function in response to primary
CMV infections compared to patients who received NKG2C* NK cells from
seronegative donors (Foley et al., 2012). In CMV-seropositive donors, specific
populations of expanded NK cells display an imprinted KIR repertoire
expressing self-specific iKIRs, contrary to a random expression of KIR
molecules in CMV-seronegative donors (Béziat et al., 2013). Other
observations point to epigenetic imprinting of the CNS1 region of the IFNG
locus in NKG2C expanded adaptive NK cells, which leads to consistent IFNy
production (Luetke-Eversloh et al., 2014), as well as lack of the signalling
proteins FceRly, SYK and EAT-2, because of promoter DNA hypermethylation.
This was associated with a reduction of the transcription factor PLZF (J. Lee
et al., 2015; Schlums et al., 2015). These epigenetic changes might explain
why adaptive NK cells can persist in the body, as these characteristics might

be passed onto the progeny.

More characteristics of adaptive NK cells confirming immunological memory
have been unravelled in recent years. The Romagnani group recently
elucidated the mechanism by which adaptive NK cells are capable of antigen-
induced expansion; the binding of the human CMV (hCMV) UL-40-derived
peptide to HLA-E stabilises HLA-E onto the surface of hCMV infected cells,
which is recognised by NK cells to drive their expansion. This did not occur

with other hCMV-derived peptides since HLA-E was not stabilised onto the
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surface with the same capacity, and thus, NK cell recognition was hampered
(Hammer et al., 2018). These findings partly resolve the mystery of how
adaptive NK cells recognise infected cells independent of antigen-receptor
diversification. Furthermore, work from the same group demonstrated clonal
expansion of adaptive NK cells in hCMV* individuals, where adaptive NK cells
clonally persist in a memory state (Ruckert et al., 2022).

1.3.2 Cytokine-induced memory-like NK cells

Memory NK cells can be generated in the context of cytokine priming. This
phenomenon was first observed in mouse NK cells activated ex vivo with the
triple cytokine cocktail IL12/15/18. These NK cells persisted for several weeks
after being transferred back into the mice and showed enhanced IFNy
secretion after restimulation ex vivo (Cooper et al., 2009). These cells were
termed cytokine-induced memory-like (CIML) NK cells.

Similar experiments have been performed in humans where NK cells were
activated in vitro with 1L12/15/18 and rested for one week in low-dose IL15 to
allow for differentiation. After this rest period, these CIML-NK cells show
enhanced cytotoxicity and IFNy secretion upon cytokine restimulation
compared to control NK cells, both against cancer cell lines and primary
leukemic blasts (Romee et al., 2012, 2016).

CIML-NK cells have been characterised by their surface marker expression as
CD25" CD94" NKG2AM CD69" NKp46" (Cooper et al., 2009; Romee et al.,
2012, 2016).

A potential mechanism involved in this enhanced function is through the
increased expression of CD25 and increased STATS phosphorylation that
CIML-NK cells show over time, allowing these cells to respond to picomolar
concentrations of IL2, which translates to enhanced functional responses
(Leong et al., 2014). Epigenetic imprinting, akin to adaptive NK cells, has been
observed in CIML-NK cells, elucidating their augmented functionality.
Specifically, demethylation of the CNS1 region of the IFNG gene has been
identified as a critical contributor to the stabilization of the IFNy-producing
phenotype (Luetke-Eversloh et al., 2014; Ni et al., 2016).
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1.3.3 Tumour-memory NK cells

The generation of tumour-primed NK cells has been defined by the Lowdell
group and others (Dufva et al., 2023; North et al., 2007), and it has become
evident that TpNK cells exhibit characteristics of immunological memory (Pal
et al., 2017). As described by the Lowdell group, upon exposure to certain
cancer cell lines, NK cells become primed so that if exposed to a second cell
line, they display enhanced cytotoxicity and cytokine secretion resembling
memory properties (Sabry et al.,, 2019). These NK cells retain enhanced
cytotoxic properties even after cryopreservation (North et al., 2007). Pal and
colleagues generated tumour-memory NK cells by exposing NK cells to ALL
cell lines or primary specimens, which, after a period of rest, exhibited
enhanced cytotoxicity and cytokine production. This was only evident after the
NK cells were exposed to the same cells used at the priming stage, showing
some degree of specificity (Pal et al., 2017).

Tumour-memory NK cells exhibit a distinct phenotypic signature, dependent
upon the priming agent utilised (Dufva et al., 2023). However, commonalities
are identified, and these cells have a phenotype reminiscent of highly activated
NK cells, marked by CD69"9" and CD25"9" expression (Pal et al., 2017; Sabry
et al., 2019). When NK cells come into contact with a cancer cell, they are
differentially “imprinted” according to the cancer target cells used for priming.
Common genes reported overexpressed are associated with enhanced NK
cell cytotoxicity and immunomodulatory functions, in keeping with their
phenotype of activated NK cells and their superior cytotoxic capacity (Dufva
et al., 2023; Pal et al., 2017; Sabry et al., 2019). Despite changes in the
genome, it is currently unknown whether the exposure of NK cells to cancer
cells induces epigenetic changes similar to what has been described in other

types of memory-NK cells.

Contrary to adaptive and CIML-NK cells, the effects of tumour-priming on NK
cells and how this leads to NK cell memory have been ill-defined. The primary
focus of this thesis is to provide more insights into the generation of tumour-

memory NK cells and how it compares to other types of NK cell memory.
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1.4 Natural Killer cells and Cancer
1.4.1 Cancer immunosurveillance by NK cells

The theory of cancer immunosurveillance, postulated by Burnet in 1970,
proposed that immune cells constantly survey the body in search of newly
transformed cells (Burnet, 1970). However, it soon became apparent that
cancer immunosurveillance was only one dimension of the complex
relationship between the immune system and cancer. This led to the cancer
immunoediting hypothesis, postulated by Dunn and colleagues (Dunn et al.,
2004), which states a dynamic interaction between immune cells and cancer
cells. They defined cancer immunoediting as a process consisting of three
phases: elimination, equilibrium and escape. In the elimination phase, the
immune system cells that carry out immune surveillance may eradicate the
tumour and protect the host. If this fails, the tumour enters an equilibrium
stage, which is either maintained chronically or sculpted by immune “editors”.
This is due to new mutations arising that confer cancer cells with increased
resistance to the immune system. These new cancer variants eventually

evade the immune system and escape (Dunn et al., 2004).

To identify viral- or tumour-transformed cells, NK cells sense changes in the
surface of target cells, such as the downregulation of MHC class | molecules,
as well as the recognition of non-MHC class | molecules like collagen and
glycans, which are also crucial for NK cell discrimination of self (Boudreau &
Hsu, 2018). Other ligands associated with aberrant cells include the
expression of MICA/B proteins and the UL16-binding proteins which are
recognised by NKG2D (Mistry & O’Callaghan, 2007).

The increased tumour incidence in humans and experimental models that
show impaired NK cell function highlight the importance of NK cells in cancer
immunosurveillance (Dewan et al., 2007). A prospective 11-year follow-up
study on a cohort of 3,625 individuals demonstrated that high cytotoxic NK cell
function was associated with reduced cancer risk, whereas low NK cell activity

was associated with increased cancer incidence (K. Imai et al., 2000).
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While NK cells have been proven very successful in eliminating
haematological malignancies, the infiltration into solid tumours remains poor.
Intratumoral accumulation and persistence in an activated state are two key
parameters for NK cell efficacy in solid tumours, which are usually challenged
due to impaired trafficking into tumour sites and a suppressive TME (Tong et
al., 2022).

1.4.2 Tumour evasion of NK cells in haematological malignancies

In the 2011 version of Hallmarks of Cancer (Hanahan & Weinberg, 2011),
‘evasion of the immune system’ was included for the first time as an ‘emerging
hallmark of cancer’; in the 2022 edition, it was reclassified to ‘core hallmark’,
which underscores the critical role of immune dysfunction in the development

and progression of cancer (Hanahan, 2022).

To hamper recognition, cancer cells downregulate the expression of NK cell
ligands such as MICA/B, affecting NK cell recognition (Deng et al., 2015; Vetter
et al., 2004). Furthermore, the shedding of MICA/B creates a soluble ligand
that blocks NK cell cognate receptors (Bauer et al., 1999; Raulet et al., 2013).
Another mechanism includes upregulating MHC class | molecules to increase
NK cell inhibitory signals (Costello et al., 2002). The upregulation of inhibitory
molecules is also a common occurrence, including the non-classical HLA class
I molecules HLA-G and -E; Nectin-4; PVR; and immune checkpoint ligands,

which will impede NK cell recognition (Sivori et al., 2019, 2020).

Indirect mechanisms of cancer evasion include shaping the TME (Figure 1.5),
a key element in NK cell dysfunction and cancer progression in patients with

haematological malignancies (Arellano-Ballestero et al., 2023).

NK cell-DC interaction is crucial for NK cell activation. DCs are impaired in
cancer (Xiao et al.,, 2023), which have a negative effect on DC-NK cell
crosstalk and the release of activating soluble factors like IL12, IL18 and type-

I IFN, that prime NK cells for tumour lysis (Ferlazzo & Moretta, 2014).

Increased levels of vascular endothelial growth factor (VEGF) were found in
the serum of cancer patients, contributing to the immunosuppressive role of
the TME (Invernizzi et al., 2017; Olson et al., 1994). Increased VEGF inhibits
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DC maturation (Gabrilovich et al., 1996; Terme et al., 2013) and induces T
regulatory cell (Treg) activation (Gabrilovich et al., 1996; Terme et al., 2013),
which is associated with an unfavourable disease prognosis (Dgbrowska et
al., 2023). Tregs are well known to suppress NK cell function via cell-to-cell
contact or through the secretion of soluble factors like IL10 or TGFp
(Ghiringhelli et al., 2005; Szczepanski et al., 2009).

Another source of VEGF is from myeloid-derived suppressor cells (MDSCs)
(Chen et al., 2013; Horikawa et al., 2017), which are expanded in the bone
marrow of patients with haematological malignancies and correlate with high-
risk disease (Jiang et al., 2013; Kalathil & Thanavala, 2021). MDSCs secrete
a plethora of immunosuppressive cytokines like IL10, TGFS and reactive
oxygen species (ROS) which ultimately impair NK cells (Lv et al., 2019;
Palumbo et al., 2019). In some haematologic malignancies, ROS triggers NK
cell apoptosis and induces downregulation of activating receptors, leading to
NK cell dysfunction (Aurelius et al., 2013, 2017; Mellqvist et al., 2000).

Mesenchymal stromal cells (MSCs) are another cell type reportedly impaired
in patients with haematological malignancies. These cells exhibit reduced
proliferative capacity and poor ability to differentiate into other cell types,
altered morphology, and alteration of molecules and cytokines involved in
hematopoietic stem and progenitor cells (HSCPs)-MSCs interactions (Corradi
et al., 2018; Geyh et al., 2013). MSCs have a very important role in supporting
HSCPs in their renewal and differentiation, which will allow the production of
mature blood cells, including NK cells (Frias et al., 2008; Zhao et al., 2018). In
myelodysplastic syndrome (MDS), it has been argued that the absence of
stromal support leads to a lack of fully mature NK cells, as it is known that fully
mature KIR-expressing NK cells require the presence of stromal cells (Hejazi
et al., 2015; Miller & McCullar, 2001). The increased secretion of the pro-
inflammatory cytokine IL6 by MSCs has also been reported in some cancers

(Antoon et al., 2022; Lopes et al., 2017), contributing to general inflammation.

An inflammatory state has been described in the bone marrow of patients,
described by increased levels of pro-inflammatory cytokines like IFNy and

TNFa, which induce apoptosis on CD34 cells and bone marrow failure, helping
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in the selection of malignant CD34 cells (Kerbauy & Deeg, 2007; Zeng et al.,
2006). Importantly, TNFa activates the transcription factor NF-kf, which
regulates cell signalling, proliferation and differentiation (Hayden & Ghosh,
2014). Furthermore, some studies have shown that NF-xf signalling

contributes to leukaemia progression (Kagoya et al., 2014).

Hypoxia also plays an important role in the TME by inhibiting the PI3K/mTOR
signalling pathway, hampering NK cell function (Chouaib et al., 2017). In
hematologic malignancies, hypoxic conditions select CD34 malignant cells
with stem cell potential in patients (Masala et al., 2018). Expanded CD34
malignant blasts will further contribute to inflammation in the bone marrow by
secreting pro-inflammatory cytokines like IL8 and TGFg (Geyh et al., 2018;
Kuett et al., 2015; Schinke et al., 2015; L. Zhou et al., 2008) and increasing
levels of ROS (Gongalves et al., 2015; Peddie et al., 1997; Picou et al., 2019),
ultimately affecting NK cells. Furthermore, hypoxia reduces MICA/B
expression in tumours, hindering cancer cell recognition by NK cells (Torres et
al., 2020).

Understanding the role of the TME and its contribution to NK cell impairment
is crucial to developing successful anti-cancer therapies that could include
combination strategies targeting different elements of the TME and thus

enhancing NK cell activity for the successful killing of malignant blasts.
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Figure 1.5. NK cell impairment by the tumour microenvironment.

The presence of immature DCs directly affects NK cell activation. Increased levels of
VEGF contribute to DC immaturity and also Treg expansion. Increased levels of
hyperactive Tregs secrete IL10 and TGFB into the TME, suppressing NK cell
activation. A source of VEGF in cancer are MDSCs, which are expanded and
hyperactive and contribute to NK cell impairment by secreting IL10, TGFB and ROS
into the TME. MSCs are also reported to be reduced in numbers and have an impaired
phenotype in cancer; impaired MSCs cannot support NK cell maturation and
contribute to general inflammation by secreting pro-inflammatory cytokines like IL6.
Hypoxia will inhibit NK cells by impairing the PISK/mTOR signalling pathway. In
haematological malignancies, the general inflammatory state in the bone marrow is
characterized by an increase of IFNy, TNFa and increased hypoxia, inducing bone
marrow apoptosis that helps select malignant CD34 cells. Those cells further secrete
ROS and pro-inflammatory cytokines like IL8 and TGFf3, impairing directly or indirectly

NK cell function and activation. Created with Biorender.
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1.4.3 NK cell modulation for therapy

The use of NK cells for cancer immunotherapy presents a variety of
advantages compared to other immune cells. Allogeneic NK cells do not cause
graft-versus-host disease (GVHD), cytokine release syndrome or
neurotoxicity. Furthermore, they can be prepared to be used off the shelf,
making them immediately available and at reduced costs. Despite having
shown some clinical benefit in a variety of clinical trials, one of the main
challenges continues to be the generation of large numbers of NK cells ex
vivo, as well as their short lifespan in vivo (Arellano-Ballestero et al., 2023;
Berrien-Elliott et al., 2023; Sabry & Lowdell, 2020).

NK cells can come from a variety of sources. Allogeneic donors are the most
common source of NK cells in clinical trials, as they induce potent responses
against cancer cells and are relatively easy to obtain. Despite being widely
used, allogeneic NK cells from peripheral blood present some challenges, like
donor-to-donor variability and the limited number of cells you can obtain from
each apheresis (Cooper et al., 2001). Other sources of NK cells include cord
blood (Dalle et al., 2005), CD34+ human pluripotent stem cells (hPSCs) (Miller
et al., 1992; Spanholtz et al., 2010; H. Yu et al., 1998) and induced pluripotent
stem cell (iPSCs) (Lupo et al., 2021; H. Zhu & Kaufman, 2019).

Several approaches are being considered to improve NK cell therapies; these
include the enhancement of effector responses, the blockade of inhibitory
signals, the enhancement of target cell recognition, and the improvement of
NK cell persistence in vivo.

1.4.3.1 Enhancement of effector responses

Initial trials in allogeneic NK cell therapy included NK cell priming with pro-
inflammatory cytokines like IL2, which remains one of the most used strategies
in NK cell clinical trials in cancer patients (Curti et al., 2011; Miller et al., 2005;
Rosenberg et al., 1987; Rubnitz et al., 2010; Szmania et al., 2015). In the first
trial utilising IL2-activated NK cells in patients with metastatic cancers, authors
reported clinical responses with minimal side effects (Rosenberg et al., 1987),

paving the way to modern NK cell therapies.
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The use of CIML-NK cells for clinical trials has been gaining more popularity
in recent years. NK cells from allogeneic donors are activated overnight with
a combination of IL12/15/18 and infused on the patient the next day. This has
shown no toxicities related to the product, with complete remissions seen in
47% of patients (Berrien-Elliott et al., 2020, 2022). It has also been trialled in
leukaemia patients post-hematopoietic stem cell transplant (HSCT), where
CIML-NK cells were shown to expand and persist (Bednarski et al., 2022;
Shapiro et al., 2022).

Tumour-primed NK cells have also been used in clinical trials for AML/MDS,
with little toxicity and some sustained clinical responses. This is of particular
note since these were the first clinical trials of an adoptive NK therapy in the
absence of cytokine support. Allogeneic NK cells from related, haploidentical
donors were incubated overnight with a lysate of INB16 that was then removed
and the tumour-primed NK cells were cryopreserved, shipped and infused into
the patients one day after completion of lymphoreductive chemotherapy
(Kottaridis et al., 2015). Four of the seven patients who completed treatment
showed clinical responses, with one patient with chemo-resistant AML
achieving complete remission (CR), which was sustained for over 11 months.
In a second trial, 12 AML patients at high risk of recurrence were treated
following the same protocol, where 2 patients remained relapse-free in post-
trial follow-up and 3 patients remained in complete remissions for 32.6 to 47.6+
months (Fehniger et al., 2018). Tumour-priming of endogenous NK cells in
vivo is currently trialled in high-risk MDS and AML patients (NCT05933070)
who receive three weekly infusions of a replication-incompetent preparation of
the INB16 cell line. These patients receive no lymphoreductive conditioning
chemotherapy and no cytokine support, resulting in a treatment that is well
tolerated and compatible with an elderly patient cohort. The results of the

patients treated in this trial are reported in this thesis.

1.4.3.2 Blockade of inhibitory signals

The blockade of inhibitory signals on NK cells has been explored to unleash

their triggering.
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Monoclonal antibodies (mAbs) have been developed to target inhibitory KIR2D
(lirilumab) to trigger NK cell cytotoxicity. Two phase 1 clinical trials were
conducted with lirilumab, demonstrating safety and some responses in
patients with leukaemia and myeloma (Benson et al., 2015; Vey et al., 2012).
However, randomised phase 2 trials failed to show clinical improvement (Vey
et al., 2017).

Another monoclonal antibody explored is monalizumab, which blocks the
inhibitory receptor NKG2A from binding to HLA-E/G ligands. Monalizumab has
been tested in clinical trials in solid tumours and demonstrated safety and
some clinical responses (André et al., 2018); however, a randomised phase
3 clinical trial in solid tumours did not demonstrate clinical improvements
(INTERLINK-1 study; NCT04590963).

Other mAbs evaluated preclinically to block NK cell inhibitory receptors include
TIM3, TIGIT, LAG3, PD1, CD161 and CD96 (Blake et al., 2016; Hsu et al.,
2018; Q. Zhang et al., 2018), but no clinical data is available at present.

1.4.3.3 Enhancement of target cell recognition

Multiple clinical studies are currently being conducted to explore different
mechanisms that can enhance the ability of NK cells to target and attack

tumours.

Monoclonal antibodies have been utilised to recruit NK cells expressing CD16

that will induce ADCC against cancer cells (Capuano et al., 2021).

Bispecific and trispecific killer cell engagers (BiKE and TriKE) are single-chain
variable fragment recombinant reagents that contain an anti-CD16 expressed
on effector NK cells and other antigens of interest in cancer cells. In
hematologic malignancies, BiKEs have been designed to target CD33,
engaging myeloid cells (Gleason et al., 2014). TriKEs containing anti-CD16,
anti-CD33, and a modified IL15 linker to induce NK cell proliferation have been
tested in an MDS/AML clinical trial, where they were reported to be safe and
induce expansions of endogenous NK cells with anti-tumour activity (Miller et
al., 2021).
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Chimeric Antigen Receptor (CAR)-NK cells are currently developing to
broaden target cell specificity. Multiple targets have been developed and
tested in clinical trials in various cancers with some encouraging results (Marin
et al., 2024). However, major limitations include large-scale manufacturing, in

vivo activation, and durability (L. Zhang et al., 2022).

1.4.3.4 Improvement of NK cell persistence

The insufficient persistence of NK cells in vivo remains a major challenge in
the field of NK cell immunotherapy. Several strategies are currently under

development to overcome this obstacle.

The infusion of NK cells into patients usually requires cytokine support. The
most used strategy is the infusion of IL2 after NK cell transfer, which is
generally considered safe and helps with NK cell persistence in vivo
(Bachanova et al., 2014; Miller et al., 2005).

Synthetic IL15-receptor agonists have also been tested as an alternative to
IL2 infusions (Ma et al., 2022). However, in some clinical trials it induced
reduced clinical activity compared with IL2, due to promoting recipient CD8 T-
cell activation that caused donor NK cell rejection (Berrien-Elliott et al., 2022;
Cooley et al., 2019).

Low NK cell numbers are also one of the main challenges for NK cell
persistence in vivo. To overcome that, feeder cells have been utilised in order
to expand NK cells with the use of K562-mblL15-41BBL, which resulted in
enhanced expansion and cytotoxicity in in vitro and in vivo models (Fujisaki,
Kakuda, Shimasaki, et al., 2009a). In clinical trials, K562-mblL15-41BBL has
been utilised in order to expand CAR-NK cells with anti-NKG2D and anti-
CD19, showing benefits in vitro (Morisot et al., 2020) and are currently tested
in clinical trials in patients with haematological malignancies (Bachier et al.,
2020; Dickinson et al., 2021). Alternatively, K562-mblIL21-41BBL feeder cells
have also been developed, as they increase the fold expansion of NK cells
compared to mbIL15 (Dickinson et al., 2021).
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To summarise, NK cell immunotherapy in cancer offers a wide range of options
that show exciting opportunities and appear to be safe for treating this disease.
Despite that, relapse rates are still high, and side effects of concurrent cytokine
treatment are common. Cytokine administration is usually required to sustain
adoptively transferred NK cells, especially those generated by extensive ex
vivo expansion. As seen here, the field of NK cell immunotherapy is rapidly
evolving and has been very popular in the past years; for it to be successful,
developing better strategies for NK cell expansion and persistence post-

infusion remains a central tenet of research.
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1.5 Thesis Aims

While adaptive and cytokine-induced memory-like NK cells have been
thoroughly studied in the past 10 years, the effects of tumour interactions with
NK cells and whether this generates NK cells with memory properties remains

in its infancy.

The aim of this thesis is to provide a better understanding of how tumour-
priming of NK cells generates memory NK cells and to evaluate tumour-primed
NK cells as an immunotherapeutic agent for patients with hematologic

malignancies. The experimental aims of the thesis are as follows:

1. To characterise the phenotype and proteomic profile of TpNK and CIML-NK
cells to define the initial events leading to the generation of tumour- and

cytokine-memory NK cells (Chapter 3)

2. To characterise the cytotoxic capacity and metabolic function of TpNK and
compare them to CIML-NK cells (Chapter 4)

3. To investigate interactions between NK cells and define whether TpNK cells

can induce activation of rNK cells in a homotypical manner (Chapter 5)

4. To characterise NK cells from patients with MDS and to evaluate if TpNK

cells can be generated in vitro from the NK cells of these patients (Chapter 6)

5. To evaluate if tumour-memory NK cells can be generated in vivo with an
immunotherapeutic drug at the clinical trial stage in patients with MDS and
AML (Chapter 6)
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Chapter 2 Methods

2.1 Cell lines and cell culture
2.1.1 Cell lines

Cell lines were purchased from the American Type Culture Collection (ATCC)
or donated as indicated and were maintained in culture according to
manufacturer instructions. The main cell lines used for this thesis are

described below:

INB16: T-cell acute lymphoblastic leukaemia (T-ALL) cell line derived from a
distinct clone of the CTV-1 leukemic cell line. These cells are round or

multiform and are single cells or clustered in suspension.

K562: chronic myelogenous leukaemia (CML) cell line used as the prototypical
NK-sensitive target cell, which lacks expression of HLA molecules. These cells

are round and are single cells in suspension.

Raji: Burkitt lymphoma cell line that is one of the prototypical NK-resistant
target cell, which expresses HLA molecules. These cells are round and single

cells in suspension with a tendency to form clumps.

MDS-L: MDS cell line kindly provided by Kaoru Tohyama. These cells are

round and are single cells in suspension.

2.1.2 Culture medium and cell culture

Cell cultures were performed in complete growth medium (CM) RPMI 1640
GlutaMax™ (Gibco) supplemented with 10% v/v foetal bovine serum (FBS,
Gibco) and 1% antibiotic-antimycotic (Gibco). MDS-L was maintained in CM
and 50ng/mL IL-3 (R&D). Cells were passaged every 2-3 days at 1:1 ratio.
Cells were cultured in T75 flasks for 3 months and after that new cultures were
started and cell vial stocks were stored in liquid nitrogen phase. Cells were
incubated at 37°C in a humidified standard cell culture incubator with 5% CO2

and 21% O2.
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2.1.3 Cell counting and viability

Two methods were used to count cells and assess viability:

In the first one, cells were assessed using the Trypan blue exclusion method
under a brightfield microscope. An aliquot of cell suspension was diluted with
0.4% Trypan Blue solution (Sigma-Aldrich), which is taken up by non-viable
cells and appear in blue colour. After mixing, 10uL of cell suspension was
loaded onto a haemocytometer counting chamber (Labtech), which was
placed under a brightfield microscope (Nikon) for cell counting. The average
number of cells counted in the four sets of 16 squares (1mm?) is then multiplied
by the dilution factor in Trypan blue. After that, cell concentration was multiplied
by x10* to account for the volume of the haemocytometer, obtaining the cell
concentration (x108 cells/mL).

The second method for cell counting was done by staining cells with a viability
dye and acquiring in a flow cytometry instrument (Novocyte, Agilent). Cells
were appropriately diluted in a final volume of 100uL. After that, 10uL (10% of
final volume) of TOPRO3 stain (ThermoFischer) was added to the sample.
TOPRO3 is a nuclear dye that penetrates compromised membranes, where
dead cells will appear as positive. A minimum of 10,000 events were acquired
after the gating of cells using forward scatter (FSC) and side scatter (SSC)
signals (Figure 2.1). Cell concentration was obtained after analysing the data
using NovoExpress software (Agilent) and multiplied by the cell dilution and by
x1.1 to account for the addition of 10% TOPROS3, obtaining the final cell
concentration (cells/mL).

Page 57 of 265



topro 1:10 topro 1:10/Cells

103'}

SSC-H (105
TOPRO3-APCH

12 16.8 ‘o 4 8 12 16.8
FSC-H (10%) FSC-H (10%)

Figure 2.1. Basic gating strategy for cell counting in flow cytometer

A FSC versus SSC plot was created around the cell population of interest (excluding
debris). After that, the gate was projected onto a second dot plot of FSC versus
TOPRO3-APC and a second gate drawn to identify TORPO3 negative cells.

2.1.4 Cell cryopreservation

A minimum of 1x10° cells and a maximum of 20x108 cells were cryopreserved
each time. A cryomix solution was made up of 80% FBS and 20% dimethyl
sulfoxide (DMSO, Merck) and allowed to cool down. Cells were pelleted and
resuspended at double the concentration of interest in CM, and 0.5mL of cell
suspension was added into a 2mL cryogenic vial (Corning) followed by 0.5mL
of cryomix, resulting in a vial at the desired cell concentration in 10%
DMSO/FBS cryomix. After that, the vials were quickly placed inside a freezing
container (CoolCell, Corning) and stored at -80°C for 24 hours. The vials were
then transferred for storage in liquid nitrogen at -196°C or vapour phase
nitrogen at -152°C.

2.1.5 Cell thawing

Cryopreserved cells were gently thawed into a 37°C water bath by partially
immersing the vials until cells were partly thawed. The cells were then pipetted
into a 15mL Falcon tube containing 10mL of CM and centrifuged at 300xg for
5 minutes (all centrifugations were done at 300xg for 5 minutes unless

otherwise stated). The supernatant was discarded, and cell pellets were
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resuspended in CM for future use and allowed to recover for a minimum of 1

hour before cell count. After that, cells were cultured or used for experiments.

2.2 Blood donors

Healthy donor blood samples were obtained from leukocyte cones from NHS
UK Blood and Transplant or by directly using a needle and syringe tube with
1,000IU/mL heparin (Wockhardt) by phlebotomist staff at the Royal Free
Hospital. Blood samples from patients were taken by using a needle and
Vacutainer tubes (BD biosciences) containing lithium heparin by phlebotomist
staff at UCL Hospital. Patient samples were acquired after informed consent
and following ethical approval by the RFH/UCL Research Tissue Bank (UK
National Research Ethics IRAS 63407- project codes NC2020.15,
NC2021.03). Obtaining blood from healthy donors was approved by the
University College London- Royal Free Hospital Biobank Ethical Review
Committee (NC.2015.019). The clinical trial monitoring samples (MDS#01)
were taken as part of an ethically approved UK national trial of INKmune™ in
MDS/AML (NCT05933070) whilst the samples from patients with multiply
relapsed AML were from patients treated compassionately after local

institutional ethical approval.

2.3 Isolation of peripheral blood mononuclear cells

All peripheral blood mononuclear cells (PBMCs) isolations were carried out in
a microbiological safety cabinet class Il. Heparinised blood samples were
diluted at a 1:1 ratio with Hanks Balanced Salt Solution (HBSS) modified
without Ca?* and Mg?* (Gibco). Lympholite solution (Cedarlane) was used to
isolate the PBMCs by density gradient centrifugation. In all cases, 25mL of
Lympholite was placed in a 50mL Falcon tube, and then 20mL of diluted blood
was layered slowly on top. The tubes were then centrifuged at 800xg for 20
minutes at brake 0, allowing for the layer of PBMCs to form. The PBMCs layer
was collected using a Pasteur pipette and placed into a new 50mL Falcon
tube, which was subsequently washed with HBSS and centrifuged at 800xg
for 10 minutes at brake 3. The resulting pellet was resuspended in CM, and

PBMCs were counted and checked for viability.
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2.4 Isolation of NK cells

Human NK cells were isolated from PBMCs using the negative selection sort
method. Negative selection of NK cells relies on the depletion of non-NK cells
through a tetrameric antibody complex and magnetic particles, allowing the
sorted NK cells to be “untouched”. The EasySep NK Enrichment Kit (StemCell
Technologies) was used per the manufacturer’s protocol.

Accordingly, the desired amount of PBMCs to sort was centrifuged, and
pelleted cells were resuspended in EasySep Buffer at a final concentration of
50x108 cells/mL. Depending on the volume to work with, cells were transferred
to a SmL round-bottom tube for volumes between 0.25mL —2.5mL orto a 13mL
round-bottom tube for volumes between 2.5mL — 8.5mL. The enrichment
cocktail (50uL/mL) was added and resuspended to the tube and samples were
incubated at room temperature (RT) for 10 minutes. In the meantime, magnetic
particles (100uL/mL) were then vigorously vortexed for 30 seconds. After the
incubation time was finished, they were added and resuspended to the
sample, and incubated at RT for 5 minutes. After that, the samples were
topped up, if needed, with EasySep buffer to 2.5mL for the 5mL tubes or to
8.5mL for the 13mL tubes. Finally, the sample was placed into the EasySep
magnet and incubated for 2.5 minutes at room temperature. After incubation,
the sample was carefully poured into a fresh Falcon tube by continuous
inverted motion and centrifuged in CM. Once cells were pelleted, they were
resuspended in fresh CM. All selected cells were counted and confirmed for
purity by phenotyping for CD56* CD3- markers using flow cytometry, where
only sorted NK cells that were >90% pure were used for subsequent

experiments.

2.5 Immunophenotyping of NK cells to check purity

After isolation, NK cells were routinely phenotyped to determine sort purity and
yield. Surface staining was carried out in polycarbonate tubes, where a total
of 10° cells were incubated with saturating concentrations of CD56 and CD3
monoclonal antibodies, as described below. Cells were washed in staining
buffer (phosphate buffer saline (PBS, Thermo Fischer scientific) + 2% FBS) by

centrifuging, and the pellet was resuspended in 100uL of staining buffer and
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the fluorochrome-conjugated monoclonal antibodies. To check the purity of the
sort, NK cells were labelled using 5uL of CD56 (HCD56 clone) APC/Cy7
(BioLegend) and 2uL of CD3 (BW264/56) VioBlue (Miltenyi Biotec), and
incubated for 15 minutes in the dark at 4°C. After that, cells were washed with
staining buffer by centrifuging, and the pellet was resuspended in 100uL of
staining buffer before acquisition on a Novocyte flow cytometer (Agilent). A
minimum of 10,000 CD56" CD3- events were acquired after gating cells using

FSC and SSC signals in NovoExpress software (Agilent).

2.6 In vitro stimulation of NK cells
2.6.1 Tumour-priming of NK cells

Tumour-priming of NK cells was achieved by co-incubating isolated NK cells
(1x108 cells/mL) with INB16-mitomycin C treated (2x10° cells/mL) at a ratio
2:1 stimulator:responder; for 16 hours at 37°C, 5% CO2 in CM in a round-

bottom tube.

To mimic the drug given to the patients, INB16 cells were pre-treated with
Mitomycin C for all experiments. Mitomycin C is a chemotherapy drug that

induces replication incompetence in the INB16 cells.

Mitomycin C (Sigma-Aldrich) was resuspended with saline solution at the
concentration of 1,000ug/mL. INB16 cells were harvested and washed by
centrifugation with HBSS; the cell pellet was resuspended in CM at 5x10°
cells/mL. Cells were treated with 10ug/mL of Mitomycin C for 2 hours at 37°C,
5% CO2 in CM in T-25 flask. After that, cells were washed 3 times by
centrifugation with HBSS. INB16 cells were counted and put at the right

concentration in CM.
From now on, Mitomycin C treated INB16 will be referred to as just INB16.

2.6.2 Cytokine stimulation of NK cells

For cytokine priming, NK cells were co-incubated with the exogenous cytokine
IL15 (1ng/mL, R&D systems). For the generation of cytokine-induced memory-
like (CIML), NK cells were co-incubated with IL15 (1ng/mL, R&D systems),
IL12 (10ng/mL, R&D systems) and IL18 (50ng/mL, R&D systems) in CM

Page 61 of 265



(Romee et al., 2012). Cells were at the concentration of 1x10° cells/mL and
primed for 16 hours at 37°C, 5% COz2 in a round-bottom tube.

2.6.3 Lysate-priming of NK cells

To generate INB16 lysates, INB16 cells were transferred to a 50mL Falcon
tube with HBSS and spun at 250xg for 10 minutes. Cells were then put at the
concentration of 5x108 cells/mL and were transferred to a 15mL Falcon tube.
To disrupt the cell membrane, the tube containing INB16 was placed at -80°C
for 30 minutes and then thawed at 37°C in a water bath; this process was
repeated twice. After that, 50uL of DNAase (2,500 units/ml) was added for
every mL of cell suspension; cells were incubated for 30 minutes at 37°C.
Finally, cells were spun for 10 minutes at 600xg, and the lysate pellet was
resuspended in CM to a final concentration of 2x108 cells/mL.

To prime NK cells with INB16 lysates, isolated NK cells at 1x10° cells/mL with
INB16 lysates at a calculated 2x10° cellss/mL and at a ratio 2:1
stimulator:responder were co-incubated for 16 hours at 37°C, 5% CO2 in CM

in a round-bottom tube.

2.7 Labelling of cells
2.7.1 PKH dyes

PKH26 and PKH67 are cell linkers that bind to lipid regions of the cell
membrane and were used to identify cell populations. Both are fluorochromes
excited by the 488nm laser line; PKH26 emits red fluorescence (567nm), and
PKHG67 emits green fluorescence (502nm). For labelling, cells were washed
with HBSS and pelleted by centrifuging. In a separate 50mL Falcon tube,
500uL of Diluent C was mixed with 4uL of PKH dye, all from the PKH
Fluorescent Cell Linker Kit (Sigma-Aldrich), and kept in the dark. After the cells
were washed, 500uL of Diluent C was used to resuspend the pellet and the
cell suspension was then transferred to the solution containing the dye in one
continuous motion. Cells were incubated in the dark for 3 minutes at room
temperature, and after that, an equal volume of neat FCS was added to stop
the reaction for 1 minute. Cells were then washed with HBSS by centrifugation.

The resulting pellet was resuspended in 10mL of CM and transferred to a new
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15mL Falcon tube to be centrifuged again. Finally, the labelled cells were
resuspended in an appropriate volume of CM, and the cell concentration,
viability and efficacy of the labelling were evaluated using flow cytometry

(Novocyte, Agilent).

2.7.2 CellTrace™ dyes

Both CellTrace™ Violet and CellTrace™ CFSE (Thermo Fischer) were used
in this project to label cells. CellTrace™ dyes are non-fluorescent molecules
that enter cells by diffusion through the membrane. Once inside the cell, the
non-fluorescence molecule is converted to a fluorescent derivative by cellular
estearases, which will bind to proteins and result in long-term dye retention
inside the cell. CellTrace™ dyes can be used to study cell proliferation as
through every cell division, daughter cells receive half of the fluorescent label
of the parent cell, allowing analysis by flow cytometry. CellTrace™ Violet
excitation/emission is 405/450nm, and CellTrace™ CFSE is 495/519nm.

Before staining, dyes were reconstituted to a working concentration of SuM in
DMSO. CellTrace™ dyes are optimised by the manufacturer for a cell
concentration of 10° cells/mL in PBS . To stain cells, 1uL of working solution
was added for every mL of cell suspension. Cells then were incubated for 20
minutes at 37°C. After the incubation, 5 times the original staining volume of
CM was added and incubated for 5 minutes to remove any remaining free dye.
Cells were then pelleted by centrifugation and resuspended in fresh CM;

before proceeding to any experiment, cells were allowed to rest for 5 minutes.

2.8 INB16 whole cell/lysate depletion from TpNK cells

Some experiments required the depletion of INB16 whole cell or lysate after
the co-incubation with NK. To deplete INB16 whole cell, a 2-step protocol was
followed by first removing dead cells and second by isolating NK cells using
positive selection. For the removal of INB16 lysates, only the removal of dead

cells was performed.
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2.8.1 Dead cell removal

Dead cells were removed using a Dead Cell Removal Kit (Miltenyi Biotec).
This kit contains microbeads that recognise a fraction in the membrane of
apoptotic and dead cells, which will be magnetically labelled and separated
through a separation column. The magnetically labelled cells will be retained
in the column, only allowing live cells to flow through.

NK cells were counted, and a separator column was selected depending on
the number of cells to be sorted, with a maximum of 2x108 for an MS MACS
column and a maximum of 2x10° for an LS MACS column. After that, 20x
binding buffer was diluted to x1 with double-sterile water. The cell suspension
was pelleted by centrifuging at 300xg for 10 minutes, and the pellet was
resuspended in 100uL of Dead Cell removal MicroBeads per 107 total cells
and incubated for 15 minutes at room temperature. If needed, 1x Binding
Buffer was added to the cell suspension to reach a volume of 500uL. An
appropriate MACS column was placed into the MACS separator and rinsed
with 1x Binding Buffer (500pL for an MS column or 3mL for an LS column).
Cell suspension was then applied to the column, and flow-through was
collected. The column was then rinsed 4 times with 1x Binding Buffer (500uL
for an MS MACS column or 3mL for an LS MACS column), collecting
unlabelled cells (live cells). Finally, cells were washed with CM by centrifuging
at 300xg for 10 minutes and resuspended in fresh CM for further experiments.

If NK cells were depleted from INB16 lysates, the sorted NK cells were
checked for purity and yield and used for consecutive experiments. If NK cells
were depleted from INB16 whole cells, NK cells were counted and then

proceeded to NK cell positive selection.

2.8.2 Positive selection

For positive selection of NK cells, cells are separated using magnetic-activated
cell sorting (MACS, Miltenyi Biotec) to a CD56 antibody that will bind to NK
cells. Cells were counted and washed with MACS buffer (PBS +2mM EDTA +
0.5% FBS) by centrifuging. The recommended range for lymphocyte

separation is 105 — 102 labelled cells in 107 — 2x10° total cells. The cell pellet
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was resuspended in MACS buffer (80uL per 1x107 cells) and with CD56
MicroBeads (Miltenyi Biotec) (20uL per 1x107 cells) and was incubated for 15
minutes at 4°C. In the meantime, an LS MACS magnetic column was used
and placed into a MACS separator. The column was prepared by rinsing it with
3mL of MACS buffer, letting it run through, and discarding the effluent. After
incubation, the cells with the beads were topped up to 5mL with MACS buffer
and run through the column, pipetting slowly to the side of the column. Once
all the sample passed through, the column was rinsed 3 times with 3mL of
MACS buffer. After that, the column was removed from the magnetic separator
and placed into a new Falcon tube. Five mL of MACS buffer were pipetted into
the reservoir and firmly applied the plunger to collect the cells (positive
fraction). The sorted NK cells were then washed with CM by centrifuging, and
the resulting pellet was resuspended with fresh CM. After that, NK cells were
checked for purity and yield and used for consecutive experiments.

2.9 Cell sorting of NK cells

NK cells from metaclusters M6 and M8 were sorted at the Flow cytometry
facility at the UCL Cancer Institute by the facility personnel using a BD FACS

Aria Fusion housed in a class Il biosafety cabinet.

Only markers with fluorescence intensity above 10,000 units were selected to
facilitate the cell selection in the cell sorter. The markers selected to sort cells
from metacluster M6 were (NK-M6) were CD57- CD69* PDL1*; NK cells from
metacluster 8 (NK-M8) were CD57* CD69* PDL1*.

Cells were stained as indicated in section 2.5 under sterile conditions. The
fluorochromes used were CD57-FITC (clone TBO1; Invitrogen), CD69-APC
(clone H1.2F3; Invitrogen), and PDL1-BV421 (clone MIH3, Biolegend). Cells
were stained with the viability dye eFluor™780 (Thermo Fischer) as per

manufacturer instruction and were kept in ice until acquisition time.

The purity achieved after the sort is shown in Figure 2.2.
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Figure 2.2 Purity of the selected NK cell populations after the cell sort

Flow cytometry plots show the purity of the sort. (A) General gating strategy for every
condition. A FSC versus SSC plot was created around the cell population of interest
(excluding debris). After that, the gate was projected onto a second dot plot of FSC-
A versus FSC-H to select single cells. After that, single cells were projected onto a

third plot showing the viability dye to select live cells. (B) Cells were then visualised

for CD57, CD69 and PDL1 to visualise the purity of the sort for every condition.
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2.10 Proliferation assay

Freshly isolated peripheral blood NK cells were stained with CellTrace Violet™
(Invitrogen) following the manufacturer instructions and set up on round-
bottom tubes for a 5-day co-incubation with CM alone (rNK) and with INB16 at
a 1:2 ratio (TpNK cells) at 37°C, 5% v/v CO2. On day 0 and day 5, NK cells
were harvested and stained with Zombie Yellow Fixable viability kit (Biolegend)
to identify viable cells and with CD56-APC/Cy7 and CD3-BV650 to identify NK
cells. Stained cells were acquired by flow cytometry, and NK cells were gated

on the VioBlue channel to visualise cell proliferation (Figure 2.3).

Zombie dye - Pacikic Orange 1
w0l pd g0t wE b ™

Figure 2.3 Gating strategy of the NK cell proliferation assay

Flow cytometry plots show the proliferation assay. A FSC versus SSC plot was
created around the cell population of interest (excluding debris). After that, the gate
was projected onto a second dot plot of FSC-A versus FSC-H to select single cells.
After that, single cells were projected onto a third plot and live cells were selected,
which were projected onto a fourth plot to identify NK cells as CD56" and CD3". NK
cells were finally projected into a fifth plot showing the VioBlue channel to visualise

the proliferation dye.
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2.11 Cytotoxicity assays
2.11.1 Flow cytometry-based killing assay

Cytotoxicity assays were used to determine the capacity of NK cells to kill a
given target. This was done by measuring the viability of target cells by flow

cytometry after being co-incubated with effector cells.

NK cells or PBMCs were isolated and primed the day previous to the
cytotoxicity assay as described before in section 2.6. An effector:target (E:T)
ratio of 5:1 and a co-incubation of 4 hours were used as previously
standardised in the laboratory. Effector cells were washed with HBSS by
centrifugation and resuspended at a final concentration of 1.5x108 cells/mL in
CM. Target cells were harvested and labelled with PKH67 dye as described
previously in section 2.7.1 and resuspended at a final concentration of 0.3x108
cells/mL (5 times less than effector cells). Both effector and targets were co-
incubated by adding 100uL of effectors (150,000 cells) and 100uL of targets
(30,000) into a round-bottom 96-well plate, achieving the aforementioned 5:1
ratio. Two extra conditions were added to control for the spontaneous lysis of
target cells, which included target cells at O hours and target cells at 4 hours.
Once the plate was set up, it was incubated at 37°C for 4 hours. At Oh and
after 4h, the correspondent cell suspensions were resuspended in 10%
TOPRO3 (20uL) and analysed by flow cytometry (Figure 2.4). At least 10,000
events were acquired after gating on PKH67 positive cells, and the number of
TOPRO3 negative cells was determined. After, the percentage of NK cell
specific lysis was calculated as the mean percentage of cell death minus the

percentage of background cell death (Equation 2.1):

Live target cells at Oh— target cells at 4h

x100

0 s .
specific lysis =
% p f y Live target cells at Oh

Equation 2.1. Calculation of % specific lysis in a flow cytometry based

cytotoxicity assay
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In some experiments, the % delta lysis was calculated to visualise the change
in % specific lysis in TpNK cells compared to rNK cells. The % delta lysis was

calculated according to the following formula:

% specific lysis TpNK — % specific lysis rNK
% delta lysis = 100
o delta Lysts % specific lysis rNK x

Equation 2.2. Calculation of % delta lysis in a flow cytometry-based

cytotoxicity assay
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Figure 2.4. Gating strategy for a flow cytometry-based cytotoxicity assay.

Representative plots showing the gating strategy used for a cytotoxicity assay for
K562 alone at 4h (A) and K562 with rNK cells at 4h (B). Target cells were labelled
with PKH67 dye (FITC), and then the gate was projected into another dot plot to
visualise TOPRO3 (APC). TOPRO3-negative cells were gated, and then cell

concentration was obtained.
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2.11.2 Real-time based killing assay (xCELLigence system)

In Chapter 4, the NK cell cytotoxic capacity of the adherent cell lines SKOV3
and DU145 was tested in the xCELLigence Real-Time Cell Analysis (RTCA)
system (Agilent). The xCELLigence system utilises non-invasive electrical
impedance to monitor the adherence of cells in a continuous and quantitative
readout. A special microtiter e-plate is used where the bottom is fused with
gold microelectrodes that allow the transmission of electrical impedance in
supplemented CM, which will work as an electrically conductive solution. This
technology works by measuring changes in the interaction of the
electrodes/solution via the adhesion of adherent cells to the bottom of the
plate. The impedance is then translated into a unitless parameter known as
Cell Index, which is directly correlated with the number of viable cells (Ke et
al., 2011).

From the cell index, it is possible to calculate the % cytolysis using the

following formula:

Cell index — Cell index
( no ef fector effector) %100

% cytolysis =
%o cytolysis Cell indexpn, effector

Equation 2.3 Calculation of % cytolysis in the xCELLigence system

From the % cytolysis, the area under the curve (AUC) can be calculated using

the following formula:
AUC = %cytolysis x hour

Equation 2.4 Calculation of AUC in the xCELLigence system

2.11.2.1 Basic cytotoxicity assay

The steps followed to perform a basic cytotoxicity assay on the xCELLigence
system are represented in Figure 2.5. The adherent cell lines SKOV3 and
DU145 were passaged the day before seeding on the xCELLigence system
(day -1) so the cell density would not exceed 80% the next day. On the day of
the experiment (day 0), the cell lines were harvested and resuspended at
0.1x10% cells/mL, allowing for 5,000 cells in 50uL (previously optimised). To
measure the background reading, 50uL of CM was added to each well of the
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e-plate, after which the harvested target cells were seeded at 5,000 cells/well
and let sediment for 30 minutes at room temperature before starting the reads.
The adhesion and growth rate of the target cells were monitored overnight

before adding the effector cells the next day (day 1).

On day 1, effector cells were harvested and set up to have an E;T ratio of 5:1.
To do that, NK cells were put at the concentration of 0,25x108 cells/mL, and
100uL of cell suspension (25,000 cells) was added to the corresponding wells
on the e-plate. The e-plate was then put back into the xCELLigence system,

and measurements were taken every 15 minutes for 100 hours.

Step 1: Step 2: Step 3:
Background reading Targets addition Effectors addition

Figure 2.5 Basic cytotoxicity protocol using the xCELLigence system

Infographic showing the steps followed to perform a basic cytotoxicity assay using

the xCELLigence system. Image created on Biorender.

2.11.2.2 Sequential cytotoxicity assay

The xCELLigence system (Agilent) was used to measure sequential killing. NK
cells were put in the e-plate for 24 hours, and then the same NK cells were
recovered and transferred into a new e-plate for another 24 hours, for a total

of 3 times (Figure 2.6).
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SKOV3 cells were seeded and harvested as explained in section 2.11.2.1 and
seeded into an e-plate (plate 1) on day -1. On day 0, target cells were added
as explained previously at an E:T ratio of 5:1 and were co-incubated for 24
hours. Also on day 0, a new e-plate (plate 2) was seeded with SKOV3 as done
previously until the next day. On day 1, the NK cells on plate 1 were recovered
by vigorously pipetting to detach them from target cells and seeded into plate
2, where they were co-incubated for a further 24 hours. Also on day 1, a new
plate (plate 3) was seeded as previously and incubated for 24 hours. Finally,
on day 2, the same procedure was repeated, where NK cells from plate 2 were
recovered and transferred to plate 3 and tested for 24 hours.

SKOV3 SKOV3
. e @ e @
é R\ R\ R\ R\ R\
L=) . _.NKcell ’ = T °
’ " Plate3
KOV Plate 2 ate
. .©®
® NK cell . NKcell » NK cell
==
\ 0 |
Plate 1 Plate 1 Plate 2 Plate 3
Day -1 Day 0 Day 1 Day 2

Figure 2.6 Cytotoxicity protocol to determine sequential killing using the

xCELLigence system

Infographic showing the steps followed in the sequential killing cytotoxicity assay

using the xCELLigence system. Image created on Biorender.
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2.12 Cytokine 30-Plex Human Panel

Serum samples from the patients were acquired on the indicated days and
frozen at -80°C. On the day of the experiments, samples were thawed and
analysed according to the manufacturer’s instructions in a Cytokine 30-Plex
Human Panel (catalogue number LHCG6003M, Thermo Fisher), including
cytokines, chemokines and growth factors. Plates were acquired with the

Luminex™ platform (Thermo Fisher).

2.13 Immunophenotyping of NK cell markers

The expression of several surface and intracellular NK cell markers was
analysed by utilising both conventional and spectral flow cytometry.
Conventional flow cytometry detects emitted photons that will be collected into
individual detectors, whereas spectral flow cytometry uses prisms to capture
all the emitted light. Because all the light is collected, spectral flow cytometry
provides more information for each fluorophore, allowing for increased
resolution and sensitivity; fluorophores with similar emission profiles can still

be differentiated, providing more possibilities in panel design.

2.13.1 Conventional flow cytometry

Four panels with different NK cell markers for activation, inhibition and
maturation were created (Appendix Table 7.1). A minimum of 10° NK cells
(pure or in PBMCs) were immunophenotyped in 4 test tubes for a total of 4
panels. Cells were washed in PBS by centrifuging, and the pellet was
resuspended in 100uL of PBS. After that, cells were stained with 1uL of Zombie
Yellow™ dye (BioLegend) for 15 minutes at 4°C to allow for gating of viable
cells. After incubation, cells were washed with staining buffer by centrifuging,
and the pellet was resuspended in 100uL of staining buffer. A master mix
solution was created with all the mAbs in the same panel with staining buffer
to a final volume of 100uL; the solution was added, and cells were incubated
for 15 minutes at 4°C. Cells were then washed with staining buffer by
centrifuging, and the pellet was resuspended in 100uL of staining buffer prior

to acquisition. Stained cells were acquired in a Novocyte flow cytometer
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(Agilent) for a minimum of 10,000 CD56* CD3- events after gating cells using
FSC and SSC. Data was analysed using the NovoExpress software (Agilent).

2.13.2 Spectral flow cytometry

Spectral flow cytometry allowed for the generation of a large single panel that

included 31 NK cell markers (Appendix

Table 7.2 Table 7.2); having everything in one panel presents multiple
advantages like the use of less sample or also the possibility to analyse data

utilising non-supervised clustering algorithms.

A minimum of 3x10% purified NK cells were plated in round-bottom 96-well
plates for staining. Cells were washed in PBS by centrifugation at 700xg for 3
minutes. After that, cells were resuspended in 50uL of PBS containing
Live/dead Blue stain (Thermo Fischer) and incubated at room temperature in
the dark for 15 minutes. When the incubation finished, cells were washed in
PBS by centrifuging at 700xg for 3 minutes. A master mix solution containing
all the surface antibodies with PBS was added in a final volume of 60 uL and
in the presence of Brillant stain buffer (Biolegend) and Fc block (Invitrogen);
cells were then incubated for 20 minutes at 4°C. After incubation, cells were
washed twice in PBS by centrifugation at 700xg for 3 minutes, and samples
were fixed with Perm Fix (BD Biosciences) in the dark for 15 minutes at room
temperature. Next, intracellular staining was performed by washing cells in
Perm Wash Buffer (BD Biosciences) by centrifuging at 700xg for 3 minutes.
The intracellular staining mix was made in Perm Wash Buffer (BD
Biosciences), and cells were incubated at room temperature for 45 minutes in
the dark. To finalise, cells were washed in PBS by centrifuging at 700xg for 3
minutes, and cell pellets were resuspended in 200uL of PBS. Cells were
acquired using a spectral flow cytometer (Aurora, Cytek) and analysed using

Flowjo (Tree Star).

2.13.2.1 Panel design

Multiple parameters were taken into consideration when designing the spectral

flow cytometry panel:
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Intensity of expression of the antigen and fluorochrome brightness: a literature

search was performed beforehand to determine how dim or bright the marker
of interest was expressed. For highly expressed markers, dimer fluorochromes
were chosen as they cause less spillover; for rare markers, bright

fluorochromes were chosen so that they would allow detection.

Similarity index: number that ranges from 0 to 1 that indicates how similar is

the spectra of two fluorochromes; similarity indexes of >0.98 were not used
together. If pairs of fluorochromes had very high similarity indexes, then
markers that were not co-expressed together were chosen. To assess the
similarity index, the Cytek Full Spectrum Viewer tool was used

(https://spectrum.cytekbio.com) (Figure 2.7).

Figure 2.7. Similarity indexes among the flow cytometry panel

fluorochromes

Similarity index was assessed using the Cytek Full Spectrum Viewer tool

(https://spectrum.cytekbio.com).
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Complexity index: overall measure of the uniqueness of all the dyes in the

panel. A reference number has not been determined, but it is advisable to use
lower indexes. The complexity index was assessed using the Cytek Full

Spectrum Viewer tool (https://spectrum.cytekbio.com).

After designing the panel, the antibodies were titrated to determine the optimal
staining intensity. The manufacturer’s recommended staining volume was
tested, followed by subsequent dilutions of the antibody, to a total of five. After
that, the median fluorescence (MeFl) of each fluorochrome was obtained and

plotted, and the optimal staining concentration was selected (Figure 2.8).
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Figure 2.8. Representative example of the titration of ICAM1

A) MeFI of the different staining dilutions. B) Flow cytometry plots showing the

different staining indexes.

Because of the complexity of the panel, single stained controls were performed
to determine whether the individual fluorochromes mixed in the whole panel
looked similar to single stained controls. Accordingly, different NK cell samples
were stained for the whole panel and each individual marker. The obtained
data was analysed using Flowjo (Tree Star) by overlaying histograms of the
single stained control and the whole stained sample to look at the similarities

of the spectra (Figure 2.9).
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Figure 2.9. Representative histogram of full stained control overlayed

with single stained control

Staining of the corresponding marker in the whole panel was overlaid with the staining
of the same fluorochrome in a single stain control. Spectra was plotted in a histogram

to look at the overlay of both markers using FlowJo (Tree Star).

2.13.2.2 Data analysis of multi-parameter flow cytometry

| used unsupervised multidimensional analysis to evaluate the co-expression
of different NK cell markers with similar phenotypical characteristics using
different algorithms in Cytobank (www.cytobank.org). The visual interactive
Stochastic Neighbour Embedding (viSNE) algorithm allows the visualisation of
high-dimensional single-cell data based on the t-Distributed Stochastic
Neighbour Embedding (tSNE) algorithm; this generates 2-dimension plots
where the positions of cells reflect their proximity in the high-dimensional
space. The colour of the plot represents the density of expression. NK cells
were manually gated for singlets, live cells and CD56* CD3- (Figure 2.10); after
that, vViSNE analysis was performed on 30 parameters on 3 concatenated
donors and equal sampling. The settings used were 1,000 iterations and
perplexity 30. | used the FlowSOM algorithm to identify clusters based on the
VISNE results. The algorithm was run with equal event sampling; the
Cytobank’s default parameters were used, which include 10 metaclusters, 100

clusters, a cluster size of 100 and 10 iterations.
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Figure 2.10. Spectral flow cytometry gating strategy

A FSC versus SSC plot was created around the cell population of interest. After that,
the gate was projected onto a second plot of FSC-H versus FSC-A to identify single
cells from doublets. From that, a third plot was projected showing FSC versus
Live/Dead Blue staining where the negative population (live) was selected. To finalise,
a fourth plot was projected of CD56 versus CD3 to identify NK cells as CD56* CD3-.

2.14 Immunophenotyping of NK cell ligands in cancer cells

| determined the expression of NK cell ligands on the surface of cancer cells
to investigate the differences in NK cell sensitivity. Three panels including
ligands involved in activation and inhibition of NK cells were developed
(Appendix Table 7.3). A minimum of 10° cancer cells were immunophenotyped
for each panel. Cells were placed in polycarbonate tubes, washed with staining
buffer by centrifuging, and pellet resuspended in 100uL of staining buffer. A
master mix containing all the antibodies in every panel was created in a final
volume of 100uL. The master mix was added, and the cells were incubated for
15 minutes at 4°C. After that, cells were washed again to remove unbound
antibodies by centrifuging with staining buffer. To finalise, cell pellets were
resuspended in 100uL of staining buffer before acquisition. Stained cells were
acquired in a Novocyte flow cytometer (Agilent) for a minimum of 10,000 using

FSC and SSC. Data was analysed using the NovoExpress software (Agilent).

2.15 Proteomics analysis

| looked at the proteomics signature of NK cells treated with different
conditions. Levels of mMRNA do not always correspond to levels of protein;

thus, proteomics may be a more powerful tool for measuring changes in cells
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(Y. Liu et al., 2016). Cells were treated overnight with different stimuli and the
next day were depleted from the overnight stimuli, as explained in section 1.8,
by removing dead cells and positive sorting the NK cells (all conditions were
treated equally to allow for comparison between them). After that, cells were
checked for purity and yield and washed with ice-cold PBS twice by
centrifuging. The pellet was then dried and transferred to -80°C. Frozen cell
pellets were shipped on dry ice for mass spectrometry proteomics analysis to

Biognosys AG.

Data analysis of the proteomics data was carried out by Byognosis AG. For
that, protein intensities for each protein were analysed for testing the
differential protein abundance using a two-sample t-test. P-values were
corrected for overall false discovery rate using the q value approach. The q
value is a measure of significance in terms of false discovery rate rather than
false positive rate, avoiding false positive results (Storey & Tibshirani, 2003).
The distances in heatmaps were calculated using the “Manhattan” distance
method, a mathematical formula-based model to measure the distance
between data points. Gene Ontology (GO) enrichment analysis to identify
biological processes, molecular functions and cellular components was
performed in Spectronaut software (Biognosys AG) using a human gene
associations file obtained from the European Bioinformatics Institute (2016-
10-03). Only terms with a minimum of 2 members were considered.

2.16 Assessment of mitochondrial function
2.16.1 Extracellular flux assays

NK cells were seeded at 3x10° cells per well in Seahorse cell plates pre-coated
with CellTak (Corning). NK cells were incubated for 45 minutes in a COz2-free
incubator at 37°C before loading the plate in a Seahorse analyser (Agilent).
The oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) were measured in XF RPMI medium supplemented with 10mM
glucose, 1mM pyruvate and 2mM glutamine in response to oligomycin (1uM),
FCCP (1.5uM), rotenone/antimycin A (0.5uM) and 2-DG (50mM) (Agilent).
Maximum respiration is the average OCR value post-FCCP injection. The

spare respiratory capacity (SRC) was as the OCR values post-FCCP injection
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minus basal OCR. Glycolysis was calculated as the basal ECAR values minus
post-2-DG injection values. Glycolytic reserve was calculated as post-

rotenone/antimycin A injection ECAR values minus basal ECAR values.

2.16.2 Mitochondrial depolarisation assay

Mitochondrial membrane potential was assessed by measuring
tetramethylrhodamine methyl ester (TMRM) staining by flow cytometry. NK
cells were stained with TMRM at 25nM (Sigma Aldrich) according to
manufacturer’s instructions. After a 30-minute incubation, cells were washed
with PBS and subjected to surface staining as described in section 2.5. After
that cells were stained with LIVE/Dead™ Fixable Aqua (Thermo Fischer)
according to manufacturer’s instructions. Samples were acquired on a BD

Fortessa X20 flow cytometer and analysed using FlowJo (Tree Star).

2.17 Conjugate formation assay

The conjugate formation assay was used to determine the number of

conjugates occurring between rNK cells and rNK or TpNK cells.

NK cells were freshly isolated and divided into two groups: the first one was
cultured in CM to generate rNK; the second group was co-incubated with
INB16 lysates at a ratio 1:2 stimulator:responder to generate TpNK cells. Cells
were incubated overnight at 37°C. The following day, TpNK cells were washed
by centrifugation 3 times to remove lysates (rNK cells were treated equally for
comparison). Cells were counted, and rNK cells were further divided into 2
groups, the first half was labelled with CellTrace™ Violet (CTV) dye and the
second half with CellTrace™ CFSE (CFSE) dye. All TpNK cells were labelled
with CellTrace™ Violet. After that, cells were set up at the concentration of
2.5x108 cells/mL and 100uL of cell suspension were added at a 1:1 ratio into
a round-bottom tube to have the following conditions: rNK(CFSE):rNK(CTV)
and rNK(CFSE):TpNK(CTV). Cells were incubated at 37°C for 0, 15, 30, 45
and 60 minutes, and when each timepoint was met, cells were gently vortexed
and fixed with 0.5% paraformaldehyde. Forming conjugates were defined as
CFSE* CTV* double-positive on the flow cytometer. Samples were acquired in

the flow cytometer (Novocyte, Agilent), and the stopping gate was set at
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10,000 events in the double positive CFSE* CTV* gate (Figure 2.11). Data was

analysed using the NovoExpress software (Agilent).
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Figure 2.11. Gating strategy for the detection of conjugates with flow
cytometry

NK cells were gated on the FSC/SSC and after that a plot was projected for CTV and
CFSE axis. Conjugates were gated as CFSE* CTV* double-positive.

2.18 Calcium flux measurements

The Calcium Flux Assay Kit (Abcam) is a fluorescence-based assay for
detecting intracellular calcium mobilisation using a flow cytometer. | used this
method to determine if there would be changes in calcium flux in rNK cells

when co-incubating them with TpNK cells.

NK cells from fresh blood were isolated as indicated and set up overnight with
INB16 at a 1:2 ratio to generate TpNK cells; NK cells were also incubated with
CM to have rNK cells.

The next day, part of the rNK cells were labelled with CellTrace Violet™
(Thermo Fisher) as previously indicated. After that, rNK cells were labelled
with the 520AM dye as indicated by the manufacturer; rNK cells were prepared
in 0.5mL in Assay Buffer (Abcam) at the cell density of 1x108 — 2x10° cells/mL.
After that, the 520AM dye (Abcam) was prepared right before usage by adding
100uL of DMSO into the vial containing the dye; then, 1ul of 520AM dye was
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added into the 0.5mL of cell suspension and incubated at 37° for 30 minutes.
After that, rNK cells were centrifuged at 300G for 5 minutes to remove the dye
and resuspended in 0.4mL of HBSS (with 20 mM HEPES).

Once the rNK cells were labelled with the 520AM dye, the leftover rNK cells
and TpNK cells used as stimulatory agents were prepared. | added an
additional positive control of 2ug/mL ionomycin, which is known to induce
calcium mobilisation (Pinton et al., 2008). According to the protocol, the
stimulatory agents are added 5x concentrated.

Resting NK cells was analysed first in the flow cytometer before the addition
of the stimulatory agents. Resting NK cells were acquired for 30 seconds; after
that, 100uL of rNK cells, TpNK cells or ionomycin were added to the tubes.
The sample containing ionomycin was analysed immediately after addition for
further 20 minutes. The samples containing rNK cells or TpNK cells as
stimulatory agents were incubated for 50 minutes and then were acquired in
the flow cytometer for a further 2 minutes. Samples were acquired in a
Novocyte flow cytometer (Agilent) and analysed using NovoExpress (Agilent).

The flow cytometry gating strategy is shown in Figure 2.12.

Calcium flux increase was calculated by obtaining the median fluorescence
intensity of the dye before and after the addition of stimulation. After that, the

delta increase was calculated with the following formula:

Flux after stimuli—flux before stimuli
( f f f ) %100

Delta increase = ——
Flux before stimuli

Equation 2.5 Calculation of the delta increase in calcium flux by NK cells
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Figure 2.12. Gating strategy for calcium flux analysis in NK cells

The NK cell population was visualised in the FSC vs SSC plot, which was after
projected into a FSC vs Pacific Blue plot to gate the rNK cells which were labelled
with CellTrace Violet™; the rNK cell gate was then projected into a third plot showing
time in the X axis and the FITC channel in the Y axis, to visualise calcium changes
over time. Representative flow cytometry plots of (A) rNK incubated with other rNK

cells and (B) rNK cells incubated with ionomycin (positive control).

2.19 NK cell imaging

NK cell homotypic interactions were visualised by both live cell imaging and

confocal microscopy.

2.19.1 Live imaging: Nikon CT Biostation

The Nikon CT Biostation (Nikon) is a fluorescence microscope that is built on
an incubator, therefore it allows to image cells live. The plates analysed were
read at a 10x magnification, and images were taken every 15 minutes for a

period of 16 hours. A ratio of 1:1 was used, and NK cell density was optimised
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to 2,000 cells per condition (2,000 rNK to 2,000 rNK or 2,000 rNK to 2,000
TpNK) on a 96-well flat-bottom plate and run in duplicates.

NK cells were freshly isolated from PBMCs, and half of the obtained population
was labelled with PKH26 dye (Sigma-Aldrich) as indicated in section 2.7.1.
After that, NK cells were set up for overnight co-incubation to obtain the
following conditions: rNK cells unlabelled, rNK cells labelled with PKH26, and
TpNK cells primed with INB16 lysate labelled with PKH26. The following day,
cells were washed three times with HBSS by centrifugation to remove the
lysates (all conditions were treated equally to allow for comparison) and were
counted and set up at the concentration of 0.02x10° cells/mL. After that, NK
cells were plated in a 96-well flat-bottom plate to a final number of 4,000 cells
per condition by co-incubating at a 1:1 ratio, containing 2,000 rNK cells
unlabelled with 2,000 rNK cells PKH26 labelled; the second condition set up
contained 2,000 rNK cells unlabelled with 2,000 TpNK cells PKH26 labelled.
Once cells were plated, the plate was placed inside the Nikon CT Biostation
(Nikon) for a period of 16 hours. Images were taken every 15 minutes at an
x10 magnification and the resulting images were analysed in Imaged. For
analysis, cell contacts were enumerated when 2 cells were coming together
and their membranes were touching (Figure 2.13); if cells were separating and

coming together again this was counted as a separate contact.

\

Figure 2.13. Representative image of a cell-cell interaction in a Nikon CT

Biostation

Image shows two NK cells in contact. One cell is labelled with PKH26 dye (red colour),

and the other cell is unlabelled.
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2.19.2 Confocal imaging

Confocal imaging was used to visualise NK-NK interactions since it allows for

higher-resolution images compared to other types of microscopy.

2.19.2.1 General preparation of slides

The protocol for general preparation of slides was designed by combining

different protocols for confocal imaging (Campbell, 2010; Orange et al., 2003).

Fresh or frozen NK cells were used for confocal imaging and set at a
concentration of 5x108 cells/mL. For co-incubation experiments, stained rNK
cells or TpNK cells (cells were stained as indicated in sections 2.19.2.2 and
2.19.2.3) were mixed in a 96-well round-bottom plate at a 1:1 ratio (times will
vary depending on the experiment, between 15 minutes and 1 hour).

After, 50uL of cell suspension was added to a poly-L-lysine-coated glass slides
(Sigma-Aldrich) at 37°C and incubated until CM was dry. Once the slide was
dry, it was dipped 3 times into a 50mL Falcon tube containing PBS to remove
cells that did not adhere. After that, 100uL of 4% paraformaldehyde was added
to the slide to fix cells for 15 minutes at room temperature in the dark. The
slide was again dipped 3 times into a 50mL Falcon tube containing PBS and
gently blotted into a tissue. After that, 1 drop of mounting media (ProLong Gold
antifade reagent (Invitrogen)) was added to the staining region using a Pasteur
pipette and a coverslip was added on top, making sure no bubbles were
forming. Slides were then left to dry overnight in the dark and stored at 4°C

before visualisation.

2.19.2.2 Staining of cells with CellTracker™

For visualisation, NK cells were labelled with different dyes depending on the

experimental set up.

CellTracker™ Green CMFDA (Invitrogen) is a fluorescent dye that diffuses
through the cell membrane into the cell with green excitation/emission spectra.
NK cells were set up at the concentration of 106 cells/mL in serum-free CM.
The dye concentration was optimised to 5uM (Figure 2.14) and incubated for
20 minutes at 37°C.
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Figure 2.14. Optimisation of CellTracker™ Green CMFDA (Invitrogen)

concentration.

Concentrations of (A) 0.5uM, (B) 2uM and (C) 5uM were tested.

CellTracker™ Orange CMRA (Invitrogen) is a fluorescent dye that diffuses
through the cell membrane into the cell with an orange excitation/emission
spectra. NK cells were set up at the concentration of 10° cells/mL in serum-
free CM. The dye concentration was optimised to 7.5uM (Figure 2.15) and

incubated for 20 minutes at 37°C.

Figure 2.15. Optimisation of CellTracker™ Orange CMRA (Invitrogen)

concentration.

Concentrations of (A) 2uM, (B) 5uM and (C) 7.5uM were tested.
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2.19.2.3 Actin and nuclear staining

For the visualisation of actin | used the Alexa Fluor 568 phalloidin kit
(Invitrogen) and the NucBlue™ Fixed Cell Stain ReadyProbes™ reagent
(Invitrogen) for nuclear staining. Cells were prepared following the general
method for slide preparation (section 12.2.1) with the difference that after fixing
the cells with 4% paraformaldehyde, cells were washed x3 in PBS and
permeabilised in 0.1% Triton™ X-100 detergent (Thermo Fischer) for 15
minutes at room temperature. After that, cells were washed again x3 with PBS
and x3 concentrated actin solution was prepared (previously optimised (Figure
2.16)) in PBS+1%BSA, adding 200uL of solution to the slides and incubating
for 30 minutes at RT. Slides were washed x3 with PBS, and 2 drops of
NucBlue™ Fixed Cell Stain ReadyProbes™ reagent (Invitrogen) were added
to stain the nucleus for 5 minutes at room temperature in the dark. To finalise,
slides were washed x3 with PBS, blotted carefully on a tissue, and one drop
of mounting media and a coverslide were mounted on top. Slides were stored
in the dark at 4°C until they were imaged, after which they were stored long-
term at -20°C.
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-
Figure 2.16. Optimisation of actin and nuclear staining

NK cells were stained for actin with Alexa Fluor 568 phalloidin kit (Invitrogen) in colour
red and for the nucleus with NucBlue™ Fixed Cell Stain ReadyProbes™ reagent
(Invitrogen) in blue. Dyes were tested at different times and concentrations; A) 30
minutes x1 concentrated; B) 30 minutes x3 concentrated; C) 60 minutes x1

concentrated; D) 60 minutes x3 concentrated.

2.19.2.4 Optical configuration of the microscope

The microscope used for this project was a Nikon Ti Eclipse C2 laser scanning
confocal microscope driven by NIS Elements software (Nikon). This
microscope can image 4 colours per experiment with excitation lasers being
DAPI (405nm), GFP (488nm), RFP (561nm) and Far Red (637nm); the
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emission filters being DAPI/Cy5 dual, GFP (5625/50nm) and RFP (595/40nm).
The objectives available were 10X Plan Fluor DLL air, 20X Plan Apo A air, 40X
S Plan Fluor air, 40X Plan Apo A air and 60X Apo AS oil. The size of NK cells
is 6-7um therefore, the 40X and 60X objectives were mostly used in to

visualise NK cells.

NK cells were visualised at around 3,300um in the Z axis, where fine tuning
was performed to ensure defined images. The following optical configurations
were saved as default and were finely adjusted for every individual experiment:
laser intensity was set up at 2%, HV at 100 and offset (contrast) between -3
and -10. Live scanning was kept at the minimum possible to avoid

photobleaching. Images were analysed using NIS Elements software (Nikon).

2.20 Statistical analysis

All statistical analysis was carried out in Graph Pad Prism 10. Different tests
were performed depending on the nature of the data obtained (Figure 2.17).
Normality of the data was checked prior to statistical analysis. For
comparisons of two independent groups, the paired t-test was used to
compare parametric data; for non-parametric data, the Mann-Whitney test was
used to compare unpaired data and the Wilcoxon test was used to compare
paired data. For comparisons between more than 2 groups, a 1-way ANOVA
was used for parametric data; for non-parametric data, the Kruskal-Wallis 1-
way ANOVA was used to compare unpaired data, and the Friedman 1-way
ANOVA was used to compare paired data. Differences were considered
significant at P < 0.05, and P values denoted with asterisks as follows: *P <
0.05, **P < 0.01, and ***P < 0.001.
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Figure 2.17. Decision tree for statistical analysis of continuous data




Chapter 3 In-depth characterisation of the
phenotype and proteome profile of tumour-primed NK

cells

3.1 Introduction

Since the discovery that NK cells could acquire memory-like characteristics in
a mouse model of CMV infection (J. C. Sun et al., 2009), many other types of
memory NK cells have been identified (Pal et al., 2017; Romee et al., 2012).
Although adaptive and CIML-NK cells have been thoroughly investigated,
memory NK cells developed in the context of tumour-priming remain far less
studied.

Phenotypically, adaptive NK cells have been characterised by being NKG2C*,
CD57M, CD25", NKG2A" and FCeRy" (Béziat et al., 2013; Foley et al., 2012;
Lopez-Vergeés et al., 2011b; J. C. Sun et al., 2009). CIML-NK cells have been
described as CD25" CD94" NKG2A" CD69" NKp46M (Cooper et al., 2009;
Romee et al., 2012, 2016). This is in keeping with the phenotype of highly
activated and differentiated cells.

The generation of tumour-primed NK cells has been defined by the Lowdell
group and others (Dufva et al., 2023; North et al., 2007; Pal et al., 2017),
suggesting that tumour-priming can induce the formation of memory-like NK
cells (Pal et al., 2017). As previously reported by the Lowdell lab, NK cells that
are primed overnight by exposure to the ALL cancer cell line CTV-1, or its
cloned daughter cell line INB16, are phenotypically CD69Md" CD25M9,
CD16'%, NKG2D"%, and DNAM1'°¥ (Sabry et al., 2019). Pal and colleagues
reported the generation of tumour-memory NK cells by tumour-priming with
ALL and AML cell lines; these NK cells were tumour-primed overnight and then
rested for one week in the presence of low-dose cytokines in order to allow for
the generation of memory features. These tumour-memory NK cells were
characterised by their expression of CD56P9", CD94M CD16M, CD57™M,
KLRG1M and iKIR™ (Pal et al., 2017). Recently, Dufva and colleagues
reported the effects of exposing NK cells to various haematological cancer cell
lines to identify determinants of NK cell resistance and susceptibility (Dufva et
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al., 2023). They identified a shift in the transcriptomic signature of NK cells
from a resting to an activated state with different changes in the receptor
expression depending on the target cell utilised. It is apparent that when NK
cells come into contact with a cancer cell, NK cells are differentially “imprinted”
generating a distinct signature depending on the cancer target cells used for

priming.

Despite these recent advances, memory-NK cells arising from the interaction
with cancer cells remains ill defined. Here, | studied the initial events leading
to the generation of memory in both TpNK and CIML-NK cells by studying their
phenotype and proteomic profile to identify commonalities and differences that

could be used to better define NK cell memory.

3.2 Experimental aims

In order to study the initial events leading to NK cell memory, different types of
stimulated NK cells were generated. TpNK cells were generated by exposing
NK cells to the cancer cell line INB16 (1:2 ratio) overnight; CIML-NK cells were
generated by exposing NK cells to the cytokine cocktail IL-12/15/18 overnight.
For comparison purposes, NK cells were also exposed to low-dose IL15

overnight. The specific aims of this chapter were:

1. Characterise the phenotype of tumour-primed NK cells compared to IL15-
activated NK cells and CIML-NK cells, utilising a multi-parameter flow
cytometry panel including markers of activation, maturation, inhibitory and

adhesion molecules

2. Identify receptor co-expression patterns amongst differentially primed NK

cells to identify shared subpopulations/clusters with memory characteristics

3. Characterise the proteomic profile of tumour-primed NK compared to IL15-
activated NK cells and CIML-NK cells to identify signature proteins that might

further define NK cell memory
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3.3 Results
3.3.1 Study of NK cell receptor expression

A well-curated 30-colour phenotypic panel was used to investigate the
expression of different surface molecules in TpNK cells, CIML-NK cells, and
IL15-activated NK cells compared to rNK of purified NK cells from 3 different
healthy donors. This includes NK cell markers for activation (CD16, CD25,
CD69, NKG2D, TRAIL), maturation/differentiation (CDS57), inhibitory
molecules/checkpoint inhibitors (PD-L1, LAG3, TIM3) and adhesion molecules
(CD62L, ICAM1). Manual flow cytometry gating was done to identify the %
expression and median fluorescence intensity (MeFl) of the positive
population of every marker. Furthermore, | also used an unbiased method
using optimised t-distributed stochastic neighbour embedding (ViSNE)
dimensionality reduction (Van der Maaten & Hinton, 2008). This high
granularity analysis allowed the identification of wunique or shared
subpopulations depending on each priming condition relative to resting NK

cells.

3.3.1.1 Activating receptors
3.3.1.1.1 CD16

CD16 is an NK cell marker of activation and is required to mediate ADCC. Its
downregulation marks NK cell activation (Grzywacz et al., 2007; Romee et al.,
2013) and is also needed to induce NK cell serial killing (Srpan et al., 2018).
In the ViSNE plots (Figure 3.1 A), CD16 is highly expressed on rNK, IL15-
activated NK cells and TpNK, but significantly reduced in CIML-NK which
cluster differently to the other conditions. These changes are also reflected in
percentage expression shown in Figure 3.1 B; rNK, IL15-activated NK, and
TpNK cells show high expression of CD16 (~90%), and CIML-NK cell
expression is downregulated (~55%). MeFl is shown in Figure 3.1 C, where
there is a slight reduction in TpNK cells and a more prominent reduction in
CIML-NK cells compared to rNK cells.
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Figure 3.1. CD16 expression by resting and memory-like NK cells

(A) viSNE plots show the expression of CD16 across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity
of protein expression. (B, C) The bar chart shows the analysis of (B) % expression
and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
donors indicated by the dots. Comparisons were made between rNK and the different
stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-
comparison test for non-parametric distributions. Statistical significance is indicated
as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.

3.3.1.1.2 CD25

The IL2 receptor (IL2-R) in humans is composed of the IL2/15RB-chain
(CD122) and the common y-chain (CD132), which can respond to high
concentrations of IL2. The formation of the high-affinity IL2 receptor demands

the formation of a trimer, with the addition of the IL2-Ra chain or CD25. This
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increases the affinity for IL2, which drives proliferation and enhanced
cytotoxicity (Caligiuri et al., 1990, 1993; S.-H. Lee et al., 2012; Minami et al.,
1993).

In the viSNE analysis (Figure 3.2 A), both rNK cells and IL15-activated NK
cells show very low levels of expression of CD25; the increase in CD25
expression on TpNK cells is confined to the appearance of a new
population/cluster (Figure 1.2A); by contrast, CIML-NK cells show high
expression of CD25. An upregulation in % expression of CD25 in both TpNK
cells (~35%) and CIML-NK cells (~100%) is noted (Figure 3.2 B), and similar
changes are observed in the expression of the MeFI (Figure 3.2 B). These
data are in keeping with previous observations in TpNK cells (Sabry et al.,
2019) and CIML-NK cells (Romee et al., 2016).
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Figure 3.2. CD25 expression by resting and memory-like NK cells

(A) ViSNE plots show the expression of CD25 across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity

of protein expression. (B, C) The bar chart shows the analysis of (B) % expression
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and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
donors indicated by the dots. Comparisons were made between rNK and the different
stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-
comparison test for non-parametric distributions. Statistical significance is indicated
as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.

3.3.1.1.3 CD69

CDG69 is another NK cell activation marker (Borrego et al., 1999), and its
upregulation is a hallmark of tumour priming and has been previously reported
in other studies from our group (North et al., 2007; Sabry et al., 2019). The
expression of CD69 is represented in Figure 3.3 and shows a very similar trend
to CD25 expression, presented in the vViSNE analysis (Figure 3.3 A). The %
expression of CD69 is shown in Figure 3.3 B; rNK cells show low levels of
CD69 expression (~5%), and this is increased in IL15-activated NK cells
(~40%), TpNK cells (~60%) and CIML-NK cells (~100%). MeFI (Figure 3.3 C)
shows a significant upregulation on CIML-NK cells compared to rNK cells; the
rest of the conditions show similar expression levels to rNK cells.
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Figure 3.3. CD69 expression by resting and memory-like NK cells.

(A) viSNE plots show the expression of CD69 across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity
of protein expression. (B, C) The bar chart shows the analysis of (B) % expression
and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
donors indicated by the dots. Comparisons were made between rNK and the different
stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-
comparison test for non-parametric distributions. Statistical significance is indicated
as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.

3.3.1.1.4 NKG2D

NKG2D is an activating cell surface receptor expressed constitutively on NK
cells and is the ligand for ULBP1-6 and MICA/B (Bauer et al., 1999). The
expression of NKG2D is shown in Figure 3.4. The viSNE plots (Figure 3.4 A)
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show medium/low NKG2D expression intensity in rNK, IL15-activated NK cells
and CIML-NK cells across all clusters, with a lower expression in TpNK cells.
The % NKG2D expression (Figure 3.4 B) in rNK, IL15-activated NK and CIML-
NK cells indicates high levels of expression for all three conditions (~80-90%)
and a downregulation in TpNK cells (~65%). The MeFI expression (Figure 3.4
C) shows a non-significant downregulation in TpNK cells compared to rNK.
These findings on TpNK cells confirm previous observations (North et al.,
2007; Sabry et al., 2019).
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Figure 3.4. NKG2D expression by resting and memory-like NK cells.

(A) ViISNE plots show the expression of NKG2D across the indicated types of NK
cells. Each point on the ViSNE map represents a single cell, and colour depicts the
intensity of protein expression. (B, C) The bar chart shows the analysis of (B) %
expression and (C) MeFI of the positive population. Bars represent the means +SD
of 3 different donors indicated by the dots. Comparisons were made between rNK
and the different stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with

Dunn’s multiple-comparison test for non-parametric distributions. Statistical
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significance is indicated as: *P <0.05: **P <0.01: ***P <0.001. The absence of an

asterisk indicates non-significance.

3.3.1.1.5 TRAIL

NK cells also exert cytotoxicity via the engagement of death receptors that
belong to the TNF family of cytokines, like the tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL/ApoZ2L), that induces caspase-mediated
apoptosis in the target cell (Falschlehner et al., 2009; Wiley et al., 1995).

The expression of TRAIL is shown in Figure 3.5. The viSNE analysis (Figure
3.5 A) indicates low to no intensity of expression of TRAIL in rNK, IL-15 primed
NK cells and TpNK cells, and high expression in CIML-NK cells. The %
expression (Figure 3.5 B) reveals very low levels of expression on rNK, IL15-
primed NK and TpNK cells (~5%) and a significant upregulation in CIML-NK
cells (~40%). The MeFI analysis (Figure 3.5 C) shows a moderate increase of
TRAIL in IL15-primed NK and a significant increase in CIML-NK cells, possibly
driven by the presence of IL15 in these cultures. The upregulation of both
TRAIL % expression and MeFI| in CIML-NK cells has been reported previously
(Romee et al., 2016).
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Figure 3.5. TRAIL expression by resting and memory-like NK cells

(A) VviSNE plots show the expression of TRAIL across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity
of protein expression. (B, C) The bar chart shows the analysis of (B) % expression
and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
donors indicated by the dots. Comparisons were made between rNK and the different
stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-
comparison test for non-parametric distributions. Statistical significance is indicated
as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.

3.3.1.2 Maturation/differentiation markers
3.3.1.2.1 CD57

The increase in CD57 in NK cells has been reported as a marker of highly

mature NK cells (Bjorkstrom et al., 2010; Lopez-Vergés et al., 2010; Nielsen
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et al., 2013). In the viSNE plots (Figure 3.6 A), we observed CD57 expression
in specific clusters for all NK cell conditions. The % expression of CD57 (Figure
3.6 B) is similar in rNK, IL-15 primed NK cells and CIML-NK cells (~40%) but
is upregulated in TpNK cells (~75%). The MeFI (Figure 3.6 C) shows a similar
expression of CD57 on rNK, IL-15 primed NK cells and CIML-NK cells, and it
is downregulated in TpNK cells.
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Figure 3.6. CD57 expression by resting and memory-like NK cells

(A) viSNE plots show the expression of CD57 across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity
of protein expression. (B, C) The bar chart shows the analysis of (B) % expression
and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
donors indicated by the dots. Comparisons were made between rNK and the different
stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-
comparison test for non-parametric distributions. Statistical significance is indicated
as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.
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3.3.1.3 Adhesion molecules
3.3.1.3.1 CD62L

CD62L is an L-selectin from the family of adhesion molecules involved in the
trafficking of lymphocytes in and out of blood circulation by mediating rolling
and adhesion to the blood vessel wall (Bevilacqua, 1993). It has been
suggested that CD569™ CD62L* NK cells represent an intermediate step in
the maturation of NK cells from CD56"9" to the mature CD569™ CD62L".
These subsets are cytokine producers but also can exert direct cytotoxicity

through ligand engagement (Juelke et al., 2010).

In the ViSNE analysis (Figure 3.7 A), CD62L is expressed across different
clusters in rNK, IL15-primed NK cells and TpNK, but its expression is reduced
in CIML-NK. The % expression (Figure 3.7 B) is similar in rNK and IL-15
primed NK cells (~70%); a non-significant reduction is observed in TpNK cells
(~50%) and CIML-NK cells (~40%) compared to rNK cells. The MeFI
expression (Figure 3.7 C) shows a non-significant reduction in IL15-primed NK
and TpNK cells compared to rNK cells and a significant decrease in CIML-NK
cells.
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Figure 3.7. CD62L expression by resting and memory-like NK cells

(A) ViISNE plots show the expression of CD62L across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity
of protein expression. (B, C) The bar chart shows the analysis of (B) % expression
and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
donors indicated by the dots. Comparisons were made between rNK and the different
stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-
comparison test for non-parametric distributions. Statistical significance is indicated
as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.

3.3.1.3.2 ICAM1

ICAM1 is another adhesion molecule that mediates leukocyte migration and
can also signal to activate NK cells by binding to LFA1 (Barber et al., 2004;
Chong et al., 1994; Wee et al., 2009). The expression of ICAM1 is shown in
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Figure 3.8. The viSNE analysis (Figure 3.8 A) shows a general low expression
in rNK cells and IL15-primed NK cells. TpNK cells also show overall low
expression with the exception of higher expression in a small subcluster.
CIML-NK cells are characterised by a higher expression of ICAM1, as shown
in the ViSNE plots (Figure 3.8 A ). The % expression of ICAM1 (Figure 3.8 B)
is very low on rNK cells (~5%) and trends towards higher expression in IL15-
primed NK cells (~15%) and TpNK cells (20%). CIML-NK cells show a
significant enhancement up to ~80%. MeFI| expression (Figure 3.8 C) shows
similar levels of expression on rNK and IL15-primed NK, a non-significant
increase in fluorescence in TpNK and a significant increase in CIML-NK cells.
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Figure 3.8. ICAM1 expression by resting and memory-like NK cells

(A) ViSNE plots show the expression of ICAM1 across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity
of protein expression. (B, C) The bar chart shows the analysis of (B) % expression

and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
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donors indicated by the dots. Comparisons were made between rNK and the different
stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-
comparison test for non-parametric distributions. Statistical significance is indicated
as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.

3.3.1.4 Inhibitory receptors/checkpoint inhibitors

We next wanted to assess whether these NK cells were activated and
functional without showing signs of exhaustion. Hence, a number of different
receptors that have been associated with NK cell exhaustion were examined.
LAG3 and TIM3 are checkpoint inhibitors that have been associated with both
T cell (Wherry, 2011) and NK cell exhaustion (Judge et al., 2020; A. M. Merino
et al., 2020; Roe, 2022), although their actual role on NK cells is still
controversial. PD-L1 is one of the ligands of the immune checkpoint inhibitor
PD1, and its expression in NK cells is associated with the hampering of T cell
responses in the TME (Diniz et al., 2022; J. Zhou et al., 2019).

The expression of PD-L1 is shown in Figure 3.9. The viSNE analysis (Figure
3.9 A) shows that rNK cells, IL15-primed NK cells and TpNK cells do not
express PD-L1, but it is considerably induced in CIML-NK cells. This was also
confirmed by manual gating, looking at % expression and MeFIl with a
significant upregulation only observed in CIML-NK cells compared to the other

priming conditions (Figure 3.9 B and Figure 3.9 C).

The expression of LAG3 is shown in Figure 3.10. The viSNE analysis (Figure
3.10 A) shows an overall low expression of LAG3 in rNK, IL15-primed NK cells
and TpNK cells and an increased expression in CIML-NK cells. The %
expression (Figure 3.10 B) shows ~1% expression in rNK, IL15-primed NK
cells and TpNK cells, with a significant increase in CIML-NK cells (~15%). The
study of the MeFI (Figure 3.10 C) shows similar results, with low levels of
expression in rNK, IL15-primed NK and TpNK cells and a moderate increase
in CIML-NK cells.
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The expression of TIM3 is shown in Figure 3.11. Unsupervised viSNE analysis
(Figure 3.11 A) shows overall low levels of expression of TIM3 in rNK, IL15-
primed NK and TpNK cells, with the exception of a small subcluster in CIML-
NK cells showing high levels of expression (Figure 3.11 A). The % expression
(Figure 3.11 B) is similar to PD-L1 and LAG3, with negligent expression levels
in rNK, IL15-primed NK cells and TpNK cells, and a significant upregulation in
CIML-NK cells. MeFI levels (Figure 3.11 C) were comparable across all rNK,
IL15-primed NK and TpNK cells, and a moderate significant increase in CIML-
NK cells.
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Figure 3.9. PDL1 expression by resting and memory-like NK cells

(A) ViSNE plots show the expression of PDL1 across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity
of protein expression. (B, C) The bar chart shows the analysis of (B) % expression
and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
donors indicated by the dots. Comparisons were made between rNK and the different

stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-
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comparison test for non-parametric distributions. Statistical significance is indicated
as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.
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Figure 3.10. LAG3 expression by resting and memory-like NK cells

(A) ViSNE plots show the expression of LAG3 across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity
of protein expression. (B, C) The bar chart shows the analysis of (B) % expression
and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
donors indicated by the dots. Comparisons were made between rNK and the different
stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-

comparison test for non-parametric distributions. Statistical significance is indicated
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as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.
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Figure 3.11. TIM3 expression by resting and memory-like NK cells

(A) viSNE plots show the expression of TIM3 across the indicated types of NK cells.
Each point on the viSNE map represents a single cell, and colour depicts the intensity
of protein expression. (B, C) The bar chart shows the analysis of (B) % expression
and (C) MeFI of the positive population. Bars represent the means +SD of 3 different
donors indicated by the dots. Comparisons were made between rNK and the different
stimulatory conditions using the Kruskal-Wallis 1-way ANOVA with Dunn’s multiple-
comparison test for non-parametric distributions. Statistical significance is indicated
as: *P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.
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3.3.1.5 Metacluster analysis of NK cell subpopulations

Next, | performed FlowSOM analysis on the viSNE results obtained from the
phenotypical characterisation of NK cells at rest and following stimulation with
different priming conditions. FlowSOM is an unsupervised clustering algorithm
that helps identify metaclusters based on their phenotype. This allowed me to
discover the co-expression patterns of receptors amongst different
subpopulations of NK cells, which could be either unique or shared across

different conditions.

Ten metaclusters were identified (Figure 3.12 A), with the changes in
abundance of each metacluster shown in Figure 3.12 B. Resting NK cells and
IL15-activated NK cells are characterised by the presence of metaclusters 1,
2 and 7, accounting for 23.62%, 36.53% and 32.28% in rNK cells and 23.93%,
36.72% and 30.36% in IL15-activated NK cells respectively (Figure 3.12 B).
TpNK cells have a more prominent metacluster 3 (increasing from 0.53% in
rNK to 13.74% in TpNK cells) and a more prominent metacluster 8 (11.5%
relative to 0.63% in rNK). In contrast, CIML-NK cells show a distinct phenotype
enriched for metacluster 8 (33.8%) and a new metacluster 6, which was not

observed in any other conditions but represented 52.4% of the cells.

Next, | analysed the receptor expression of the individual metaclusters that
represented more than 10% of the populations by determining the MeFI of the
whole population (Figure 3.12 C). Emphasis was placed on the marker
expression of metacluster 3, which was more prominent in TpNK cells;
metacluster 6, as it was unique to CIML-NK cells; and metacluster 8, which
was expanded in both TpNK and CIML-NK cells.

Metacluster 1 consists of the CD56P9" NK cell subset as it shows high
expression of CD56 (data not shown) as well as low expression of CD16 (J.
Yu et al.,, 2013). Thus, these cells are more immature and predominantly

secrete cytokines.

The NK cells present in metacluster 2 represent an immature subset
characterised by low expression of CD57 but have high expression of CD16

and CD38. The high expression of CD16 suggests that these cells have high
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ADCC cytotoxic capacity. Besides being an activation marker, CD38 has been
shown to play a role on NK cell fratricide (Gurney et al., 2022); which could act
as a potential mechanism to limit responses in NK cells with high cytotoxic

potential.

Metacluster 3 is characterised by high expression of NKG2A, CD69, CD57,
CD45RA and CD2. The high expression of CD2 in this cluster is particularly
intriguing as the Lowdell group has previously shown that the interaction of
CD2 on the NK cell with its ligand CD15 on INB16 during tumour-priming is

crucial to achieve the primed state (Sabry et al., 2011).

The uniquely expressed metacluster 6 in CIML-NK cells is characterised by
high expression of CD69, Granzyme B, CD38, CD25 and PD-L1. The high
expression of several NK cell activation markers suggests that the cells in this
metacluster are activated with high cytotoxic potential. The high expression of
the inhibitory marker NKG2A suggests a potential mechanism for these cells
to increase their threshold for activation and thus limit NK cell responses.

The NK cells from metacluster 7 are characterised by having high expression
of CD57 and CD16, suggesting these are terminally differentiated NK cells
(Bjorkstrom et al., 2010; J. Yu et al., 2013). Metacluster 7 is one of the most
abundant in rNK cells, which shows that these mature NK cell populations are

present in high numbers in the peripheral blood of healthy individuals.

Metacluster 8 is restricted to TpNK and CIML-NK and defined by high
expression of Granzyme B, CD45RA, CD69, CD38, and low expression of
NKG2A. The high expression of CD57, together with low NKG2A expression
in this cluster, suggests that these cells are highly mature and differentiated
(Bjorkstrom et al., 2010; Lopez-Verges et al., 2010).
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Figure 3.12. TpNK and CIML-NK cells share a unique phenotypical

metacluster containing mature NK cells

Freshly isolated peripheral blood NK cells were incubated overnight at 37°C as
indicated. The next day, cells were washed, and the expression of 30 different NK cell
markers was analysed using spectral flow cytometry. After that, viSNE and FlowSOM
analysis clustered on 30 NK cell phenotypic markers was performed (A) viSNE plots
of the different metaclusters across all conditions. (B) Stacked bars show changes in
the % cell numbers of each metacluster for every condition. (C)(D) Heatmaps show

the fluorescence intensity of the total of cells on the indicated markers of metaclusters
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1 to 10, with metaclusters of interest highlighted in (C) TpNK and (D) CIML-NK. Plots

show the data from 3 concatenated donors.

3.3.2 Proteomics analysis

In order to further characterise the initial events leading to the generation of
NK cell memory, | explored the proteomic profile of rNK cells compared to
TpNK, CIML-NK and NK cells activated with IL15. Levels of mRNA do not
always correspond to protein levels; thus, proteomics may be a more powerful
tool for measuring cell changes (Y. Liu et al., 2016). In total, 9,253 proteins
represented by 204,407 peptide ion variants were quantified across all
samples. Hierarchical clustering analysis using the Manhattan distance
measure using all protein z-score values across all samples was carried out,
and the clustered data (Figure 3.13 A) show a strong separation according to
the priming condition. The volcano plot shows the 9,253 proteins quantified
with the red dots showing protein candidates significantly changed after
exposure to INB16 (Figure 3.13 B). Amongst the most upregulated proteins
KPNA2, GCAT, MTHFD1L, MST1, FAR2, CDCA7L, PRC1 and NKD2 were
identified.
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Figure 3.13. Proteome-wide protein profile of different types of

stimulated NK cells

(A) Hierarchical clustering analysis using the Manhattan distance measure using all
protein z-score values across all samples. (B) Volcano plot shows the 9,253 proteins
quantified with the red dots showing protein candidates significantly changed after

exposure to INB16 (TpNK cells) compared to rNK cells.
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This next led to the identification of proteins which were statistically
significantly upregulated (p <0.001) and with an absolute average log ratio of
>4 |log, and looked at the overlap amongst the three different conditions (Figure
3.14). Of the 249 proteins identified in TpNK cells, 41 are shared with CIML-
NK (Table 3.1), 20 with IL15-activated NK cells and 18 with all three conditions.
CIML-NK upregulated 179 proteins, of which 23 are shared with IL15-activated
NK cells. Sixty-three proteins are only upregulated by IL15 activation. Notable
proteins within the 41 are ADAM28, APOC2, FERM2, INF-G, LOXL3, P3H3,
RM14, RM21 and SL9A9, each of which may contribute to memory-like

function.

Upregulated proteins

TpNK ! CiMmL

IL-15

Figure 3.14. Venn diagram showing the intersection of upregulated

proteins across the three different NK cell conditions

Venn diagram generated by the intersection list of the proteins significantly (p<0.001)

upregulated by more than 4 log compared to NK cells incubated in medium alone.
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Protein
ADAM28
APC11
APOC2
C1TM
C4BPA
CBX2
CF298
CTIP
EPOP
FERM2
FOXM1
IFNG
KBL
KBTB3
LOXL3
MCM5
MCM6
MOFA1
NEIL3
NFYA
NT5D3
P3H3
PABP4
PLAL1
POMP

PSB5
RL8

RL27
RL36
RL39
RM14

Function

Leukocyte transmigration through integrin binding

Control of cellular progression through mitosis

Increases hydrolysis of triglycerides

Folic acid metabolic process

Positive regulation of protein catabolic process

Chromatin remodelling and histone modification

Cilia and flagella associated protein — unknown function
DNA endonuclease. Controls cell cycle

Modulation of active gene transcription

Regulator of integrin activation
Required for entry to mitosis

Gamma interferon

Metabolic processes

Unknown function

Disrupts STAT3 dimerization

G1/S transition of mitotic cell cycle. DNA replication

G1/S transition of mitotic cell cycle. DNA replication
Unknown function

Removal of DNA lesions arising from oxidative stress
Nuclear transcription factor

Cellular hydrolase

Catalyses hydroxylation of lysine residues in collagen alpha chains.
Unknown function

Unknown function

Mediates ER binding, recruits the remaining 3-subunits into the nascent
complex and supports final proteasome maturation
Unknown function

RNA binding and cytoplasmic translation

Ribosomal protein probably associated with resistance to oxidative stress
Anti-oxidant activity

Structural constituent of ribosome — involved in translation

Involved in mitochondrial translation and metabolism
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RM21
RS30
SLC9A9

STXB4
TET5A
TRIB3
TULP3
TYSY
WDR47
WDR62

Involved in protein synthesis within mitochondria

Ribosomal protein — unknown function

Regulates endosome maturation. Promotes recycling of transferrin
receptors

Positive regulation of cell cycle G1/S phase transition

One of a family of TET proteins involved in control of cell growth
Regulation of glucose transport

Regulation of transcription

Maintains dTMP pool which is critical for DNA repair and replication
Unknown function

Localises katanin at spindle poles to ensure synchronous chromosomal

segregation

Table 3.1. Proteins induced in both TpNK and CIML-NK cells

List of proteins upregulated by >4 logs and p<0.01 on TpNK cells and CIML-NK.

Gene Ontology (GO) enrichment analysis identified 444 biological processes,
137 cellular components and 263 molecular functions significantly enriched in
TpNK cells relative to untreated controls. Figure 3.15 A shows the top 20
enriched biological processes enriched in TpNK cells. The main changes
relate to mitochondrial function, as well as changes in cell metabolism and

DNA replication.

In CIML-NK cells, GO enrichment analysis identified 284 biological processes,
64 cellular components, and 163 molecular functions that are significantly
enriched compared to untreated controls. Figure 3.15 B shows the top 20

enriched biological processes enriched in CIML-NK cells; the main changes

relate to processes involved in the cytotoxic activity of NK cells.
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Figure 3.15. Top 20 enriched biological processes in TpNK and CIML-NK
cells

GO enrichment analysis carried out with the proteins significantly changed between
samples from NK cells treated with (A) INB16 and untreated controls and (B) NK cells
treated with IL12/15/18 and untreated controls, showing the top 20 enriched biological
processes enriched in each condition. Red line represents enrichment p-value; green

line represents enrichment p-value Benjamini-Hochberg corrected.

The analysis identified that both TpNK cells and CIML-NK cells upregulated
proteins related to lytic function (Figure 3.16 A). In contrast, NK cells co-
incubated with INB16 led to the upregulation of 60 proteins associated with
mitochondrial survival and fithess compared to 36 proteins upregulated in
CIML-NK and 24 proteins upregulated by IL15-activated NK cells (Figure 3.16
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B). This finding was intriguing and was investigated
measuring metabolic function in Chapter 4.
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Figure 3.16. Upregulated proteins corresponding to lysis and

mitochondrial survival across different NK cell conditions

Graphs show the average Log ratio from rNK in TpNK, CIML-NK and IL15-treated NK

cells corresponding to (A) lytic function-related proteins and (B) mitochondrial survival

proteins.
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3.4 Discussion

Memory-like NK cells have been studied extensively in the context of CMV
and CIML-NK cells, but the idea that memory-NK cells can arise from tumour-
priming remains far less studied. The Lowdell group has previously reported
the generation of TpNK cells and their ability to enhance the lysis of NK-
resistant cancer cell lines (North et al., 2007), which generates tumour-
memory NK cells (Pal et al., 2017). The effects on tumour-priming of NK cells
have also been described by others, Dufva and colleagues recently reported
that the exposure of NK cells to various haematological cancer cell lines
imprints the NK cells at the transcriptomic level inducing different sensitivity to
target cells (Dufva et al., 2023). In this chapter, we examined the
characteristics occurring at the initial phase of the formation of cytokine- and

tumour-memory NK cells by high-parameter flow cytometry and proteomics.

While memory-NK cells have been previously studied, a consistent phenotype
has yet to be identified across the various types. Adaptive NK cells have been
described as being NKG2C* CD57" CD25" NKG2A- and FCeRy- (Béziat et al.,
2013; Foley et al., 2012; Lopez-Verges et al., 2011b; J. C. Sun et al., 2009);
and CIML-NK cells have been characterised as being CD25" CD94" NKG2AM
CD69" NKp46" (Cooper et al., 2009; Romee et al., 2012, 2016). Tumour-
memory NK cells generated by Pal and colleagues were described as being
CD56, CD94", CD16M, CD57M, KLRG1™ and iKIR" (Pal et al., 2017),
although it seems that the acquisition of the phenotype in tumour-memory NK

cells depends on the priming agent utilised (Dufva et al., 2023).

Several phenotypic attributes previously described to define memory-like NK
cells were used to investigate memory NK cells in response to tumour priming.
In this work, TpNK cells showed downregulation of CD16, upregulation of
CD25, and upregulation of CD69, suggesting that these cells are activated
despite the absence of cytokines in the priming stage (North et al., 2007; Sabry
et al., 2019). This was similar to the phenotype of CIML-NK cells, which was
also characterised by having downregulation of CD16 and upregulation of both

CD25 and CD69, in keeping with previous observations (Romee et al., 2016).
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The downregulation of NKG2D on TpNK cells is consistent with previous
findings (North et al., 2007; Sabry et al., 2019). Typically, the downregulation
of NK cell activation markers like NKG2D has been regarded as a sign of NK
cell dysfunction. However, this might be a sign of a tumour-specific NK cell
response; a tumour-primed NK cell that is waiting for more stimulation in order
to trigger cytotoxicity might have downregulated specific receptors that are
involved in the priming stage (Sabry & Lowdell, 2013). This is in keeping with
the observations by our group and others that NK cells with downregulated
activation markers like NKG2D or NKp46 display better killing of target cells
(Gati et al., 2004; Penack et al., 2005).

The changes observed in CD57 expression, a marker for terminally
differentiated NK cells (Bjorkstrom et al., 2010; Lopez-Vergés et al., 2010), are
of interest. Notably, the increase in the percentage of NK cells expressing
CD57 together with a reduction in intensity suggests that tumour-priming may
initiate the maturation of CD57-ve NK cells, leading to a gradual increase in
CD57 expression to levels associated with fully mature NK cells. It is possible
that increasing the time of exposure of TpNK cells to the priming agent would
drive a MeFl increase in the CD57+ population. It is likely that when an NK cell
comes into contact with INB16, this drives its maturation and, hence, its ability
to exert cytotoxicity. This was not observed in the CIML-NK cells generated
here, nor has it been described in the literature (Romee et al., 2016). The
observed downregulation in CD62L also supports the idea of maturation of
TpNK cells as it is known that the loss of CD62L represents an intermediate
state in NK cell maturation, going from CD569™ CD62L* NK cells to CD564™
CD62L- CD577, where this population exerts high cytotoxicity against cancer
cells as well as decreased proliferative capacity (Juelke et al., 2010; Lopez-
Vergeés et al., 2010).

Another interesting observation is that CIML-NK cells were marked by the
upregulation of PD-L1, TIM3 and LAG3, which were not observed in any of the
other conditions. The upregulation of TIM3 and LAG-3, well-characterised
markers of exhaustion in T cells (Wherry, 2011), represents a state of
overstimulation that results in reduced proliferation and effector function.

Whether NK cells share similar pathways of exhaustion with T cells requires
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further definition. Inhibitory receptors that have been related to NK cell
exhaustion include PD-1, LAG-3, TIM-3, TIGIT and CD98, but there seems to
be controversies on what their actual role is (Judge et al., 2020; A. M. Merino
et al., 2020; Roe, 2022). PD-L1 expression on NK cells has also been shown
to limit T cell responses in the TME (Diniz et al., 2022; J. Zhou et al., 2019).
CIML-NK cells display a phenotype of highly activated NK cells, but it could be
that these cells are challenged or could impair other immune responses in the
context of the TME.

| next wanted to elucidate whether tumour- and cytokine-primed NK cells
shared phenotypic hallmarks of memory NK cells. A new metacluster 8 shared
between TpNK cells and CIML-NK cells suggests that NK cell priming, despite
variations in the activation mechanism employed, can lead to comparable
phenotypes. The main characteristic of this cluster was the high expression of
CD57 and the absence of NKG2A, which are characteristics of mature and
terminally differentiated NK cells (Bjorkstrom et al., 2010; Lopez-Verges et al.,
2010). It could be that the presence of metacluster 8 is related to the
acquisition of memory functions in TpNK and CIML-NK cells.

One of the most notable finding was the overrepresentation of metacluster 3
in TpNK cells, which is characterised by having high expression of CD2. CD2
is a co-stimulatory molecule that is important in the context of tumour-priming
with INB16; research from the Lowdell group has shown that the CD2-CD15
interaction is crucial in order to prime an NK cell (Sabry et al., 2011). Thus, the
higher abundance of metacluster 3 that expresses high levels of CD2 further
confirms that finding. It is tempting to speculate that the expansion of a
metacluster that expresses high levels of CD2 could be related to NK cells

interacting with the priming agent via CD15-CD2 interaction.

Proteomic analysis was used to determine whether there is a proteomic
“fingerprint” of NK cell memory by comparing TpNK and CIML-NK. For that,
analysis was performed in proteins upregulated by more than 4 log in the two
memory populations and identified 41 proteins shared by CIML-NK and TpNK,

some of which are discussed next.
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One of the proteins upregulated was APOC2, which mediates triglyceride
hydrolysis. This will increase the amount of fatty acids that NK cells can use
as nutrients, which are used as substrates for oxidation and energy production,
membrane synthesis, energy storage and production of signalling molecules
and, therefore, are essential for cell survival and proliferation both under
normoxia and hypoxia (Mylonis et al., 2019). This may provide the NK cells

with an advantage to navigate the hypoxic TME.

FERM2 is another protein that was upregulated in memory-NK cells. FERM2
is a regulator of integrin activation, which are crucial in cell trafficking (Grégoire
et al., 2007; Shannon & Mace, 2021) and also in the formation of the
immunological synapse (Evans et al., 2009), the most critical event for NK cell
cytotoxicity. All these would provide memory-NK cells with enhanced function.

LOXL3 expression in TpNK and CIML-NK cells may also be part of the memory
fingerprint since the disruption of STAT3 dimerisation by LOXL3 will likely
enhance NK cell lysis and DNAM-1 expression. In line with this, STAT3-KO
mice show increased DNAM-1 expression and increased NK-mediated
tumour-cell lysis (Gotthardt et al., 2014).

Several upregulated proteins shared by both memory-NK cell types are
associated with DNA repair arising from oxidative stress (NEIL3, RL27, RL36,
TYSY) which may be involved in resistance to intratumoural hypoxia. Others,

such as RM14 and RM21, are involved in mitochondrial metabolism.

SLC9A9 is another upregulated protein that could be involved in the
generation of memory. Besides contributing to endosome maturation, it also
promotes the recycling of transferrin receptors. High expression of transferrin
receptors has been associated with the sequestering of the inhibitory NK cell
receptor KLRG1, impairing binding to cadherins on tumour cells (Schweier et
al., 2014). The recycling of transferrin receptors by SLC9A9 appears unique
to memory-NK cells since it was not induced by IL15 in this study nor by IL2 in
our previous work (Sabry et al., 2019). The continuous expression of
transferrin receptors on memory-NK would remove a major inhibitory signal
and lower the threshold for activation by natural cytotoxicity receptors,

enhancing NK cell cytotoxicity against cancer cells.
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There are also several upregulated proteins by both memory-NK cells that are
related to mitosis and cell cycle: APC11, CTIP, EPOP, FOXM1, MCM5, MCM6,
STXB4, TET5A, TULP3 and WDRG62; suggesting enhanced proliferative
capacity by both ToNK and CIML-NK cells.

Pal and colleagues performed a similar study to ours where they generated
TIML-NK cells by exposing the NK cells to NALM16, a B-ALL cell line, and
looked at the transcriptomic signatures of TIML- and CIML-NK cells. One of
their most interesting findings was that only TIML-NK cells upregulated genes
involved in metabolic processes, including CYP1B1, ALDOC, TKTL1, AGMAD
and VDR (Pal et al.,, 2017). This aligns with our observations of high
upregulation of mitochondrial proteins with strong upregulation of CYP1B1.
These data suggest that when NK cells come into contact with a cancer cell,
changes in their mitochondria probably result from increased metabolic
demand to exert cytotoxicity towards the cancer cell. Upregulation of
mitochondrial survival proteins may indicate enhanced mitochondrial fitness
and may provide an opportunity for NK cell activation without mitochondrial
damage. This suggests that TpNK cells may have a survival advantage,
especially within the hostile TME (Chang et al., 2015; Kouidhi et al., 2016).

Although the concept of “NK cell memory” is well established, it is plausible
that NK cells with memory function can be derived through more than one
mechanism. Memory-like NK cells have been studied extensively in the
context of CMV and CIML-NK cells, but the idea that memory-NK cells can
arise from tumour-priming remains far less studied. Here, we observe how
TpNK and CIML-NK cells share some subpopulations with similar
phenotypic/proteomic characteristics despite being generated by different
stimuli, and speculate that the memory properties arise from those groups of

cells.
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Chapter 4 In-depth characterisation of the

function of tumour-primed NK cells

4.1 Introduction

One of the hallmarks of NK cell memory is the enhanced functional response
upon a second encounter with a target cell. Adaptive NK cells display
enhanced capacity for ADCC and IFNy secretion as described in the context
of human CMV infection but also chronic viral infections with HIV-1 and HCV
(Foley et al., 2012; Oh et al., 2016; Peppa et al., 2018; J. Zhou et al., 2015).
CIML-NK cells are also characterised by enhanced IFNy secretion and anti-
tumour cytotoxicity. After an initial co-incubation with the triple-cytokine
cocktail and a period of 7-day rest, these NK cells are then capable of exerting
superior cytotoxicity against a variety of cancer cells (Cooper et al., 2009;
Romee et al., 2012, 2016). Work from the Lowdell group and others have
described that tumour-priming of NK cells results in NK cells with memory-like
properties characterised by enhanced cytotoxicity upon exposure to a second
target cell (North et al.,, 2007; Pal et al., 2017; Sabry et al., 2019). The
proliferation in response to an antigen or the priming agent has also been
regarded as a hallmark of memory NK cells and has been defined in adaptive
NK cells (J. C. Sun et al., 2009), CIML-NK cells (Romee et al., 2012), and
TIML-NK cells (Pal et al., 2017).

In Chapter 3, | identified an expanded NK cell metacluster 8 in tumour-primed
and CIML-NK cells. This metacluster was delineated by higher expression of
CD57 and lower expression of NKG2A in keeping with a mature or terminally
differentiated population (Bjorkstrom et al., 2010; Lopez-Vergeés et al., 2010).
Furthermore, CIML-NK cells expanded a new metacluster 6, which was not
present in any other conditions, characterised by Granzyme BMg", CD25hdh,
CD69nigh . CD38Ndh and CD2" expressions. The expansions of these two
distinct metaclusters prompted me to interrogate if these NK cell

subpopulations had different functional capacities.

Another interesting finding from Chapter 3 was the upregulation by CIML-NK
cells of LAG3 and TIM3, markers linked to NK cell exhaustion (Judge et al.,

Page 124 of 265



2020; A. M. Merino et al., 2020; Roe, 2022). Some populations of NK cells are
found to be exhausted; in serial killing assays, it has been shown that an NK
cell eventually loses its ability to exert cytotoxicity even if it is conjugating with
the target cell, likely due in part to depletion of cytolytic granules
(Vanherberghen et al., 2013). Thus, serial cytotoxicity assays were performed
to elucidate whether different populations of CIML-NK cells were perhaps

highly cytotoxic but became exhausted after some time.

Another crucial aspect of cellular memory is the changes that occur at the
metabolic level. For instance, it is well described that a hallmark of the
transition from a naive T cell to a memory T cell induces changes in their
metabolism, including increases in mitochondrial spare respiratory capacity
(SRC) and oxidative phosphorylation (OXPHOS) (van der Windt et al., 2012,
2013). Fatty acid oxidation is also required by memory T cells to support
mitochondrial metabolism, cell survival, and function (J. Lee et al., 2014;
O’Sullivan et al., 2014). Similarly, NK cells have been shown to undergo
changes in their metabolism when activated, and more recently, there have
been reports on the metabolic features of adaptive NK cells and CIML-NK cells
(Cichocki et al., 2018; Frank et al., 2015; Terrén et al., 2021). Glycolysis and
OXPHOS are two of the main sources of energy for NK cells, and it is known
that NK cells switch to using both sources when activated (Donnelly et al.,
2014; Keating et al.,, 2016; Wang et al., 2020). Reports have shown that
adaptive NK cells contain increased oxidative mitochondrial respiration,
mitochondrial membrane potential, and spare respiratory capacity, indicating
superior metabolic fithess, which might relate to enhanced NK cell
performance (Cichocki et al., 2018). CIML-NK cells also have increased
glycolytic capacity and OXPHOS (Terrén et al., 2021), but some evidence
points at an increment in mitochondrial superoxide levels, which might render
them unfit (Terrén et al., 2022). NK cells induce fatty acid oxidation during
exposure to viral-infected and cancer cells, suggesting that that fatty acid
oxidation promotes NK cell metabolic resilience (Schimmer et al., 2023;
Sheppard et al., 2024). Currently, no data on the metabolic requirements of
tumour-memory NK cells are available. The importance of mitochondrial health
in determining the functional capacity of NK cells, together with the
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observations made in Chapter 3 showing an increase in mitochondrial survival
proteins in TpNK cells, provided the rationale for interrogating the metabolic

profile of TpNK cells.

Despite the different conditions used to generate memory-like NK cells, it is
plausible that these populations share functional capacities and metabolic
profiles. In this chapter, | therefore determined the cytotoxic potential and

metabolic features of tumour-primed NK cells in relation to CIML-NK cells.

4.2 Experimental aims

The experimental aims of this chapter were to characterise the cytotoxic
capacity and metabolic function of tumour-memory NK cells to better define
NK cell memory. TpNK cells were compared to CIML-NK cells. The specific

aims were:
1. Characterise the proliferation capacity of TpNK cells

2. Evaluate the cytotoxic capacity of TpNK cells against a variety of solid and

haematologic cancer cell lines in a flow cytometry assay

3. Compare the cytotoxic capacity of TpNK and CIML-NK cells against solid

cancer cell lines using a real-time cytotoxicity assay

4. Compare the cytotoxic capacity of different NK cell subpopulations identified
in Chapter 3 against solid cancer cell lines using a real-time cytotoxicity assay

to investigate both conventional and serial killing capacity

5. Investigate the metabolic profile of both TpNK and CIML-NK cells by
assessing glycolysis, mitochondrial respiration and mitochondrial

depolarization
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4.3 Results
4.3.1 Proliferation of TpNK cells

The ability to proliferate has been defined in different subsets of memory-NK
cells. Adaptive NK cells proliferate after exposure to CMV (J. C. Sun et al.,
2009). CIML-NK cells proliferate after a short exposure to IL12/15/18 (Romee
et al., 2012) and TIML-NK cells after exposure to target cells (Pal et al., 2017).
In order to further define tumour-memory NK, | studied the ability of TpNK
cells to proliferate after coming in contact with INB16. A proliferation assay was
set up over 5 days comparing rNK with TpNK cells in the absence of cytokines
(Figure 4.1). NK cells were labelled with the cellular dye CellTrace Violet™
(Thermo Fisher), which allows for the visualisation of cell proliferation as with
every division, which can be quantified by flow cytometry (Methods section
2.7.2). Figure A shows the gating strategy utilised for the experiment, and
Figures B and C show histograms and bar plots, respectively, quantifying NK
cell proliferation. After 5 days, the ability of TpNK cells to proliferate is
significantly enhanced compared to rNK cells (Figure 4.1 C), which also
correlates with an increase in the absolute cell number in TpNK cells (Figure
4.1 D). These results indicate that TpNK cells have proliferative capacity

similarly to adaptive, CIML-NK and other tumour-memory NK cells.
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Figure 4.1. Proliferation of TpNK cells

Freshly isolated peripheral blood NK cells were stained with CellTrace Violet™

(Invitrogen) and set up for a 5-day co-incubation with CM alone (rNK) and with INB16
Page 127 of 265



at a 1:2 ratio (TpNK cells). The fluorescence of the dye was measured by flow
cytometry on day 0 and then on day 5. (A) Gating strategy of the assay. NK cells were
gated as CD56* CD3" after debris, doublets and death cell exclusion. Thereafter, cell
proliferation was measured based on the fluorescence intensity of the CellTrace Violet
dye on the VioBlue channel. (B) Histogram plots show NK cell proliferation measured
by the brightness of the dye. (C) The bar chart represents the % proliferation of the
indicated conditions. (D) Fold change of the absolute cell count of the indicated
conditions. Bars represent the means + SD of 4 different donors as indicated by the
dots. Data was tested for normality, and comparisons were made between rNK on
day 5 and TpNK cells on day 5 using the paired t-test. Statistical significance is
indicated as: *P <0.05: **P <0.01: ***P <0.001.

4.3.2 NK cell cytotoxicity

4.3.2.1 Evaluation of the cytotoxic capacity of TpNK cells against a

variety of solid and haematologic cancer cell lines

In order to expand on existing data, the cytotoxic capacity of TpNK cells
against a variety of cell lines from solid and haematological cancers was
evaluated. Flow cytometry-based cytotoxicity assays were set up against
tumour cell lines of hematologic cancers (Raji, U266, MDS-L, K562), renal cell
carcinoma (7860 and ACHN), and ovarian cancer (SKOV3, OVCAR) (Figure
4.2). Figure 4.2 A shows the gating strategy used to assess the killing of the
correspondent target cells. Target cells were labelled with the membrane dye
PKHG67, and the viability dye TOPRO3 was used to identify live cells, from
which cell death was then calculated (Methods section 2.11.1). In line with
previously published data (Katodritou et al., 2011; North et al., 2007; Sabry et
al., 2011, 2019), TpNK cells generated from healthy donors (HD) show
significantly enhanced lysis in vitro of the NK-resistant cancer cell lines Raji,
7860, ACHN, SKOV3, U266, and MDS-L. TpNK did not show enhanced killing
of NK-sensitive cell lines like K562 and OVCAR (Figure 4.2 B). The ability of
NK cells to degranulate (measured by CD107a surface expression) and the
secretion of cytokines (IFNy and TNFa) was also assessed in Figure 4.2 C,

Page 128 of 265



showing increased expression of CD107a and TNFa and IFNy compared to
rNK cells.
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Figure 4.2. Cytotoxicity of TpNK cells against various targets

(A) Gating strategy of the assay. Target cells are gated as PKH67+ in the FITC
channel. Thereafter, live cells are gated as TOPROS3 -ve in the APC channel. (B)
Freshly isolated peripheral blood NK cells from HD were incubated as indicated
overnight at 37°C. The next day, cells were set up for a 4h-cytotoxicity assay against
haematological cancer cell lines (Raji, U266, MDS-L and K562), renal cell carcinoma
(786-O and ACHN) and ovarian cancer (SKOV3 and OVCAR) at E:T ratio 5:1. Bars
represent the means x SD of 3-6 different donors as indicated by the dots. Data was
tested for normality, and comparisons were made between rNK and the different
stimulatory conditions using the paired t-test. Statistical significance is indicated as:
*P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-
significance. (C) Freshly isolated peripheral blood NK cells were incubated as
indicated overnight at 37°C. Surface and intracellular expression of different markers
were analysed in NK cells the next day by flow cytometer. Bars represent the means

1+ SD of 2 different donors as indicated by the dots.
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4.3.2.2 Comparison of the cytotoxic capacity of TpNK and CIML-NK cells
against solid cancer cell lines

Next, | compared the cytotoxic capacity of ToNK and CIML-NK cells to
determine if both types of memory NK cells show a similar cytotoxic potential.
Resting NK, TpNK and CIML-NK cells were tested against two NK-insensitive
cancer cell lines, the epithelial ovarian cancer cell line SKOV3 (Figure 4.3) and
the epithelial prostate cancer cell line DU145 (Figure 4.4) in the xCELLigence
system, which allows for continuous monitoring of target cell death after

addition of effector cells.

The cytotoxic capacity of NK cells against SKOV3 is represented in Figure 4.3;
Figure 4.3 A shows a representative graph of the normalised cell index, and
Figure 4.3 B shows a representative graph of the % cytolysis. The % cytolysis
(Figure 4.3 B) shows that rNK cells can kill around 10% of SKOV3 target cells
after 10 hours of co-incubation, which does not increase over a prolonged 100-
hour period. TpNK cells show enhanced cytotoxicity compared to rNK cells
and can kill around 40% of target cells at 40 hours, which then reduces slightly
to around 30% over 100 hours. CIML-NK cells exhibit high cytotoxicity (~60%
cytolysis addition), which increases over time, reaching around 95% cytolysis
after 100 hours of co-incubation. Figure 4.3 C shows the area under the curve
(AUC), measured as % cytolysis x hour and thus correlates with the amount
of cytotoxicity induced throughout the experiment. TpNK and CIML-NK cells
show a significant increase in cytotoxicity compared to rNK cells. CIML-NK
cells show enhanced cytotoxicity compared to TpNK cells, albeit not

significant.
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Figure 4.3. Cytotoxicity of TpNK and CIML-NK against SKOV3

(A)(B)(C) NK cells were isolated from PBMCs on day -1 and incubated overnight as
indicated. On day -1, SKOV3 was seeded on the xCELLigence plate at the right
concentration. On day 0, NK cells were added at a 5:1 E:T ratio to the corresponding
wells on the xCELLigence plate and tested for cytotoxicity. (A) Representative graph
of normalised cell index of SKOV3 growth for 100 hours with the indicated target cells.
(B) Representative graph of % cytolysis of SKOV3 with the indicated target cells for
100 hours. (C) AUC was calculated as % cytolysis x hour for the indicated target cell
against SKOV3. Bars represent the means +SD of 3-7 different donors, indicated by
the individual dots. Data was tested for normality, and comparisons were made
between rNK and the different stimulatory conditions using a one-way ANOVA with
Tukey multiple comparisons test for parametric data. Statistical significance is
indicated as: *P <0.05: **P <0.01: ***P <0.001.

Another target used was the epithelial prostate cancer cell line DU145 (Figure
4.4), which is known to be resistant to NK cell killing (Hood et al., 2019; Sabry
et al., 2011). Figure 4.4 A shows a representative graph of the normalised cell
index. Cytotoxic capacity, as indicated by % cytolysis (Figure 4.4 B), indicates
that rNK cells can kill a maximum of 30% of DU145 cells at 50 hours. Beyond

this point, rNK cells cannot induce DU145 lysis, exhibiting a behaviour that
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suggests NK cell exhaustion. TpNK cells show enhanced cytotoxicity
compared to rNK cells and achieve a maximum of 45% cytotoxicity at 50
hours. Compared to rNK cells, TpNK cells display increased killing capacity
beyond that point and for the whole experiment duration. CIML-NK cells exhibit
heightened cytotoxicity upon initial contact, effectively eliminating 60% of
DU145 cells within the first 5 hours. Subsequently, they sustain cytotoxic
activity throughout the experiment, achieving a peak of approximately 95%
cytolysis by the end of the experiment. Figure 4.4 C shows the AUC, which
indicates an increase in cytotoxicity by ToNK and CIML-NK cells compared to
rNK cells. Similar to SKOV3, CIML-NK cells show enhanced cytotoxic capacity
against DU145 compared to TpNK cells.
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Figure 4.4. Cytotoxicity of TpNK and CIML-NK against DU145

(A)(B)(C) NK cells were isolated from PBMCs on day -1 and incubated overnight as
indicated. On day -1, DU145 was seeded on the xCELLigence plate at the right
concentration. On day 0, NK cells were added at a 5:1 E:T ratio to the corresponding
wells on the xCELLigence plate and tested for cytotoxicity. (A) Representative graph
of normalised cell index of DU145 growth for 100 hours with the indicated target cells.
(B) Representative graph of % cytolysis of DU145 with the indicated target cells for
100 hours. (C) AUC was calculated as % cytolysis x hour for the indicated target cell

against DU145. Bars represent the means +SD of 2 different donors, indicated by the
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individual dots. Comparisons were made using the Kruskal-Wallis one-way ANOVA
with Dunn’s multiple-comparisons test for non-parametric data. Statistical significance
is indicated as: *P <0.05: **P <0.01: ***P <0.001.

4.3.2.2.1 Expression of NK cell ligands in cancer cell lines

NK cell recognition of targets depends on receptor-ligand interactions with the
molecules on the target cell's surface. In order to investigate the differences
between rNK, TpNK and CIML-NK cell cytotoxicity, we examined the
expression of 17 cognate ligands on SKOV3 and DU145. These ligands can
be divided into various categories based on which NK cell receptor they
interact with. There are (1) the HLA-I classical molecules, including pan-HLA
and HLA-C, which will mainly interact with NK cell inhibitory receptors like
iKIRs. (2) The HLA-I non-classical molecule HLA-E interacts with the
stimulating receptor NKG2C and the inhibitory receptor NKG2A. (3) The TRAIL
receptors, TRAIL-R1/R2/R3, interact with TRAIL molecules on the NK cell to
exert TRAIL-mediated apoptosis. (4) The ligands that interact with NKG2D
include MICA/B and the ULBP family ligands. We included (5) CD15 and LFA3
ligands for the CD2 receptor expressed on NK cells. Also, (6) the NKp30
ligand, B7-H6; (7) the CD155 and CD112 ligands, which can be both activating
if they interact with DNAM1 or inhibitory if they interact with TIGIT. Lastly, given
the findings in Chapter 3 regarding the elevated PD-L1 levels in CIML-NK

cells, the expression of its receptor PD1 was also assessed (8).

Figure 4.5 illustrates the ligand expression of SKOV3, whereas Figure 4.6
depicts the ligand expression of DU145. SKOV3 (Figure 4.5) exhibits high
levels of HLA-I molecules, several NKG2D ligands such as ULBP3 and ULBP
2/5/6, and CD155, TRAIL-R1/2, and LFA3. Conversely, DU145 (Figure 4.6)
demonstrates elevated levels of classical HLA-I ligands, pan-HLA, and HLA-
C, with no expression of ULBP molecules. Similar to SKOV3, DU145
expresses CD155, TRAIL-R2/3, and LFAS.
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Figure 4.5. Phenotypical screening of NK cell ligands in SKOV3

SKOV3 was screened for 17 NK cell receptor ligands using flow cytometry. (A) Gating
strategy used to assess phenotype. Target cells were gated after debris, doublets and
death cell exclusion. Thereafter, the expression of each individual marker was
determined in the corresponding channel. (B) The bar graphs show the % expression

of the indicated receptors for SKOV3. Bars represent the mean of 3 replicates.
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Figure 4.6. Phenotypical screening of NK cell ligands in DU145

DU145 was screened for 17 NK cell receptor ligands using flow cytometry. (A) Gating
strategy used to assess phenotype. Target cells were gated after debris, doublets and
death cell exclusion. Thereafter, the expression of each individual marker was
determined in the corresponding channel. (B) The bar graphs show the % expression

of the indicated receptors for DU145. Bars represent the mean of 3 replicates.
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4.3.2.3 Comparison of the cytotoxic capacity of different metaclusters in
memory-NK cells

The finding in Chapter 3 of metaclusters M6 and M8 expanding in TpNK and
CIML-NK cells prompted me to investigate whether those metaclusters
exhibited different cytotoxic profiles indicative of distinct functions. Metacluster
8 was characterised by having high expression of CD57 and low NKG2A, as
well as being CD69"9" and CD38Md" suggestive of mature NK cells
(Bjorkstrom et al., 2010; Lopez-Vergés et al.,, 2010). Metacluster 6 was
restricted to CIML-NK, and these cells were characterised by having a very
cytotoxic profile, with an expression of Granzyme B"s", CD25"d" CD69"9" and
CD38"d", The observed differences in phenotype suggest potential distinctions
in their cytotoxic capacity. To assess this, | initiated memory-NK cells by co-
incubating NK cells with the triple cytokine cocktail IL12/15/18 and sorted the
populations corresponding to metaclusters M6 and M8 utilising a cell sorter
(Methods section 2.9). The xCELLigence device was used to measure
cytotoxicity in real-time and to increase our understanding of their cytotoxicity
profiles. The target cell chosen was the ovarian cancer cell line SKOV3, a well-
known adherent NK-cell resistant cancer cell line.

4.3.2.3.1 Conventional killing

First, the cytotoxic capacity of the NK cells from both metaclusters was tested
by performing a conventional cytotoxicity assay against SKOV3 (Figure 4.7).
Figure 4.7 A shows a representative example of the normalised cell index, and
Figure 4.7 B shows the % cytolysis. The measurement of the % cytolysis
(Figure 4.7 B) shows that rNK cells are capable of exerting very low killing of
SKOV3, where % cytolysis reaches a maximum of 10% at around 35 hours
and then remains at 5% for the whole duration of the experiment. NK cells
from metacluster M8 display higher cytotoxicity compared to rNK cells,
reaching 50% cytolysis at 40 hours, which is then reduced over time. NK cells
from metacluster M6 also display enhanced cytolysis, reaching a maximum of
65% cytolysis after 40 hours, which is then reduced over time. Figure 4.7 C
shows a significant difference in the cytotoxic capacity of NK cells from

metacluster M8 compared to metacluster M6. These findings align with the
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observations from Chapter 3 regarding the phenotypic profile of NK cells in
metacluster 6, exhibiting elevated levels of Granzyme B, CD25, CD69, and
CD38, typical of highly cytotoxic and activated NK cells.
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Figure 4.7. Cytotoxicity of NK cells from metaclusters M6 and M8 against
SKOV3

(A)(B)(C) NK cells were isolated from PBMCs on day -1 and incubated overnight as
indicated. On day -1, SKOV3 was seeded on the xCELLigence plate at the right
concentration. On day 0, NK cells were sorted to obtain NK cells from M6 and M8
using a BD FACS Aria Fusion. Cells were then added to the corresponding wells on
the xCELLigence plate and tested for cytotoxicity. (A) Representative graph of
normalised cell index of SKOV3 growth for 100 hours with the indicated target cells.
(B) Representative graph of % cytolysis of SKOV3 with the indicated target cells for
100 hours. (C) AUC was calculated as % cytolysis x hour for the indicated target cell
against SKOV3. Bars represent the means +SD of 3 different donors. Data was tested
for normality, and comparisons were made between NK-M6 and NK-M8 using the
paired t-test. Statistical significance is indicated as: *P <0.05: **P <0.01: ***P <0.001.
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4.3.2.3.2 Serial killing

The observation in Chapter 3 that CIML-NK cells exhibited a phenotype
reminiscent of immune exhaustion prompted further investigation into whether
cells from metaclusters M6 and M8 were capable of sequential killing. While
NK cell exhaustion remains incompletely characterised, and there is conflicting
data regarding the existence of an "exhausted NK cell" phenotype (Judge et
al., 2020; A. M. Merino et al., 2020; Roe, 2022), studies have explored the
ability of NK cells to engage in serial killing, suggesting that some NK cells
may perform multiple kills before becoming functionally exhausted
(Vanherberghen et al., 2013). As a result, cytotoxicity assays focusing on serial
killing were conducted to determine whether NK cells from these metaclusters

could exhibit both high cytotoxicity and exhaustion.

NK cells from metacluster M6 and M8 were set up in a cytotoxicity assay
(Methods section 2.11.2.2) where the NK cells were allowed to interact with
SKOV3 targets for 24 hours and then were transferred to new SKOV3 for 24
hours, for a total of 3 times (Figure 4.8 A). Figure B shows normalised cell
index, and Figure C shows % cytolysis across the 3 days.

On day 1, the % cytolysis of rNK shows little cytotoxicity against SKOV3; on
the contrary, NK cells from metacluster M8 rapidly lyse around 75% of the
target cells on the first 10 hours after being added, and then cytotoxicity
plateaus for the rest of the assay (Figure 4.8 C). NK cells from metacluster M6
exhibit a similar pattern, rapidly lysing SKOV3 cells to around 85%, followed
by a plateau for the remaining duration of the experiment. On day 2, the killing
capacity of rNK cells remains low, similar to on day 1. However, the cytotoxic
capacity of NK cells from metacluster M8 and M6 is reduced to 30 and 40%,
respectively, at its maximum point and decreases rapidly after 10 hours of
addition. When NK cells are moved into the third plate on day 3, rNK cells
show low cytotoxicity. NK cells from metacluster M6 and M8 show further
reduced activity compared to the previous day, reaching 10 and 20%,
respectively, at their maximum point. AUC shows no significant differences
between the cytotoxic capacity of NK cells from metacluster M6 and M8, but
there is a trend towards NK cells from metacluster M6 exerting better
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cytotoxicity (Figure 4.8 D). Another intriguing finding is that the cytotoxic
capacity of NK cells from both metaclusters is reduced after each day,

suggesting that these cells cannot exert sequential killing.
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Figure 4.8. Serial cytotoxicity capacity of NK cells from metaclusters M6

and M8 against SKOV3

(A) Infographic describing the experimental approach to the serial cytotoxicity assay.

NK cells were isolated from PBMCs on day -1 and incubated overnight as indicated.
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On day -1, SKOV3 was seeded on the xCELLigence plate at the right concentration
(plate 1). On day 0, NK cells were sorted to obtain NK cells from M6 and M8 using a
BD FACS Aria Fusion. Cells were added to the corresponding wells on the
xCELLigence plate and tested for 24 hours. Also, on day 0, a second plate of SKOV3
(plate 2) was seeded on the xCELLigence. On day 1, the NK cells in plate 1 were
transferred to plate 2 and tested for the second time for 24 hours. Also, on day 1, a
third plate of SKOV3 (plate 3) was seeded on the xCELLigence. On day 2, the NK
cells in plate 2 were transferred to plate 3 and tested for the third time for 24 hours.
(B) Representative graph of normalised cell index of SKOV3 growth across 3
consecutive killings for the indicated target NK cells. (C) Representative graph of %
cytolysis of SKOV3 growth across 3 consecutive killings for the indicated target NK
cells. (D) AUC was calculated as % cytolysis x hour across 3 consecutive killings for
the indicated target NK cells. Bars represent the means +SD of 3 different donors.
Comparisons were made between NK-M6 and NK-M8 using the paired t-test.
Statistical significance is indicated as: *P <0.05: **P <0.01: ***P <0.001.

4.3.3 Metabolic function of NK cells

Following the observed increase in mitochondrial survival proteins in TpNK
cells in Chapter 3, | subsequently investigated whether these changes resulted
in enhanced metabolic fitness through a series of metabolic assays. A
Seahorse assay was used to evaluate the real-time metabolism of NK cells by
measuring their glycolysis and mitochondrial respiration after tumour-priming,
compared to CIML-NK cells. Cells use two primary energy-producing
pathways: glycolysis and OXPHOS. While rNK cells mostly rely on OXPHOS
to meet their energy needs, they strongly upregulate both glycolysis and
OXPHOS pathways when activated (Donnelly et al., 2014; Keating et al., 2016;
Wang et al., 2020). This allows the NK cells to increase their energy production
in parallel with the synthesis of molecules required for effector functions
(Donnelly et al., 2014; Keating et al., 2016; Keppel et al., 2015). To further
confirm the changes observed in our proteomics assay, mitochondrial
depolarisation, an indicator of mitochondrial health, was also measured
(Surace et al., 2021; Terrén et al., 2021).
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4.3.3.1 Glycolysis

First, the extracellular acidification rate (ECAR) was analysed, which is a
measure of lactate production and glycolysis at the basal state and after the
addition of rotenone (Rot) and antimycin A (AA). Rotetone interferes with
complex | and antimycin A disrupts complex Il of the electron transport chain.
Separately, 2-deoxy-glucose (2-DG) was added, a competitive inhibitor of
glycolysis (Figure 4.9 A). TpNK and CIML-NK cells exhibit elevated basal
glycolysis in comparison to rNK cells, with CIML-NK cells demonstrating higher
levels than TpNK cells (Figure 4.9 B). Additionally, the measurement of
maximal glycolytic rate reflects a similar pattern, with TpNK cells displaying
higher mean rates than rNK cells, and CIML-NK cells exhibiting the highest
rate (Figure 4.9 C).The glycolytic reserve is measured as the difference
between the maximum glycolytic capacity and the basal glycolytic rate, and it
indicates a cell's capability to respond to an energetic demand. In this assay,
no significant differences in glycolytic reserve were observed by any of the
different NK cell conditions (Figure 4.9 D). The increase in glycolysis by both
TpNK and CIML-NK cells is an indicator of activation, as it will allow the NK

cells to meet their energy needs.
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Figure 4.9. Glycolytic rates of TpNK and CIML-NK cells

Freshly isolated NK cells were incubated overnight at 37°C as indicated. The next
day, cells were prepared by removing dead cells and positively selecting NK cells to
remove stimulatory agents. After that, (A)(B)(C)(D) glycolytic function was measured
according to manufacturer’s protocol in Seahorse XF platform (Agilent). Data were
normalised to cell count and cell viability per well using normalisation function. Bars
represent the means +SD of 5 different donors. Data was tested for normality, and
comparisons were made between all conditions using a one-way ANOVA with Tukey
multiple comparisons test for parametric data. Statistical significance is indicated as:
*P <0.05: **P <0.01: ***P <0.001. The absence of an asterisk indicates non-

significance.
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4.3.3.2 Oxidative phosphorylation

Next, mitochondrial respiration was assessed by measuring oxygen
consumption rate (OCR), a measure of OXPHQOS, at basal levels and following
the addition of a stressor mix made with rotetone, antimycin A, oligomycin and
carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (Figure 4.10
A). Oligomycin is an ATP synthase inhibitor, which will impact electron flow
through the electron transport chain (ETC) and thus is linked to cellular ATP
production. FCCP is an uncoupling agent that collapses the proton gradient
and disrupts the mitochondrial membrane potential. As a result, electron flow
through the ETC is uninhibited, and oxygen consumption reaches the
maximum, which will allow for the calculation of spare respiratory capacity, a
measure of the ability of the cell to respond to increased energy demands or
stress. Finally, a mixture of rotetone and antimycin A shuts down mitochondrial
respiration and therefore allows for the calculation of non-mitochondrial
respiration. The results show that both TpNK cells and CIML-NK cells exhibit
enhanced basal mitochondrial respiration relative to rNK cells, with CIML-NK
cells displaying the highest OCR (Figure 4.10 B). When assessing maximal
mitochondrial respiration (Figure 4.10 C), TpNK cells demonstrate the highest
increase, although not statistically significant, while CIML-NK cells exhibit a
trend towards reduced levels compared to rNK cells. Furthermore, there is a
significant difference between TpNK and CIML-NK cells. These findings
suggest that CIML-NK cells are operating at maximum capacity and may not
respond to further stimulation. In assessing spare respiratory capacity (Figure
4.10 D), TpNK cells exhibit a trend towards the highest OCR among the three
conditions. Additionally, CIML-NK cells display a significantly reduced spare
respiratory capacity compared to TpNK cells, indicating that while CIML-NK
cells are highly cytotoxic, they have a diminished capacity to respond to

cellular stress relative to TpNK cells.
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Figure 4.10. Oxidative phosphorylation rates of ToNK and CIML-NK cells

Freshly isolated NK cells were incubated overnight at 37°C as indicated. The next
day, cells were prepared by removing dead cells and positively selecting NK cells to
remove stimulatory agents. After that, (A)(B)(C)(D) mitochondrial respiration was
measured according to the manufacturer’s protocol in the Seahorse XF platform
(Agilent). Data were normalised to cell count and cell viability per well using
normalisation function. Bars represent the means +SD of 5 different donors. Data was
tested for normality, and comparisons were made between all conditions using a one-
way ANOVA with Tukey multiple comparisons test for parametric data. Statistical
significance is indicated as: *P <0.05: **P <0.01: ***P <0.001. The absence of an

asterisk indicates non-significance.
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4.3.3.3 Mitochondrial depolarization

Lastly, mitochondrial membrane potential of the different types of stimulated
NK cells was assessed by measuring tetramethylrhodamine methyl ester
(TMRM) staining. TMRM is a cell-permeant dye accumulating in active
mitochondria with intact membrane potentials. Mitochondrial membrane
potential is used as an indicator of mitochondrial energy status (Surace et al.,
2021; Terrén et al., 2021). TMRM expression was measured by flow cytometry
across the different types of NK cells (Figure 4.11). Figure A and B show
representative flow cytometry contour plots (Figure 4.11 A) and histogram plots
(Figure 4.11 B); rNK cells, IL15-activated NK cells, and CIML-NK show no
expression of TMRM, suggesting low membrane potential; on the other hand,
TpNK cells have 100% expression of TMRM suggestive high membrane
potential (Figure 4.11 C).
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Figure 4.11. Mitochondrial membrane potential of TPNK and CIML-NK
cells

Freshly isolated NK cells were incubated overnight at 37°C as indicated. The next

day, cells were stained for CD56+, CD3-, Live/Dead Acqua and TMRM on a BD
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Fortessa X20. (A) Contour plots and (B) histograms show TMRM staining across the
different NK cell conditions. (C) Percentage expression of TMRM across the different
NK cell conditions. Bars represent the means +SD of 3 different donors. Data was
tested for normality and comparisons across all conditions were made using the
Kruskal-Wallis one-way ANOVA with Dunn’s multiple-comparisons test for non-
parametric data. Statistical significance is indicated as: *P <0.05: **P <0.01: ***P

<0.001. The absence of an asterisk indicates non-significance.

Page 145 of 265



4.4 Discussion

The Lowdell group previously characterised tumour-primed NK cells,
highlighting their enhanced cytotoxicity upon secondary exposure to target
cells, resembling features of NK cell memory, regardless of the priming agent
(North et al., 2007; Sabry et al., 2011, 2019). This chapter expands on those
findings by examining tumour-primed NK cells against a larger variety of
cancer cell lines, both adherent and suspension. Interestingly, enhanced
cytotoxicity was observed against cancer cell lines inherently resistant to
resting NK cells, such as Raji, 7860, ACHN, SKOV3, and U266. However, NK
cells did not exhibit lysis of cancer cell lines already susceptible to resting NK
cells, such as K562 and OVCAR.

An unresolved question is whether there are differences in the cytotoxic
profiles of TpNK cells and CIML-NK cells. Chapter 3 revealed characteristics
of cytotoxicity in both TpNK and CIML-NK cells, along with significant
differences in phenotypic and proteomic profiles between the two. Utilising the
xCELLigence system, | investigated the cytotoxic profiles of both TpNK and
CIML-NK cells in real-time. Both cell types demonstrated enhanced
cytotoxicity against NK-resistant targets SKOV3 and DU145, with CIML-NK

cells exhibiting higher cytotoxicity compared to TpNK cells.

The enhanced cytotoxicity observed in CIML-NK cells compared to TpNK cells
may be attributed to several mechanisms postulated by Pahl and colleagues
in their review article (Pahl et al., 2018). These mechanisms include a reduced
threshold of activating receptor signalling (Bryceson et al., 2006; Horng et al.,
2007; Jensen et al., 2017), increased expression of activating receptors, and
a decreased response to HLA-I ligands (Draghi et al., 2005; Ewen et al., 2018).

Previous research conducted by our group demonstrated that tumour-primed
NK cells undergo a process where CD16 is shed, leading to the release of
CD3¢. Subsequently, CD3¢ binds to the intracellular domain of CD2 in the NK
cells, forming a complex with CD15 in INB16. This interaction results in the
phosphorylation of CD3(, LAT, and STATS5, ultimately reducing the threshold
signalling required for NK cells to exert cytotoxicity (Sabry et al., 2011). These
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findings suggest that TpNK cells exhibit a similar reduction in the threshold of
activating receptor signalling as observed in cytokine-activated NK cells.

In Chapter 3 of this thesis, phenotypic assessment of both tumour- and
cytokine-activated NK cells demonstrated increased expression of activating
receptors (CD69, CD25). In addition, FlowSOM analysis showed that CIML-
NK cells are composed of mainly 2 metaclusters (M6 and M8), both of which
display a cytotoxic profile. In contrast, TpNK cells are made of 5 big
metaclusters (M1, M2, M3, M7 and M8), not all of which demonstrate highly
cytotoxic profiles. This suggests that CIML-NK cells have a higher percentage
of NK cells that are ready-to-kill compared to TpNK cells, which could explain

differences in the cytotoxicity observed.

The finding that cytokine-stimulated NK cells have a lower response to HLA-I
ligands is intriguing. In a study, authors reported that NK cells stimulated with
IL12/15/18 for 2 days showed decreased expression of the inhibitory
KIR2DL2/L3, KIR2DL1 and KIR3DL1 (Ewen et al., 2018). Authors reported
that this downregulation of expression resulted in less inhibition of cancer cells
expressing HLA-I molecules, reducing the NK cell sensitivity to HLA-I
inhibition. The metacluster study in Chapter 3 showed that CIML-NK cells
undergo a considerable reduction of metacluster M7 (from ~37% to ~4%),
which is high in iKIR expression. Interestingly, ToNK cells did not show a
considerable reduction in metacluster M7 expression (from ~37% to ~25%);
thus, they have a higher expression of iKIRs compared to CIML-NK cells. This
reduction in iKIRs in specific populations of CIML-NK cells could likely cause
enhanced cytotoxicity compared to TpNK cells.

Another possible explanation for the observed differences in cytotoxicity
between TpNK and CIML-NK cells may be related to the expression of TRAIL
receptors by both SKOV3 and DU145. In Chapter 3, we noted the upregulation
of TRAIL in CIML-NK cells, whereas this was not observed in TpNK cells. It is
conceivable that CIML-NK cells possess the ability to engage target cells
through the TRAIL pathway and induce apoptosis. While the primary
mechanism of NK cell cytotoxicity is through the release of cytotoxic granules,

it has been reported that NK cells may switch to cytotoxicity via death-cell
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receptors in the later stages of serial killing (Prager et al., 2019). Therefore,
CIML-NK cells may demonstrate superior cytotoxicity against SKOV3 and
DU145 due to their possession of additional cytotoxic mechanisms. Further
investigations should include cytotoxicity assays against target cell lines
devoid of TRAIL ligands.

Another noteworthy finding was the identification of novel metaclusters within
the memory-NK cell populations, specifically metacluster M6 and M8 (Chapter
3). This prompted an investigation into potential differences among various
cytotoxic subsets of NK cells. To this end, NK cells from metaclusters 6 and 8
were sorted, and cytotoxicity assays were conducted against SKOV3. Both NK
cells from M6 and M8 demonstrated heightened cytotoxicity compared to rNK
cells, with NK cells from metacluster M6 exhibiting the highest cytotoxic
capacity. These findings are consistent with our observations in Chapter 3,
where NK cells from metacluster M6 cells exhibited a phenotype indicative of
enhanced cytotoxicity, characterised by elevated expression of CDG69,
Granzyme B, CD38, and CD25.

Studies have observed instances of serial killing in NK cells, wherein a single
NK cell has demonstrated the capacity to perform up to 10 sequential kills
(Bhat & Watzl, 2007; Choi & Mitchison, 2013; Srpan et al., 2018;
Vanherberghen et al., 2013). However, specific populations of NK cells can
become exhausted over time after performing serial killing (Vanherberghen et
al., 2013). An important observation from the studies mentioned is that the NK
cell populations that can induce sequential killing have a critical role, as most
cytotoxicity against a target is performed in a serial fashion (Choi & Mitchison,
2013). The findings in this chapter do not support the notion that cells from
metaclusters M6 or M8 exhibit serial killing behaviour. Instead, they displayed
a cytotoxicity pattern similar to that observed in conventional killing assays on
the first day of contact with target cells. Beyond this initial interaction, NK cells
progressively lost their killing ability on subsequent days, indicating that serial
killing did not occur. One limitation of this assay is the need to transfer NK cells
from one well to another for each sequential kill, potentially resulting in cell
loss during the process. During the assay, it was observed that NK cells

remained tightly attached to target cells in the well. It is possible that the NK
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cells that remained firmly attached, likely representing the most cytotoxic
subset, were not transferred to the next well. Research has shown that a
significant portion of NK cells do not exert cytotoxicity, with a minority
responsible for most kills (Vanherberghen et al., 2013). Therefore, the reduced
serial killing may be attributed to adding fewer cells to the next well or omitting
cells with the highest cytotoxic capacity.

In this chapter, | wanted to elucidate whether the differences in mitochondrial
survival protein expression in TpNK and CIML-NK cells observed in the
proteomics study (Chapter 3) correlated with metabolic function. Both TpNK
and CIML-NK cells showed higher glycolysis capacity than rNK cells, with
CIML-NK cells displaying the greatest increase, as seen by others (Terrén et
al., 2021). This increase in glycolysis is in keeping with the enhanced cytotoxic
capacity in both TpNK and CIML-NK cells seen in this chapter, CIML-NK being
the more cytotoxic of the two. An increase in glycolysis is required for NK cells
in order to exert enhanced cytotoxicity (Donnelly et al., 2014; Keating et al.,
2016; Wang et al., 2020).

The evaluation of OXPHOS showed that both TpNK and CIML-NK cells have
enhanced basal mitochondrial respiration. However, whilst ToNK cells also
show an increase in maximal mitochondrial respiration, CIML-NK cells have
reduced capacity compared to rNK cells, demonstrating that CIML-NK cells
are operating at their maximum capacity and, therefore may not be receptive
to further stimulation. A study found that the enhanced OXPHOS on CIML-NK
cells is lost over time, indicating that increased mitochondrial activity is not
sustained for extended periods (Terrén et al., 2021).

Spare respiratory capacity, an indicator of a cell's ability to respond to
increased energy demand or stress, was also assessed in this study. TpNK
cells exhibited enhanced spare respiratory capacity, whereas CIML-NK cells
displayed reduced capacity compared to rNK cells, which aligns with previous

research (Surace et al., 2021; Terrén et al., 2021).

Due to the distinctive metabolic profile of TpNK cells, | conducted further
investigations into their characteristics by examining mitochondrial membrane

potential using TMRM staining. Mitochondrial membrane potential relates to
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the mitochondrial capacity of ATP generation, and thus it is an indicator of
mitochondrial function and overall capacity of the cell to produce energy,
corresponding to improved cellular fitness and cytotoxic activity (Surace et al.,
2021). Previous studies have demonstrated that adaptive NK cells exhibit
heightened mitochondrial potential (Cichocki et al., 2018). In contrast, CIML-
NK cells display reduced mitochondrial polarisation (Surace et al., 2021),
consistent with the findings presented in this thesis. In this thesis | show that,
like adaptive NK cells, TpNK cells exhibit increased mitochondrial membrane
potential. This suggests that when an NK cell comes into contact with a viral-
or tumour-transformed cell, specific metabolic changes occur in order to

respond to the increase in energy demand.

These findings, combined with the proteomics study results from Chapter 3,
suggest that the alterations observed in mitochondrial survival proteins could
translate into superior metabolic fithess of TpNK characterised by enhanced
mitochondrial respiration, spare respiratory capacity, and mitochondrial
potential, making them more similar to adaptive NK cells (Cichocki et al.,
2018).These attributes/metabolic traits could enhance their resilience to
cellular stress over CIML-NK cells. The mechanisms driving the changes in
memory-NK cell metabolism are largely unknown; however, in adaptive NK
cells the activation of the signalling pathway mTORC1 has been identified as
a mechanism to sustain oxidative metabolism and thus respond to increased
energy demands (Frank et al., 2015), whether this is also the case in other

types of memory-NK cells requires further study.

The results in this chapter support the notion that TpNK cells arising in
response to tumour interactions have defined characteristics of immunological
memory. Hallmarks of T cell memory include increases in OXPHOS and spare
respiratory capacity, which are also evident in TpNK cells (van der Windt et al.,
2012, 2013).
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Chapter 5 NK cell homotypic interactions as a

mechanism for NK cell activation and memory

5.1 Introduction

NK cells are a heterogeneous population which includes different subsets with
distinct functions (C. Yang et al., 2019), which translates into different
functional capabilities of NK cells. Previous observations indicate that, in some
instances, very few NK cells are responsible for most of the cytotoxicity
exerted against different targets (Vanherberghen et al., 2013). Given the
heterogeneity of NK cells and their varying reactivity to different targets, it is
reasonable to assume that these cells have developed distinct mechanisms

for activation.

Despite limited research, evidence suggests that NK cells can activate other
NK cells in a homotypic manner. Kim and colleagues elegantly demonstrated
in vitro that the density of NK cells seeded in a well controls their degree of
activation and proliferation (T.-J. Kim et al., 2014). This was demonstrated by
generating a microwell system that allowed the authors to control the number
of NK cells in each well. NK cells were grown in ‘lonesome microwells’, in
which single-occupancy ‘orphan’ cells experienced no cell-cell contact; and
‘social microwells’, in which cells were allowed to contact each other freely.
Authors reported that NK cells in ‘sociall microwells had enhanced
responsiveness to exogenous IL2 and IL15, evidenced by increased CD25
expression and Stat3 phosphorylation. This process depended on 2B4/CD48
interaction. They observed that whilst 2B4 was present in the synapse with
other NK cells, other receptors like NKG2D were distributed randomly.
Experiments using blocking antibodies showed that blocking 2B4 abolished
the proliferation and activation of NK cells in the ‘social’ microwells down to
levels observed in the ‘lonesome’ microwells (T.-J. Kim et al., 2014).

In a follow-up paper from the same group, the authors employed the same
microwell system to investigate this phenomenon further. They found that IL2
captured by the IL2-receptor on one NK cell could trigger IL2-receptor

signalling in surrounding NK cells through intercellular contact and through
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polarising CD25, MTOC, and lytic granules towards neighbouring NK cells.
This was supported by a further study from the same group, in which NK cells
from wild-type (WT) mice and NK cells from a CD25-knockout (KO) mouse
were mixed at a 1:1 ratio. The authors observed proliferation of the KO NK
cells mixed with the WT NK cells but not when the KO NK cells were alone,
suggesting that the WT NK cells were trans-presenting IL2 to the neighbouring
KO NK cells (M. Kim et al., 2017).

Similar findings were observed by the Lowdell group in two clinical trials in
AML patients who received tumour-primed NK cells from haploidentical
donors. In the first trial, patients did not have activated NK cells before the start
of the treatment, which was marked by the expression of low levels of CD69
on NK cells. They observed that 6 out of 7 patients showed enhanced
activation of autologous NK cells weeks after treatment with a single infusion
of allogeneic, tumour-primed NK cells (Kottaridis et al., 2015). Similarly, in a
second clinical trial, increases in % expression of CD69 were observed in NK
cells of 4/8 patients weeks after the NK cell infusion (Fehniger et al., 2018).
Because few (if any) donor NK cells were detected after 7 days in the patient's
blood, this suggested that the infused NK cells might have activated

endogenous NK cells in a homotypical manner.

To date, NK cell homotypic interactions have received little attention. However,
evidence suggests it might be a biologically relevant effect that should be
further explored to increase our understanding of NK cell biology as well as
the development of NK cell-based therapies.

5.2 Experimental aims

In this chapter, | sought to investigate homotypic interactions between NK cells
and, specifically, whether TpNK cells can activate rNK cells in a homotypical

manner. The specific aims of the chapter were to:
1. Identify phenotypic changes in rNK cells co-incubated with TpNK cells

2. Assess differences in calcium flux dynamics in rNK cells co-incubated with
TpNK cells
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3. Assess conjugate formation dynamics in rNK cells co-incubated with TpNK

cells using both flow cytometry and live imaging

4. ldentify changes in F-actin formation in NK cells utilising confocal

microscopy
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5.3 Results
5.3.1 Phenotypical changes in rNK cells interacting with TpNK cells

First, | investigated if TpNK cells induce changes in the receptor expression of
rNK cells (Figure 5.1). The surface expression of CD16 was chosen as the
downregulation of CD16 marks NK cell activation (Grzywacz et al., 2007,
Harrison et al., 1991; Romee et al., 2013). The experimental set-up of the
assay is shown in Figure 5.1 A. Briefly, TpNK and rNK cells were co-incubated
with labelled rNK cells overnight. The next day, the expression of CD16 was
assessed by flow cytometry. Figure 5.1 B shows the gating strategy utilised for
this experiment. As observed in Figure 5.1 C and D, in 3 out of 4 donors, CD16
was downregulated when rNK cells were co-incubated with TpNK cells both in
% expression (Figure 5.1 C) and MeFI (Figure 5.1 D). This suggests that TpNK

can activate rNK cells, leading to downregulation of CD16.
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Figure 5.1. NK cells downregulate CD16 upon TpNK cell interaction

(A) Infographic shows the experimental protocol utilised. Freshly isolated NK cells
were primed overnight with INB16 lysates (TpNK cells) or with CM (rNK). The next
day, TpNK cells were washed in order to remove lysate. Half of the rNK cells were
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labelled with CellTrace Violet™ dye and co-incubated overnight with autologous non-
labelled rNK and non-labelled TpNK cells at a 1:1 ratio in order to have 2 conditions
of INK:rNK and rNK:TpNK. On day 3, cells were stained with CD16 mAb and acquired
in a Novocyte flow cytometer. (B) Gating strategy of the experiment. NK cells were
identified in the FSC vs SSC plot; the gate was projected onto an FSC vs Vioblue
channel plot in order to identify rNK cells labelled with CellTrace Violet™ dye; the rNK
cell gate was then projected into a third plot showing FSC vs PE/Cy7 channel in order
to visualise CD16 staining. (C)(D) Individual data points represent the (C) % of CD16
expression and (D) MeFl of CD16 for the indicated conditions. Connecting lines

represent the data from paired donors in each condition of 4 different donors.

5.3.2 Calcium flux measurements

To investigate the potential of TpNK cells to directly interact with rNK leading
to their activation, | performed calcium flux measurements. It is known that
rapid mobilisation of calcium in NK cells is induced in different settings,
including receptor engagement on the NK cell (Bryceson et al., 2006), NK cell
interaction with target cells (Wulfing et al., 2003), and upon synapse formation

in the immunological synapse (Verron et al., 2021)

To evaluate whether TpNK cells would induce changes in calcium influx on
rNK cells upon interaction (Figure 5.2), rNK cells were labelled with the 520AM
dye (Abcam). Cells expressing calcium channels were preloaded with the dye,
and fluorescence enhanced upon calcium binding was detected utilising flow
cytometry. Labelled rNK cells were co-incubated with unlabelled rNK cells or
TpNK cells, and calcium flux was assessed after 50 minutes. The addition of
ionomycin was used as a positive control for the experiment, as ionomycin is
a calcium ionophore that facilitates the transport of Ca%*, which induces a
surge in intracellular calcium mobilisation (Methods section 2.18). Figure 5.2
A shows the gating strategy utilised for this experiment. No significant
difference in calcium mobilisation is observed when rNK cells are co-incubated
with other rNK (rNK-rNK) compared to when rNK cells are co-incubated with
TpNK cells (rNK-TpNK) (Figure 5.2 B). A substantial increase in calcium
mobilisation is observed upon adding ionomycin to rNK cells. This indicates
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that the lack of any discernible differences in the other conditions is not due to

experimental errors or variations (Figure 5.2 B).
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Figure 5.2. Calcium flux dynamics of rNK and TpNK cells

Freshly isolated NK cells were primed overnight with INB16 (TpNK) or with CM (rNK).
The next day, overnight stimulation was removed by removing death cells with the
Death Cell Removal Kit (Miltenyi) and by sorting NK cells with CD56+ microbeads
(this was done in both TpNK cells and rNK cells to allow for comparison). After that,
part of the rNK cells were labelled with CellTrace Violet™ and with 520AM dye
following protocol for the Calcium Flux Assay kit (Abcam). The rest of the rNK and
TpNK cells were prepared and added to the labelled rNK cells for 50 minutes. A
positive control of ionomycin (iono) was prepared and added to the labelled rNK cells
for 1 minute. Cells were acquired in the Novocyte flow cytometer before and after
adding the stimulatory agents. (A) Gating strategy and representative plots for each
condition. A first plot with FSC vs SSC was used to identify NK cells. The gate was
then projected onto a second plot showing FSC vs CellTrace Violet™- Pacific Blue to
identify the rNK cell population. After that, the gate was projected onto a third plot
showing time vs 520AM — FITC. The plots below are representative examples of the
calcium flux profile of the individual conditions. (B) Bar charts represent the delta
increase MeFI of calcium flux of the indicated conditions. Bars represent the means
1 SD of 3 different donors, indicated by the individual dots. Comparisons were made
between rNK-rNK and rNK-TpNK cells using the paired t-test. Statistical significance
is indicated as: *P <0.05: **P <0.01: ***P <0.001.
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5.3.3 Live imaging of NK cell homotypic interactions

NK cell activation through homotypic interactions requires cell-to-cell contact
(M. Kim et al., 2017; T.-J. Kim et al., 2014). Therefore, | examined next if TpNK

cells require direct cell contact to activate autologous rNK cells.

The dynamics of NK cells were assessed utilising live imaging by evaluating
the number of cell-to-cell contacts in cells containing only rNK cells compared
to wells containing a mix of rINK and TpNK cells (Methods section 2.19.1). NK
cells were visualised live for 16 hours in a Nikon CT Biostation, a device
containing a fluorescence microscope with a built-in incubator (Figure 5.3 A).
Images were taken every 15 minutes, and the number of contacts between
two NK cells were visually counted in every timeframe. A contact was defined
as the moment where the cell membranes of two different NK cells touched,
and are indicated in Figure 5.3 B with yellow arrows. The % of contacts for
every condition are shown in Figure 5.3 C and indicate that in the wells
containing a mix of rNK cells and TpNK cells, the number of contacts between
NK cells is significantly higher compared to wells where only rNK cells are
present (Figure 5.3 C). This suggests that TpNK cells may have a more motile
phenotype and greater capacity to screen their environment by establishing

more contacts with other NK cells.
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Figure 5.3. Live dynamics of rNK cells and TpNK cells.

(A) Freshly isolated NK cells were primed overnight with INB16 lysate (TpNK) or with
CM (rNK). The next day, TpNK cells were washed in order to remove lysate. Half of
the rNK and TpNK cells were labelled with PKH26 dye. After that, NK cells were then
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plated in a 96-well flat-bottom plate at a 1:1 ratio in order to have rNK unlabelled: rNK-
PKH26 (rNK:rNK) and rNK unlabelled: TpNK-PKH26 (rNK:TpNK). The plate was then
placed inside the Nikon CT Biostation (Nikon) for 16 hours, and images were taken
every 15 minutes at an x10 magnification; the resulting images were analysed in
Imaged. For analysis, cell contacts were enumerated when 2 cells were coming
together and their membranes were touching; if cells were separating and coming
together again, this was counted as a separate contact. The % contacts were
calculated by considering the total number of cells in the image. (B) Timeframe image
of the Nikon CT Biostation for both conditions; yellow arrows show contacts between
cells. (C) The bar chart represents the % total number of cells in contact with the
indicated conditions. Bars represent the means + SD of 1 donor; dots represent
internal replicates of the different frame shots. Comparisons were made between
rNK:rNK and rNK:TpNK cells using the paired t-test. Statistical significance is
indicated as: *P <0.05: **P <0.01: ***P <0.001.

5.3.4 Conjugate formation

To confirm previous findings further, | assessed the conjugate formation
capacity of wells containing only rNK cells compared to wells containing a mix
of rNK and TpNK cells. This was evaluated by flow cytometry by looking at the
conjugate formation of NK cells labelled with different dyes at various time
points (Figure 5.4 A and methods section 2.17). Conjugates were visualised in
the flow cytometer as doublets and then projected into another plot gated in
the double-positive population (Figure 5.4 B). Despite the variability of the
results, a trend is observed towards an increased number of conjugates in
wells containing a mix of rNK and TpNK cells compared to wells containing
just rNK cells (Figure 5.4 C). This is in keeping with the enhanced contact
formation induced by TpNK cells described previously (Figure 5.3) and
indicates that TpNK cells have superior motility and capability of establishing
conjugates and contacts with other NK cells.
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Figure 5.4. Conjugate formation dynamics of TpNK and rNK cells

(A) Freshly isolated NK cells were primed overnight with INB16 lysate (TpNK) or with
CM (rNK). The next day, TpNK cells were washed in order to remove lysate. The rNK
cells were separated into 2 groups; half of them were labelled with CellTrace CFSE™
(CFSE) and the other half with CellTrace Violet™ (CTV); TpNK cells were also
labelled with CellTrace Violet™ (CTV). NK cells were then co-incubated at various
time points at a 1:1 ratio as follows: rNK-CFSE with rNK-CTV (rNK:rNK) and rNK-
CFSE with TpNK-CTV (rNK:TpNK). After each timepoint was met, cells were fixed
with 0.5 paraformaldehyde and acquired in the Novocyte flow cytometer. (B) Flow
cytometry plots show the experiment’s gating strategy. A first plot with FSC vs SSC
was used to identify NK cells. The gate was then projected onto a second plot showing
FSC-A vs FSC-H to identify doublets. Doublets were then projected into a third plot
of CTV-PacificBlue vs CFSE-FITC to identify conjugates at the double-positive gate.
(C) Bar chart representing the % of conjugates of the indicated conditions at various
time points, and show the means + SD of 5 different donors as indicated by the dots.
Comparisons were made between rNK and TpNK cells using the paired t-test.
Statistical significance is indicated as: *P <0.05: **P <0.01: ***P <0.001.

Page 161 of 265



5.3.5 Confocal imaging

In order for NK cells to recognise a target cell, the formation of the
immunological synapse is a crucial step, which involves cytoskeleton
reorganisation, including the polymerisation of F-actin towards the area of
contact with the target cell (Mace et al., 2009, 2010, 2014). Another critical
element for NK cell recognition is the formation of nanotubes, which are
membranous structures that physically link cells over long distances
(Chauveau et al., 2010). Nanotube structures have been observed to be
formed between NK cells and between NK cells and cancer cells (Chauveau
etal., 2010; Mace et al., 2014). After preliminary evidence of NK cell homotypic
interactions shown in this chapter, | used confocal microscopy to investigate

F-actin organisation in NK cells (Figure 5.5).

Images show NK cells visualised as single cells, as evidenced by blue nuclear
staining, where F-actin (in red colour) is visualised as a ring shape around the
NK cells and forming patches inside the cells (Figure 5.5). NK cell conjugates
were also visualised and are shown in the magnified squares in Figure 5.5. In
the conjugate, F-actin polymerises towards the immune synapse (seen by an
increase in the intensity of the red dye), indicating NK-to-NK cell interactions.
Nanotube formations were also visualised between two NK cells, as evidenced
by the formation of little tubular structures emerging from the NK cell body
(Figure 5.6). The formation of nanotubes, together with the polymerisation of
actin towards the immune synapse in NK cell doublets, suggests that NK cells

interact with each other in a homotypical manner.
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Figure 5.5. Actin polymerisation in NK cell homotypic interactions

Freshly isolated NK cells were prepared for confocal acquisition as previously
described and stained for actin with Alexa Fluor 568 phalloidin kit (Invitrogen) in colour
red and for the nucleus with NucBlue™ Fixed Cell Stain ReadyProbes™ reagent
(Invitrogen) in blue as indicated by the manufacturer. Once prepared, the slides were
visualised in a Nikon Ti Eclipse C2 laser scanning confocal microscope driven by NIS
Elements software (Nikon). Images were analysed and processed using ImageJ.
Screenshots in the red box represent the magnification of a structure of interest in the

green box.
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Figure 5.6. Nanotubes formation in NK cell homotypic interactions

Freshly isolated NK cells were prepared for confocal acquisition as previously
described and stained for actin with Alexa Fluor 568 phalloidin kit (Invitrogen) in colour
red and for the nucleus with NucBlue™ Fixed Cell Stain ReadyProbes™ reagent
(Invitrogen) in blue as indicated by the manufacturer. Once prepared, the slides were
visualised in a Nikon Ti Eclipse C2 laser scanning confocal microscope driven by NIS
Elements software (Nikon). Images were analysed and processed using ImageJ.
Screenshots in the red box represent the magnification of a structure of interest in the

green box.

After establishing that NK cells modified F-actin when they were in a
conjugate, | investigated the differences in F-actin polymerisation between
wells containing a mix of rNK and TpNK cells and wells containing rNK cells
alone (Figure 5.7 and Figure 5.8). Unlabelled autologous rNK cells were co-
incubated with rNK or TpNK cells that had been pre-labelled with
CellTracker™ green (in green colour) and stained for F-actin (in red colour)

(experimental details can be found in the Methods section 2.19.2).

Figure 5.7 shows rNK cells (unlabelled) co-incubated with autologous rNK
cells (green colour). NK-to-NK cell interactions are evidenced by the
polymerisation of actin towards other rNK cells, forming a conjugate, shown in
the magnified squares (top left and right, and bottom right images in Figure
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5.7). The formation of nanotubes between two rNK cells was also observed
(Figure 5.5, bottom right image).

Figure 5.8 shows rNK cells (unlabelled) co-incubated with autologous TpNK
cells (green colour). Similarly, rNK-TpNK interactions are also observed,
evidenced by increased F-actin polymerisation towards the union site between
cells (Figure 5.8). Nanotube structures are also observed between interacting
cells (Figure 5.8, top right image). In some instances, TpNK cells exhibited
elongated morphologies and nanotubular structures connected to other NK
cells, presenting polymerised F-actin towards the synapse (Figure 5.8, bottom

left image).

Overall, differences in F-actin polymerisation or nanotube formation were not
observed between co-cultures containing just rNK cells or between co-cultures
containing a mix of rNK and TpNK cells. Because both rNK cells and TpNK
cells can induce conjugates and contacts to a certain degree, it is not
surprising to observe changes in F-actin in both groups. This suggests that
both rNK cells and TpNK cells can interact in a homotypical manner with
autologous NK cells but that this interaction does not determine the ability of

an NK cell to activate another NK cell.
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Figure 5.7. NK cell homotypic interactions with autologous rNK cells

Freshly isolated NK cells were isolated; half of the rNK cells were stained with
CellTracker™ Green CMFDA (Invitrogen) in green colour and co-incubated overnight
with CM. The next day, labelled rNK cells were co-incubated with unlabelled rNK cells
at a 1:1 ratio for 1 hour and then prepared for confocal acquisition as previously
described. Actin was stained with Alexa Fluor 568 phalloidin kit (Invitrogen) in red
colour as indicated by the manufacturer. Once prepared, slides were visualised in a
Nikon Ti Eclipse C2 laser scanning confocal microscope driven by NIS Elements
software (Nikon). Images were analysed and processed using ImagedJ. Screenshots
in the red box represent the magnification of a structure of interest in the smaller green

box.
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Figure 5.8. NK cell homotypic interactions with autologous TpNK cells

Freshly isolated NK cells were isolated; half were stained with CellTracker™ Green

CMFDA (Invitrogen) in green colour and co-incubated overnight with INB16 lysate to
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generate TpNK cells. The next day, TpNK cells were washed to remove lysate and
were co-incubated with unlabelled rNK cells at a 1:1 ratio for 1 hour and then prepared
for confocal acquisition as previously described. Actin was stained with Alexa Fluor
568 phalloidin kit (Invitrogen) in colour red as indicated by the manufacturer. Once
prepared, slides were visualised in a Nikon Ti Eclipse C2 laser scanning confocal
microscope driven by NIS Elements software (Nikon). Images were analysed and
processed using Imaged. Screenshots in the red box represent the magnification of

a structure of interest in the smaller green box.
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5.4 Discussion

NK cells are activated through various direct and indirect mechanisms, which
play a critical role in immune responses. These mechanisms include the
recognition of tumour- and virus-transformed cells via NK cell receptors and
exposure to exogenous cytokines like IL2 or IL15. Additionally, interactions
with other immune cells, such as NK-DC crosstalk, are essential for optimal
NK cell responses (Lucas et al., 2007; O’Connor et al., 2006). Less explored
ways by which NK cells become activated include NK-NK homotypic
interactions (M. Kim et al., 2017; T.-J. Kim et al., 2014). In this chapter |
focused on investigating homotypic interactions between NK cells in the

context of tumour priming.

The findings support that TpNK cells can activate other autologous rNK cells,
as marked by the downregulation of CD16 in the rNK cell population, which
could be potentially mediated via homotypic interactions. In a previous study,
Kim and colleagues examined changes in CD25 expression to determine NK
cell activation (M. Kim et al., 2017; T.-J. Kim et al., 2014). CD25 would be a
less relevant marker in our experimental setup as cytokines were not used to
activate NK cells. Despite that, it would be relevant to screen other NK cell

receptors to assess this phenomenon further.

Given that NK cells undergo an increase in intracellular calcium upon
interaction with other cells (Bryceson et al., 2006; Verron et al., 2021; W(lfing
et al., 2003), calcium flux was assessed on rNK cells that were mixed with
TpNK cells to support our hypothesis. However, differences in calcium
mobilisation were not observed in this experimental setup. It is possible that
the low number of NK-to-NK cell contacts occurring would make changes in
calcium flux challenging to quantify in a flow cytometry assay. The use of
microscopy could represent an alternative and more sensitive method to

visualise calcium changes at the individual cell level.

As part of target recognition, NK cells display brief, exploratory interactions
with their environment before they make contact with a potential candidate
target cell. CD62L and PSGL1 are thought to be involved in tethering
movements, and more robust contacts are made by CD2, DNAM1, NKG2D
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and LFA1 (Mace et al., 2014). In this chapter, we observed that TpNK cells
increased conjugate formation and contacts, in keeping with a more motile
phenotype with tethering exploratory behaviour. Olofsson and colleagues
(Olofsson et al., 2014) compared the migration dynamics of non-activated vs
IL2 activated NK cells and found multiple differences between the two.
Activated NK cells had a more motile and migratory phenotype, characterised
by increased contacts and duration of the conjugates against target cells. The
findings in this chapter are consistent with previous research, even though
here the NK cells were stimulated with cancer cells. The TpNK cells' dynamic
phenotype would increase their chances of activating other rNK cells through
increased interactions. Future work should include imaging experiments to

visualise the receptors mentioned above in the membrane of TpNK cells.

Interestingly, the formation of nanotubes was observed in both rNK cells and
TpNK cells. During the initial steps of NK cell interaction with a target cell,
nanotubes seem to serve as intercellular tethers formed after the initial contact
to guide the NK cell towards the target cell (Mace et al., 2014). The frequencies
of nanotubes increase when there are more receptor/ligands available for
interaction (Chauveau et al., 2010), and when NK cells are treated with
cytokines, the frequency of nanotube formation doubles (Chauveau et al.,
2010). Although the authors' primary focus in this study was the formation of
nanotubes between NK cells and target cells, they also observed the presence
of nanotubes between two NK cells (Chauveau et al., 2010). The data
presented in this chapter are consistent with these observations, which
demonstrate the formation of nanotubes in rNK cells and TpNK cells when
interacting with other NK cells. These findings imply that NK cells may

recognise other NK cells through a mechanism involving nanotube formation.

When a target cell is recognised by an NK cell, this is followed by the formation
of the immunological synapse, which involves the polymerisation of F-actin
towards the contact area between the cells (Mace et al., 2009, 2010, 2014).
Kim and colleagues found that intact F-actin and nanotubes were required
during NK cell activation via homotypic interactions with other NK cells (T.-J.
Kim et al., 2014). In keeping with these findings, | observed that both rNK cells
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and TpNK cells induce F-actin polymerisation towards the immune synapse
when they come in contact with another NK cell, albeit to a different extent.

The results provided in this chapter provide some preliminary evidence of rNK-
TpNK interactions, but the exact mechanisms require further definition.

One possibility is that this activation is based on receptor-ligand interactions
in both NK cells. It is known that NK cells express some ligands that will
interact with their own receptors. In a mouse model, NK cells expressing the
ligand CD48, which interacts with the NK cell receptors CD2 and 2B4, were
needed for NK cell homotypic interactions (K. M. Lee et al., 2006). Indeed, in
human NK cells, 2B4 and CD48 interact in a cis manner to modulate NK cell
responses (Claus et al., 2016). It is possible that 2B4/CDA48 interactions could

be involved in NK-to-NK cell activation.

Another possibility is trogocytosis, the intercellular transfer of plasma
membrane patches. In the context of NK-cancer cell interactions, tumour cells
use trogocytosis to “dress” NK cells with NKG2D ligands to induce NK cell
fratricide and achieve immune escape (Nakamura et al., 2013). A similar
phenomenon was observed in NK cells acquiring the NKG2D ligand MICA
from target cells upon cell contact, which was then transferred to neighbouring
NK cells in a homotypical manner, triggering NK cell degranulation (McCann
et al., 2007). INB16 expresses several NK cell ligands, such as MICA/B (Sabry
et al.,, 2019), which could be transferred to tumour-primed NK cells via
trogocytosis. Possible functional consequences of this observation would be
that MICA-positive NK cells would stimulate neighbouring NK cells via NKG2D

interaction.

Regarding why NK cells require homotypic interactions to activate each other,
Kim and colleagues speculated that IL2 trans-presentation occurring within
multi-cellular clusters of NK cells ensures the availability of IL2, which can be
a limited resource during the early stages of immune responses (M. Kim et al.,
2017). Tregs are reliant on IL2, for which they have a high affinity (Gasteiger
et al., 2013). In this scenario, NK cells that also require IL2 for their survival
would need to compete with Tregs, and these homotypical interactions would

provide a reliable source of IL2 in a hostile environment. However, this
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hypothesis does not fit our particular model since cytokines were not used to
activate NK cells. It is well known that NK cells are a heterogeneous population
where NK cells with multiple roles exist (C. Yang et al., 2019). Furthermore, it
has been shown that a minority of NK cells are responsible for the majority of
the kills (Vanherberghen et al., 2013). Thus, from a cancer point of view, it is
conceivable that NK cells that achieve activation after recognising a tumour
cell would, in turn, activate another NK cell in order to amplify the activation

response.

Finally, the results in this chapter need to be interpreted with caution given the
small numbers/preliminary nature and lack of a confocal microscope with high
magnification at our institute to visualise NK cells. Microwell technology and/or
live imaging confocal microscopy can be used in future experiments. Despite
these limitations, our data provide preliminary evidence that tumour-primed

NK cells can activate rNK through potential homotypic interactions.
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Chapter 6 Generation of tumour-memory NK cells

in patients with myeloid haematological malignancies

6.1 Introduction

One of the most important functions of NK cells in cancer is
immunosurveillance, by which NK cells patrol the body to eliminate arising
cancer cells. It has been shown that patients with primary NK cell deficiencies
have an increased risk for malignancies (Lorenzi et al., 2013; Orange, 2013;
Spinner et al., 2014). Imai and colleagues performed a prospective study of
more than 3,500 healthy people, showing that participants with less potent
cytotoxic NK cells had a statistically significantly increased risk of cancer over
the 11-year follow-up period (K. Imai et al., 2000). Furthermore, the degree of
NK' cell infiltration in tumour tissues is a prognostic factor in many solid
tumours, where reduced NK cell function is associated with worse outcomes
(Coca et al., 1997; Ishigami et al., 2000; Mandal et al., 2016; Villegas et al.,
2002).

It is widely understood that cancer patients have an impaired immune system,
including NK cells (Kiessling et al., 1999). Frequently reported dysfunctions
include reduced cell numbers, dysregulation of antigen expression, and a
display of weaker functional abilities such as cytokine secretion and
cytotoxicity. In MDS, reports show that patients exhibit lower numbers of NK
cells compared to healthy controls (Gleason et al., 2014; Hejazi et al., 2015;
Montes et al., 2019). The investigation of antigen expression has revealed an
impaired phenotype, with a reported loss of NKG2D, NKp30, NKp46, CD16
and CD161 expression (Epling-Burnette et al., 2007; Gleason et al., 2014;
Hejazi et al., 2015; Montes et al., 2019). Recent studies suggest that NK cell
dysfunction in MDS may be attributed to the presence of NK cells with
immature phenotypes characterized by an increase in the proportion of
CD5619"t NK cells, higher ‘early’ KIR expression (KIR2DL2/3), and lower ‘late’
KIR expression (KIR2DL1 and KIR3DL) in MDS patients (Hejazi et al., 2015;
Montes et al., 2019; Schonberg et al., 2011). The function of MDS-NK cells is
also compromised, with reports showing impaired cytokine secretion (Hejazi
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et al., 2015; Kiladjian et al., 2006), lower degranulation upon exposure to
leukemic targets (Carlsten et al., 2010), a substantial reduction in perforin and
granzyme B loading of the granules (Hejazi et al., 2015), and an impaired lysis
of both cancer cells and CD34+ blasts (Carlsten et al., 2010; Epling-Burnette
et al., 2007; Hejazi et al., 2015; Kiladjian et al., 2006). These studies
demonstrate an NK cell phenotype characterized by a lack of maturation
markers and the downregulation of NK cell activation receptors in MDS

patients associated with NK cell functional impairment.

Tumours evade NK cells by using a variety of mechanisms. This includes the
reduction of ligands for NK cells, which will impair NK cell recognition (Classen
et al., 2003; Raulet et al., 2013); the presence of soluble factors, contributing
to a suppressive TME (Frumento et al., 2002; Viel et al., 2016; Young et al.,
2018); and hypoxia and low-level nutrient availability, that will suppress NK cell

metabolisms and antitumour activity (O’Brien & Finlay, 2019).

AML and MDS are a group of heterogeneous clonal hematopoietic stem cell
disorders characterised by cytopaenias leading to ineffective haematopoiesis
and increased blast production, resulting in bone marrow failure (Corey et al.,
2007; Dohner et al., 2015). MDS is a milder version of the disease, where
patients with <20% myeloblasts in the bone marrow or peripheral blood are
generally classified as MDS and patients with 220% are regarded as AML
(Estey et al., 2022). On average, 30% of MDS patients progress into
secondary AML, which tends to be fatal (Breccia et al., 2010; Germing et al.,
2006; Greenberg et al., 1997). The heterogeneous nature of the disease
requires a complex and personalised variety of therapeutic approaches.
Among the choices for AML/MDS treatment, allogeneic HSCT is the only
therapy with curative potential. Allogeneic HSCT is associated with a high risk
of serious complications such as infections and GVHD; since these diseases
are often presented in an elderly cohort, this option is unavailable to many
patients (Dohner et al., 2015; Nachtkamp et al., 2009). The Food and Drug
Administration (FDA) has only approved five drugs for the treatment of MDS:
the immunomodulatory agent lenalidomide, the hypomethylating agents
azacitidine and decitabine, and more recently, the hypomethylating agent

cedazuridine, and the erythroid maturation agent Luspatercept-aamt (Xu &
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Hansen, 2021). No drug has been approved for second-line treatments like
immunotherapy, occasioning a large unmet need for patients who do not

respond to licensed treatments (Chandhok et al., 2019).

NK cell immunotherapy has shown positive results in solid and haematological
cancers (Sabry & Lowdell, 2020) and thus could be a suitable option for non-
responders. Different immunotherapeutic strategies for NK cell modulation
have been developed for MDS treatment both pre-clinically as well as in
clinical trials. Clinical trials in MDS can be mainly classified into two types: the
first one involves adoptive immunotherapy using allogeneic donor NK; the
second approach has been to potentiate the patients’ own NK cells in vivo
(Table 6.1) (Arellano-Ballestero et al., 2023).

Pre-clinical studies have reported enhanced MDS patient-derived NK cell
proliferation, granule secretion and cytotoxicity after exposure to IL2, showing
that NK cell dysfunction can be overcome (Epling-Burnette et al., 2007; Hejazi
et al., 2015). Some trials using IL2-activated adoptive NK cell therapy have
shown good results in patients with relapsed or refractory AML, with complete
remissions in up to 50% of the patients (Bachanova et al., 2014). At the
moment, there is an ongoing trial utilising IL2-activated umbilical cord-derived
NK (NCT04347616).

IL15 is another cytokine that has been used in the clinical setting, but as
opposed to IL2, IL15 holds some advantages, such as its superior role in the
stimulation of NK cells and T cells and also the fact that it does not stimulate
Treg proliferation (Tian & Wei, 2017; Y. Yang & Lundqvist, 2020). IL15 infusions
have been given to patients in some trials (NCT01385423, NCT02395822,
NCT02890758); however, it has been related to cytokine release syndrome in
some patients (Cooley et al., 2019).

CIML-NK cells have also been explored in patients with AML; the infused NK
cells expanded in vivo were associated with some clinical responses in over
half of the patients treated, including complete remissions (Berrien-Elliott et
al., 2022; Romee et al., 2016). Currently, two ongoing clinical trials use CIML-
NK cells in haematologic malignancies (NCT04024761, NCT06138587).
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The use of feeder-cell ex vivo is another alternative for the expansion and
activation of NK cells. This method has been extensively tested in vitro,
showing large NK cell expansions using both K562-mblL15-41BBL (Fujisaki,
Kakuda, Imai, et al., 2009; C. Imai et al., 2005) and K562-mblL21 (Ciurea et
al., 2017; Denman et al., 2012; Vasu et al., 2020), which is currently being
trialled (NCT04220684).

Allogeneic CAR-NK cells have been used for treating MDS/AML patients;
nonetheless, one of the main challenges to developing CAR therapies for
MDS/AML remains the lack of specific ligands which are usually expressed in
normal myeloid cells (Gurney et al., 2021; Haubner et al., 2019). CAR-NK cells
targeting CD33 have been utilised in AML, where no significant adverse effects
were reported however, no clinical effort was seen (Tang et al., 2018). Ongoing
trials on MDS include allogeneic CAR-NK cells targeting NKG2D ligands
(NCT04623944) and CAR.70/IL15-transduced NK cells derived from cord
blood (NCT05092451).

The in vivo potentiation of the patient’s own NK cells is another alternative that
has been considered, including the infusion of BiKE and TriKEs. Enhanced NK
cell responses are reported in vitro utilising BiKEs engaging CD16 and CD33
(Gleason et al., 2014); and TriKEs engaging CD16, CD33 and a modified IL15
linker to induce NK cell proliferation (Felices et al., 2016; Sarhan et al., 2018).
A trial testing TriKE GTB-3550 in haematological malignancies
(NCT03214666) terminated, but no results have been posted.

Tumour-primed allogeneic NK cells have been previously utilised in two phase
I/ll, open-label trials of adoptive immunotherapy in patients with AML in partial
remission (PR) or in CR but with a high risk of relapse (Fehniger et al., 2018;
Kottaridis et al., 2015). Allogeneic NK cells from haploidentical donors were
incubated with an INB16 lysate that was removed. After that, NK cells were
cryopreserved, shipped and infused into the patients one day after completion
of lymphoreductive chemotherapy. These were the first trials of an adoptive
NK cell therapy that did not require cytokine support. A total of 19 patients were
treated in the two trials, with one patient with chemo-resistant AML achieving

CR, which was sustained for over 11 months, 3 patients achieving CR, and 2
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patients remaining relapse-free for 32.6 to 47.6+ months. Having shown
previously that NK cell function in patients with AML (Lowdell et al., 2002) and
MDS (Tsirogianni et al.,, 2019) is predictive of duration of remission, the
Lowdell group postulated that activating endogenous NK cells in patients with
AML/MDS, in whom NK cell function is defective, could boost their activity and
improve overall survival. Tumour-priming of endogenous NK cells in vivo is
currently being trialled in patients with advanced MDS or multiply relapsed
AML (NCT05933070). Patients receive three weekly infusions of a replication-
incompetent preparation of the INB16 cell line (INKmune™). These patients
receive no lymphoreductive conditioning chemotherapy and no cytokine
support, resulting in a treatment that is well tolerated and compatible with an
elderly patient cohort. This chapter presents the data of one patient with
advanced, tri-lineage MDS and two patients with treatment-refractory AML

who completed treatment.
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APPROACH/TREATMENT TRIAL PHASE STATUS PATIENT TRIAL IDENTIFIER REFERENCES

NUMBER
ADOPTIVE NK CELL IMMUNOTHERAPY
+ CYTOKINE Phase | Completed 26 NCT01385423 (Cooley et al., 2019)
STIMULATION WITH IL-2/- Ongoing 91 NCT05400122, (Alvarez et al., 2014, 2020)
15/CIML NCT02890758,
NCT04024761,
NCT06138587
Phase Il Completed 17 NCT02395822 (Cooley et al., 2019)
Phase I/1I Completed 89 NCT01898793 (Berrien-Elliott et al., 2022)
Ongoing 23 NCT04347616 (de Jonge et al., 2023)
+ EXPANDED K562- Phase | Ongoing 30 NCT04220684 (Ciurea et al., 2017; Denman et al., 2012; Fujisaki,
MBIL21 Kakuda, Imai, et al., 2009; Fujisaki, Kakuda,
Shimasaki, et al., 2009b; C. Imai et al., 2005; Vasu et
al., 2020)
+ CAR NK CELLS Phase | Ongoing 90 NCT04623944 (Dong et al., 2020; Sinha et al., 2017; Tang et al.,
Phase I/l Ongoing 188 NCT05092451, 2018)
NCT05092451
IN VIVO NK CELL ACTIVATION ‘
BIKE/TRIKE Phase /I Completed 12 NCT03214666 (Felices et al., 2016; Gleason et al., 2014; Sarhan et
al., 2018)
INB16 PRIMING Phase | Ongoing 12 NCT05933070 (Fehniger et al., 2018; Kottaridis et al., 2015)

Table 6.1. Summary of NK cell-based clinical trials for MDS

Abbreviations: IL, interleukin; CIML, cytokine-induced memory-like; mblL21. membrane-bound IL-21; CAR, chimeric antigen receptor;

BiKE/TriKE, bi/trispecific killer cell engagers.
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6.2 Experimental aims

The experimental aims of this chapter were to characterise NK cells from MDS
patients at the functional and phenotypical level. After that, | evaluated whether
NK cells from the same MDS patients can be tumour-primed and if tumour-
memory NK cells could be generated. Finally, | analysed the data from our
clinical trial (NCT05933070) and compassionate use cases in MDS and AML
patients treated with INKmune™ in a longitudinal study of the changes in
function and phenotype of these patients. The specific aims of the chapter

were:
1. Evaluate the % of NK cells in MDS patients compared to healthy donors

2. Evaluate the cytotoxic capacity of NK cells from MDS patients compared to

healthy donors

3. Evaluate the phenotypic profile of NK cells from MDS patients compared to

healthy donors

4. Study whether the generation of TpNK cells from MDS patients induces a
phenotype that is similar to the one reported in healthy donors

5. Assess the phenotype of the NK cells from one MDS and two AML patients

treated with INKmune™ in a clinical trial

6. Assess the ex vivo cytotoxic capacity of the NK cells from one MDS and two

AML patients treated with INKmune™ in a clinical trial

7. Evaluate the cytokine and chemokine profile of longitudinal serum samples
from patient MDS#01
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6.3 Results
6.3.1 Patient characteristics

Peripheral blood samples from patients at UCL Hospital (London, UK) with
MDS and similar haematologic malignancies were acquired for subsequent
experiments. The characteristics of the patients are found in Table 6.2. From
the 21 patients analysed, 15 were diagnosed with MDS, 4 were diagnosed
with myelodysplastic/myeloproliferative neoplasms (MDS/MPN), and 2 were
diagnosed with therapy-related MDS; the only information available from
patients MDS003 and MDS005 was their disease diagnose. MDS/MPNs are
clonal myeloid disorders with both dysplastic and proliferative features but are
not properly classified as either MDS or chronic myeloproliferative disorders
(Arber et al., 2016), but because of the similarities with MDS, these patients
were included in the cohort. Therapy-related MDS includes a series of
complications in patients receiving cytotoxic therapy for cancer or non-
malignant disorders; exposure to these agents can lead to the development of
MDS (Bhatia & Deeg, 2011). The patients represent a cohort of 14 males and
5 females, with a 72.5-year-old average; at the time of obtaining the samples,
5/21 patients were receiving chemotherapy (1 patient lenalidomide and 4

patients azacitidine).

The International Prognostic Scoring System (IPSS) score was applied in
patients with MDS to assess the prognosis of primary untreated adult patients.
It considers the following parameters: percentage of leukemic blast cells in the
marrow; type of chromosomal changes in the marrow cells (cytogenetics);
presence of one or more low blood cell counts (cytopaenias). The revised
IPSS (IPSS-R) covers the same disease factors as the IPSS, but the factors
are identified in a more detailed way. The molecular IPSS (IPSS-M) takes
mutations in 31 genes into account, as well as cytogenetics, bone marrow
blasts, haemoglobin and platelet count (Arber et al., 2016; Elsa et al., 2022).
This score will be used as a prognostic indicator to predict the course of the
patient’s disease; low-risk MDS will progress in a slower fashion, whereas

high-risk MDS is likely to progress more quickly and progress into AML.
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STUDYID AGE GENDER DIAGNOSIS DISEASE STAGE  IPSS-R IPSS-M TYPE OF CHEMO DURATION OF CHEMO
MDS001 87 M MDS Excess blasts 1 High High None

MDS002 76 M MDS 5q- Intermediate Lenalidomide 24 months
MDS003 MDS

MDS004 80 F MDS Low None

MDS005 MDS

MDS006 64 M MDS/MPN Azacitidine 6 years
MDS007 61 M MDS/MPN Azacitidine 1 week
MDS008 73 M MDS, therapy related Low None

MDS009 76 M MDS Low None

MDS010 58 M MDS Relapsed post sibling bone marrow transplant Azacitidine 10 months
MDSo011 92 F MDS 5q- None

MDS012 80 F MDS None

MDS013 81 F MDS None

MDS014 67 M MDS Low None

MDS015 59 M MDS Low None

MDSO016 70 M MDS Intermediate Moderate/low None

MDS017 69 M MDS None

MDS018 72 M MDS/MPN None

MDS019 81 M MDS/MPN Azacitidine 6 weeks
MDS020 80 F MDS Low None

MDS021 52 M MDS, therapy-related None

Table 6.2 Patient characteristics

Chemo, chemotherapy; IPSS-R, Revised International Prognostic Scoring System; IPSS-M, Molecular International Prognostic Scoring System;

MDS, myelodysplastic syndrome; MDS/MPN, myelodysplastic/myeloproliferative neoplasms.
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6.3.2 NK cell numbers in MDS patients

First, | evaluated NK cell frequencies out of total lymphocytes, given that the
proportions of NK cells may be reduced in patients with MDS. It is well known
that MDS patients display fewer NK cells (Gleason et al., 2014; Hejazi et al.,
2015; Montes et al., 2019), contributing to the overall immune dysfunction

observed in cancer.

| identified the percentage of NK cells in the peripheral blood of HD and MDS
patients and observed significant differences between the 2 groups (Figure
6.1). The mean percentage of NK cells in HD was 8.65+5.55; on the other
hand, MDS patients had a mean percentage of 2.93+2.25 (p value<0.001)
(Figure 6.1 B). These results correlate with the observation that MDS patients
have reduced NK cell numbers (Gleason et al., 2014; Hejazi et al., 2015;
Montes et al., 2019).
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Figure 6.1. Percentage expression of NK cells in HD and patients with
MDS

Freshly isolated PBMCs from HD and MDS patients were immunophenotyped for
CD3 and CD56 to identify the % NK cells. (A) Representative flow cytometry plots
showing the gating strategy to identify the % of NK cells in HD (top) and MDS patients
(bottom) (B) Graph shows the % of NK cells in HD and MDS patients. Bars represent

the means £SD of the different donors, which are indicated by the individual dots.
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Data were tested for normality, and comparisons were made between the indicated
groups using the unpaired t-test. Statistical significance is indicated as: *P <0.05: **P
<0.01: ***P <0.001.

6.3.3 Cytotoxic capacity of the NK cells from MDS patients

PBMCs from HD and MDS patients were isolated and set up in a 4-hour
cytotoxicity assay against the MDS-derived cell line, MDS-L (Figure 6.2 A).
Both NK cells from HD and MDS patients exhibited a wide range from 5% to
95% cytotoxicity, with no significant differences between rNK cells from HD
and MDS patients. The NK cell cytotoxic capacity of the MDS patients
clustered into two distinct groups, which | classified as high-killing capacity
(>50% specific lysis) or low-killing capacity (<50% specific lysis).

Resting NK cells from the MDS patients were incubated overnight with INB16
to generate TpNK cells, which were then set up in a 4-hour killing assay
against MDS-L (Figure 1.2 B). The % change was calculated by comparing
TpNK cell samples with untreated controls, as explained in the methods
(Methods section 2.11.1).

When the samples were grouped according to high or low degree of
cytotoxicity, patients who initially had lower ability to lyse MDS-L showed
increased killing capacity after tumour-priming, whereas patients who initially

had high killing capacity showed no significant changes (Figure 6.2 B).
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Figure 6.2. Cytotoxic profile of MDS patients and HD against MDS-L

Freshly isolated PBMCs from HD and MDS patients were isolated and co-incubated
overnight at 37°C with medium alone (rNK) and with INB16 (TpNK) at a 1:2 ratio,
which was set up according to % NK identified as CD56* CD3". The next day, rNK
and TpNK were set up for a 4h-cytotoxicity assay against MDS-L at an E:T ratio of
5:1. Percentage of specific lysis was calculated by subtracting the number of target
cells undergoing spontaneous lysis. (A) Graphs show % specific lysis £SD of rNK
cells from HD and MDS patients against MDS-L (B) Graph shows the % delta lysis
+SD against tumour primed NK cells from MDS patients against MDS-L and
segregated according to their degree of killing. Bars represent the means of the
different donors, indicated by the individual dots. Data were tested for normality, and
comparisons were made between the indicated groups using the unpaired t-test.
Statistical significance is indicated as: *P <0.05: **P <0.01: ***P <0.001.

6.3.3.1 Cytotoxic capacity of the NK cells from MDS patients considering
the patient’s clinical parameters

Next, we stratified NK cell responses according to the clinical parameters of

our cohort. (Figure 6.3).

In Figure 6.3 A, patients were stratified according to their sex. Although not

statistically significant, there is a trend towards female patients having higher
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specific lysis (mean ~66%), compared to males who showed a broad range
(~5% to ~85%).

Figure 6.3 B shows patients stratified according to their age (above or below
65 years old). The mean for the > 65-year-old group is ~53% specific lysis,
whereas the mean for the < 65-year-old group is ~58%, where the difference
is not statistically significant. Thus, in our study, age does not appear to be a

determinant for NK cell-specific lysis.

In Figure 6.3 C, patients were plotted according to their IPSS-R score. Patients
with intermediate/high IPSS-R scores show a lower mean % specific lysis of
~22%, whereas patients with low IPSS-R scores show a mean of ~59%, where
the difference is statistically different. Thus, patients with a more advanced

disease stage have NK cells with a higher degree of impairment.

Finally, in Figure 6.3 D, patients were stratified according to whether they had
had chemotherapy or not at the time of taking the samples. Although not
statistically significant, patients receiving chemotherapy trend towards lower
mean NK cell-specific lysis (~43%) compared to patients who did not receive

chemotherapy, with a mean NK cell-specific lysis of ~61%.
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Figure 6.3 Cytotoxic profile of the

considering their clinical parameters

Freshly isolated PBMCs from HD and MDS patients were isolated and co-incubated
overnight at 37°C with medium alone (rNK) and with INB16 (TpNK) at a 1:2 ratio,
which was set-up according to % NK identified as CD56" CD3". The next day, rNK
were harvested and set up for a 4h-cytotoxicity assay against MDS-L at an E:T ratio
of 5:1. Percentage of specific lysis was calculated by subtracting the number of target
cells undergoing spontaneous lysis. Graphs show % specific lysis of rNK cells from
MDS patients against MDS-L. Patients were stratified according to (A) gender, (B)
age, (C) IPSS, and (D) chemotherapy administration. Bars represent the means of
the different donors, indicated by the individual dots. Data were tested for normality,

and comparisons were made between the indicated groups using the unpaired t-test.
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Statistical significance is indicated as: *P <0.05: **P <0.01: ***P <0.001.
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6.3.4 Phenotypic profile of the NK cells from MDS patients
6.3.4.1 Ex vivo NK cells from MDS patients

Next, the phenotype of MDS-NK cells was explored to try and provide some
insights into the observed functional differences. | used a well-curated flow
cytometry panel to look into various markers including activation, inhibition and

differentiation markers, as well as co-stimulatory molecules.

The phenotypical profile of ex vivo cells from HD was compared to those from
MDS patients. Figure 6.4 shows the % expression and MeFI of the positive
population of the indicated markers classified by function. Activation NK cell
markers show downregulation of CD16 in MDS samples compared to HD both
in % expression and MeFI| (P value 0.083 and 0.049, respectively). CD25 is
also upregulated in the MDS-NK cells, both in % expression and MeFI (p value
0.087). CD69 is significantly upregulated in % expression in MDS samples (p
value 0.04) and shows a trend towards being upregulated in MeFIl. The NCRs
NKp30 and NKp80 are both downregulated in MDS samples; the % expression
and MeFI| of NKp30 has a p value of 0.001 and a p value of 0.030 respectively,
and NKp80 shows a MeFI of 0.030. The % expression of KIR2DS4 shows a
trend towards being downregulated in MDS samples, and MeFl is significantly

downregulated (p value 0.023).

| next examined NK cell co-stimulatory molecules. DNAM1 % expression is
downregulated in MDS patients (p value 0.056), and no changes are seen in
MeFI. The % expression of ICAM1 is significantly upregulated in MDS samples
(p value 0.046), whereas MeFI| shows no significant changes.

When looking at % expression, the maturation marker CD57 shows a trend
towards being downregulated in MDS patients, whereas no differences is
observed in MeFI.

Finally, | looked at NK cell inhibitory markers; no differences in the %
expression or MeF| of CD94 are observed. TIGIT is significantly upregulated
in MDS patients, both in % expression and MeFI (p value 0.005 and 0.024,

respectively). No changes are observed in the levels of expression of TIM3.
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Overall, circulating NK cells from patients with MDS were characterised by
lower expression of the activating markers CD16, NKp30, NKp80 and
KIR2DS4; lower expression of the maturation marker CD57; and increased

expression of the inhibitory marker TIGIT.
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Figure 6.4. Phenotypic profile of NK cells from MDS patients and HD

Freshly isolated PBMCs from HD and MDS patients were immunophenotyped for the
indicated markers in a Novocyte flow cytometer (Agilent), data were analysed using
the NovoExpress software (Agilent). Graphs show the % expression and MeF| of the
positive population of HD and MDS patients for individual NK cell markers as
indicated. Bars represent the means +SD of the individual donors indicated by the
dots. Data were tested for normality, and comparisons were made between the
indicated groups using the unpaired t-test. Statistical significance is indicated with the

p value number; when not indicated, p value is >0.1.
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6.3.4.2 Tumour-priming of the NK cells from MDS patients
6.3.4.2.1 Study of NK cell receptor expression

| next looked at the phenotype of MDS-NK cells before and after tumour-
priming to see if there would be changes in the receptor expression similar to
the ones observed in TpNK cells in Chapter 3. Unsupervised multidimensional
analysis was performed using the ViSNE algorithm to evaluate the co-
expression of the markers at the single-cell level. Figure 6.5 shows the viSNE
plots before and after tumour-priming of the distinct markers together with %
expression and MeF| of the positive population with ToNK cells compared to
rNK cells.

The activating markers CD25, CD16 and CD2 showed no significant
differences when comparing rNK cells with TpNK cells. CD69 is upregulated
in TpNK cells, both in % expression (p value 0.014) and MeFI (p value >0.1).
| also observe a slight downregulation of NKG2D both in % expression (p value
0.022) and MeFI (p value >0.1). The maturation marker CD57 is upregulated
in TpNK cells both in % expression (p value 0.095) and MeFI (p value 0.029).
The co-stimulatory molecule CD62-L shows a downregulation in % expression
(p value 0.082) and upregulation in MeFl (p value 0.062). The other co-
stimulatory molecule ICAM1 show a very slight upregulation in TpNK cells in

% expression (p value 0.095) and an upregulation in MeFI (p value >0.1).
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Figure 6.5. Phenotypic profile of rNK and TpNK cells from MDS patients

Freshly isolated PBMCs from HD and MDS patients were isolated and co-incubated
overnight at 37°C with medium alone (rNK) and with INB16 (TpNK) at a 1:2 ratio,
which was set-up according to % NK identified as CD56" CD3". The next day, rNK
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and TpNK were phenotyped for the indicated markers in an Aurora flow cytometer
(Cytek), and data were analysed using FlowJo (TreeStar) and Cytobank (Beckman
Coulter) software. viSNE plots of NK cells from MDS patients before and after tumour-
priming of the indicated markers. Bar plots show % expression and MeFI of the
positive population of the indicated markers; every dot represents an individual donor
(n=4-5). Data were tested for normality, and comparisons were made between rNK
and TpNK cells using the unpaired t-test. Statistical significance is indicated with the

p value number; when not indicated, p value is >0.1.

6.3.4.2.2 Metacluster analysis of NK cell subpopulations

Unsupervised high-dimensional analysis was followed by FlowSOM clustering
in order to identify metaclusters based on the NK cell receptors selected
previously and reveal related phenotypic clusters to compare rNK cells from
TpNK cells from MDS patients (Figure 6.6).

In Figure 6.6 A, the distribution and abundance of the different metaclusters is
shown, and Figure 6.6 B shows the changes in % cell numbers of each
metaclusters. The more abundant metaclusters identified are metacluster 1, 3,
7 and 8. Metacluster 1 has an abundance of ~18% in rNK cells and is reduced
to ~6% in TpNK cells; metacluster 3 has an abundance of ~25% in rNK cells
and increases up to ~38% in TpNK cells; metacluster 7 has an abundance of
~28% in rNK cells and is increased to ~34% in TpNK cells; metacluster 8 has
an abundance of ~20% in rNK cells and is reduced to 12% in TpNK cells. |
next wanted to visualise the intensity of expression of selected NK cell markers
for each metacluster (Figure 6.6 C). Metacluster 1, which is reduced in TpNK
cells, is characterised by ICAM1Mgh  CD57'°%, CD16'% and LAG3Mh,
Metacluster 3, which is increased in TpNK cells, is characterised by Granzyme
Bhish CD57Ngh CD2Nish and CD16M9h. Metacluster 7 is increased in TpNK cells
and is characterised by KIRMN" Granzyme BMdh, CD57hsh, CD2M"e" and
CD16Mdh, Metacluster 8, which is reduced in TpNK cells, is characterised by
Granzyme B'°v, CD57'°v, CD2"s", CD16'°% and CD62LMd". Overall, the
increases of metaclusters M3 and M7, which have a high expression of CD57,
KIR, CD16, and CD2 and the decrease of metaclusters M1 and M8, which
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have a low expression of Granzyme B, CD57 and CD16, suggest that TpNK
cells are acquiring the phenotype of mature NK cells (Bjorkstrom et al., 2010;
Lopez-Vergeés et al., 2010); similarly to our observations on TpNK cells from
HD described in Chapter 3. Overall, these results indicate that NK cells from
MDS patients can be tumour-primed and exhibit the phenotype of mature NK

cells.
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Figure 6.6. Metacluster phenotype of rNK and TpNK cells from MDS
patients

Freshly isolated PBMCs from HD and MDS patients were isolated and co-incubated
overnight at 37°C with medium alone (rNK) and with INB16 (TpNK) at a 1:2 ratio,
which was set-up according to % NK identified as CD56" CD3". The next day, rNK
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and TpNK were harvested and phenotyped for the indicated markers in an Aurora
flow cytometer (Cytek), data were analysed using Cytobank (Beckman Coulter)
software. Unsupervised clustering analysis clustered on 30 NK cell phenotypic
markers was performed using the FlowSOM algorithm (n=4-5). (A) ViSNE plots of the
different metaclusters across all conditions. (B) Pie charts show changes in % cell
numbers of each metacluster for every condition. (C) Heatmap show intensity of

expression of the indicated markers.

6.3.5 Monitoring of MDS/AML patients treated with INKmune™ in a

clinical trial

The data from one patient with advanced, tri-ineage MDS and two patients
with treatment-refractory AML who have completed treatment and follow-up
for four months is presented here (Table 6.3). In this clinical trial
(NCT05933070), tumour-priming of endogenous NK cells in vivo is being
tested. All patients received three doses of 1x108 INKmune™ on days 1, 8 and
15, and a longitudinal assessment was performed of NK cell activation
(marked by CD69 upregulation) and lytic function throughout treatment (Figure
6.7 A). The frequencies of activated NK cells increased in all patients until day
29 (Figure 6.7 B), when monitoring of the compassionate cases ended. The
MDS trial patient was followed according to protocol and show an increased
percentage of activated NK until the end of monitoring on Day +119, over one

hundred days after the last INKmune™ treatment.

An increase in NK cell activation coincided with enhanced lytic activity in all 3
patients after treatment, which is maintained on day 73 in patient MDS#01 and
in bone marrow at day 140 in patient AML#01 (Figure 6.7 C).

Following NK cells phenotypic assessment, patient MDS#01 (Figure 6.7 D)
and AML#01 (Figure 6.7 E) show increased intensity of expression of CD57
and CD2. This mirrored the effect that we previously observed in vitro (Chapter
3), where TpNK cells had a greater abundance of metacluser M8, which was
CD57"d" and metacluster M3, which was CD2Msh, Furthermore, both patients
show NK cells with low granzyme B levels, which increas throughout the

course of the treatment, in fluorescence intensity in MDS#01 and in %

Page 195 of 265



expression in AML#01. It is known that patients with MDS have NK cells that
are deficient in their killing machinery (Hejazi et al., 2015); the data here shows

that this dysfunction can be reversed by INKmune™ treatment.

The cytokine and chemokine profile (Cytokine 30-Plex Human Panel, Thermo
Fisher) was examined in longitudinal serum samples from patient MDS#01.
Levels of IL-15, TNFa, MIP-18, and MIP-1a increase until day 29 and then
drop on day 43. Similarly, IL8 secretion increases with each INKmune™
infusion and falls to the pre-treatment level by day 43 (Figure 6.8), suggesting

a systemic in vivo effect by tumour-priming.

These results suggest that treatment with INKmune™ is safe and well-
tolerated. Furthermore, INKmune™ can not only reach the NK cells of the
patient in vivo but also generates TpNK cells, akin to our observations in vitro.
To our knowledge, this is the first time that NK cells that bear the features of
memory-like NK cells have been generated in vivo with a cell product without

the need for cytokine support.
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SUBJECT CODE AGE DIAGNOSIS STAGE AT OUTCOME POST
TREATMENT TREATMENT

MDS#01 LO03 Patient MDS-EB2 Tri-lineage Improvement from
in their  Tri-lineage dysplastic. Failed ECOG2 - ECOG 0.
70s dysplasia 16 cycles of Discharged from

Azacytidine. 19% hospital with reduced
BM blasts, RAD21 platelet and RBC
VAF 40%. transfusion

Weekly red cell dependence.

and platelet Alive >2 years.
transfusions

ECOG 2.

AML#01 Co1 Patient AML Congenital GATA2  Stabilized counts at 2
in their mutation. months, reduced
20s Relapsed post 3x bone pain, neutrophil

allogeneic-HSCT. 8 recovery and

months as in- discharged home 3

patient with weeks post

cytopaenias, blood completion of

product dependent treatment.

and infections. Disease recurrence
at 6 months and
died.

AML#02 C02 Patient AML-M6 Relapsed post 2x Counts stabilized for
in their haploidentical m/m 4 months allowing
20s HSCT - 5% blasts. discharge to home.

Bridged to third
allogeneic HSCT.

Table 6.3. Summary of clinical characteristics of the three patients

treated with INKmune™

AML, acute myeloid leukaemia; BM, bone marrow; EB, excess blasts; ECOG, Eastern

Cooperative Oncology Group; HSCT, hematopoietic stem cell transplant; MDS,

myelodysplastic syndrome; RBC, red blood cells; VAF, variant allele frequencies.
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Figure 6.7. INKmune™ generates memory-like NK cells in vivo in patients

with MDS and AML

(A) Infographic represents the treatment course. Patients receive 3 infusions of

INKmune™ on days 1, 8 and 15. Blood samples are taken on days 1, 8, 15, 29, 43,
73 and 119. (B) PBMCs from MDS and AML patients were isolated on the indicated
days and immunophenotyped for CD69 using a Novocyte flow cytometer (Agilent),
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data were analysed using the NovoExpress software (Agilent). Scatter plot represents
the percentage of CD69+ NK cells in each patient (Y axis) on the indicated dates (X
axis). (C) PBMCs from MDS and AML patients were isolated on the indicated days
and immunophenotyped for CD3 and CD56 in order to identify the % NK cells.
PBMCs were set-up for a 4h-cytotoxicity assay against Raji at an E:T ratio of 5:1.
Percentage of specific lysis was calculated by subtracting the number of target cells
undergoing spontaneous lysis. Scatter plot represents the percentage of specific lysis
of Raji mediated by the patient's NK cells (Y axis) on the indicated days (X axis).
(D)(E) PBMCs from MDS and AML patients were isolated on the indicated days and
immunophenotyped for the indicated markers using an Aurora flow cytometer (Cytek);
data were analysed using the FlowJo software (TreeStar). Histograms show the
expression of CD57, CD2 and granzyme B on the indicated days and heatmap
representing MeF| of the positive population normalised to the lowest value of each
column for patient (D) MDS#01 and (E) AML#01.
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Figure 6.8. Patient MDS#01 exhibits a cytokine profile that suggests
systemic changes after INKmune™ treatment

Serum samples from patient MDS#01 were collected on the indicated days and frozen
down at -80°C. On the day of the experiment, samples were thawed and analysed
using a Cytokine 30-Plex Human Panel (Thermo Fisher) according to manufacturer’s
instructions and acquired with Luminex™ platform (Thermo Fisher). Bars represent

the means £ SD of 3 replicates of the indicated cytokines across different days.
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6.4 Discussion

The dysregulation of NK cells in cancer patients has been widely reported,
including NK cells in MDS patients. Different studies have shown lower levels
of degranulation and cytotoxicity of MDS-derived NK cells compared to healthy
controls of both the NK-sensitive cell line K562 as well as CD34+ blasts
(Carlsten et al., 2010; Epling-Burnette et al., 2007; Hejazi et al., 2015; Kiladjian
et al., 2006). The ability of MDS-NK cells to secrete cytokines like TNFa and
IFNy has also been shown to be reduced (Hejazi et al., 2015; Kiladjian et al.,
2006). A very interesting observation came from the Hejazi study, where they
showed no difference in the mobilization of CD107a when MDS-NK cells were
exposed to K562. However, they showed a significant decrease in MDS-NK
cell killing activity without any associated changes in CD107a expression
compared to healthy donors. This observation prompted them to investigate
whether degranulating MDS-NK cells were properly armed with cytotoxic
molecules. They observed a substantial reduction in perforin and granzyme B
loading of granules in MDS-NK cells, which explained why MDS-NK cells were
still able to mobilize CD107a to the cell surface without effective killing of target
cells (Hejazi et al., 2015).

Here, | report that patients with MDS display a very wide range of cytotoxicity
against the MDS cell line MDS-L, ranging from 5% to 95% cytotoxicity. The
most interesting finding of this study is that patients can be clustered into “low
killing capacity” and “high killing capacity” according to their ability to lyse
MDS-L. When patients are stratified according to these criteria, patients whose
NK cells have high killing capacity do not benefit from tumour-priming of their
NK cells, as the specific lysis remains similar. On the other hand, patients
classified as “low killing capacity” display a significant enhancement in their
ability to lyse target cells after tumour-priming. This observation is interesting
as it suggests that tumour-priming is particularly beneficial in patients whose

NK cells are most dysfunctional.

Similarly, Tsirogianni and colleagues performed a longitudinal study on
patients with MDS that had been treated with azacytidine. They studied the
capacity of MDS-derived NK cells to lyse K562 and found that patients whose
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NK cell lysis capacity was above a critical threshold could be predictive for
survival beyond 2 years. Patients below that critical threshold showed a
median overall survival of 18 months compared to those falling above the
threshold with a median survival of 52 months, suggesting that NK cell anti-
tumour functions may be critical in the response to MDS (Tsirogianni et al.,
2019). What this suggests is that if the NK cell cytotoxicity of MDS patients
can be increased above this critical threshold, their overall survival would
increase. Hence, tumour-priming of NK cells arises as a powerful tool for
patients who have less cytotoxic NK cells, as the significant increase in their
cytotoxic capacity described here could push them above the aforementioned

critical threshold and thus increase their overall survival.

Another interesting finding in this thesis was that patients exhibited distinct
degrees of NK cell cytotoxicity when grouped according to different clinical
parameters. MDS-NK cells from females showed an enhanced cytotoxic
activity; this finding correlates with a study that found that women over the age
of 70 years old had enhanced NK cell cytotoxic activity compared to men (Al-
Attar et al., 2016). Another finding of this thesis was that patients with low
IPSS-R scores displayed enhanced NK cell cytotoxicity, which has been
thoroughly documented in the literature (Aggarwal et al., 2011; Epling-Burnette
et al., 2007). The administration of chemotherapy also affected the patients’
NK cells, with increased NK cell cytotoxic capacity in patients who were not
undergoing treatment; it has been well described in the literature that
chemotherapeutic agents are known to have a negative effect on the state of
NK cells (Dauguet et al., 2011; Markasz et al., 2007; Najima et al., 2018). This
is of particular concern as chemotherapy could be acting as a double-edged
sword, on the one hand, by eliminating the patients’ cancer cells but at the
same time impairing the patient’'s immune system, and thus hampering its

capacity to help clear the disease.

Additional to dysfunctional NK cell cytotoxicity, the receptor expression of
MDS-NK cells has also been reported to be impaired by some. In our studies,
NK cell activation markers were downregulated compared to healthy controls,
with significant reductions in CD16, NKp30, NKp80, KIR2DS4 and DNAM1.
Carlsten et al. found that the downregulation of NKG2D and DNAM-1
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expression in bone marrow-derived NK cells from MDS patients was
reportedly associated with elevated blast counts and high-risk disease
(Carlsten et al., 2010). Other studies investigating peripheral blood NK cells
from MDS patients have reported loss of NKG2D, NKp30, NKp46, CD16 and
CD161 expression (Epling-Burnette et al., 2007; Gleason et al., 2014; Hejazi
et al.,, 2015; Montes et al., 2019). Recent studies suggest that NK cell
dysfunction in MDS may be attributed to the presence of NK cells with
immature phenotypes characterized by an increase in the proportion of
CD56%19nt NK cells, higher ‘early’ KIR expression (KIR2DL2/3), and lower ‘late’
KIR expression (KIR2DL1 and KIR3DL) (Hejazi et al., 2015; Montes et al.,
2019; Schonberg et al., 2011). Even though | did not observe significant
changes in the KIR repertoire (data not shown), CD57 expression showed a
trend towards being decreased on MDS-NK cells, suggesting a phenotype of
immature NK cells (Bjorkstrom et al., 2010; Lopez-Verges et al., 2010). Aside
from the studies mentioned above, some other reports have shown conflicting
data regarding the phenotype of MDS-NK cells. Early studies found no
changes in the receptor repertoire of MDS-derived NK cells (Kiladjian et al.,
2006); others have found changes in bone-marrow-derived NK cells but not in
NK cells from PBMCs in MDS patients (Carlsten et al.,, 2010). These
differences observed amongst different studies might be attributed to the
heterogeneous nature of this disease, the NK cell source, or the timing of
samples, especially as it relates to the administration of chemotherapeutic
agents, which are known to affect the state of NK cells (Dauguet et al., 2011;
Markasz et al., 2007; Najima et al., 2018). The study in this thesis suggests
that MDS-derived NK cells are characterised by a lack of maturation markers
and the downregulation of NK cell activation receptors in MDS patients, which

correlates with what others have previously reported.

| next wanted to investigate if tumour-primed MDS-NK cells displayed a similar
phenotype to the one observed in Chapter 3 could be generated, where | used
NK cells from HD. In Chapter 3, | generated TpNK cells that were
characterised by displaying the phenotype of activated NK cells, marked by
downregulations in CD16, and upregulation in CD25, CD69 and ICAM1; as
well as the phenotype of mature NK cells, characterised by downregulation of
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CD62L and upregulation of CD57. The TpNK cells generated in this chapter
using NK cells from MDS patients show a similar phenotype, characterised by
the upregulation of CD69, ICAM1, and CD57 and the downregulation of
NKG2D and CD62L.

When studying the phenotype of the MDS-NK cells at the metacluster level,
metaclusters with high levels of expression of CD57, CD2, CD16 and
Granzyme B are expanded. This correlates with the data shown in Chapter 3,
where tumour-primed NK cells expanded populations characterised by high
expression of CD57 and CD2. High expression of CD57 and CD16 are
indicators of terminally differentiated NK cells (Bjorkstrom et al., 2010; Lopez-
Vergeés et al., 2010), denoting that tumour-priming of NK cells induces NK cell
maturation not only in HD but also in patients with myeloid leukaemia. The
increase of populations expressing high levels of Granzyme B also indicates
NK cell maturation (Fehniger et al., 2007). Overall, these results indicate that
TpNK cells with memory features can be generated from MDS-NK cells in a

similar manner as shown in this thesis with healthy donors (Chapter 3).

There have been many clinical trials utilising NK cells in both solid and
haematological cancers (Sabry & Lowdell, 2020). In the context of MDS/AML,
several clinical trials have used allogeneic NK cells, which show a good safety
profile and complete remissions in some patients (Arellano-Ballestero et al.,
2023; Bachanova et al., 2014; Curti et al., 2011; Vela et al., 2018). Despite
many advances in the field of NK cell immunotherapy, the infusion of cytokines
in order to sustain NK cells in vivo continues to be common practice but adds
clinical complexity and needs careful monitoring for adverse effects.

The Lowdell group has previously reported in two clinical trials in patients with
AML that infusions of haploidentical NK cells that had been primed with the
cell line INB16 could lead to sustained in vivo function without the need of
cytokine support, offering an alternative to the use of IL2, IL15 or IL15RA
(Fehniger et al., 2018; Kottaridis et al., 2015). In this thesis, | present the
results of three patients treated with intravenous infusions of a replication-
incompetent preparation of the INB16 cell line (INKmune™), with no

conditioning and no cytokine support (NCT05933070). Doses were well
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tolerated and clinical improvement was seen in all three patients. A remarkable
finding was that the patients’ NK cell phenotype mirrored the one observed in
tumour-primed NK cells in vitro in HD (Chapter 3), as well as the phenotype of
tumour-primed MDS-NK cells in this chapter, characterized by NK cells
upregulating CD57 and CD2. Together with the enhancement in NK cell
function for more than 70 days in patient MDS#01 and more than 100 days in
patient AML#01, the presented results indicate that NK cells with features

resembling immunological memory were generated in vivo in these patients.

The study of the cytokine and chemokine profile in patient MDS#001 indicated
changes in IL15, TNFa, IL12, eotaxin, MIP-1a, MIP-18 and IL8; which
increased after each dose on days 1, 8 and 15; this suggests a systemic effect
of INKmune™. The changes in cytokines and chemokines observed in the
patient's serum will have a general impact on the different immune
populations. The IL-15Ra is expressed by T cells, NK cells, natural killer T
cells, B cells, DCs, monocytes, and macrophages (Fujii et al., 2018; Mortier et
al., 2009); IL15 binding to IL-15Ra enhances the survival and maturation of
these populations, which contributes to the elimination of cancer cells. DCs
and macrophages mainly secrete 1L12; the IL12-high affinity receptor is
expressed on activated T cells, NK cells and DCs, and by IL12 binding
activates JAK2 and STAT pathways (L. Sun et al., 2015). The soluble IL2-Ra
chain (commonly referred to as IL2R) interacts with IL2, enabling the trans-
presentation of IL2 to immune cells that are expressing the intermediate affinity
IL2-R to generate the high-affinity receptor on T cells, NK cells (Damoiseaux,
2020). The increase of the chemokines MIP-1a and MIP-14 will have
important effects on lymphocyte trafficking (Schall et al., 1993).

In this chapter | show that tumour-memory NK cells can be generated from
patients with MDS in vitro and in patients with MDS/AML in vivo in a clinical
trial, in a similar manner as observed in vitro in NK cells from HD. NK cell
dysfunction is often reported in cancer but it is also well known that this
dysfunction can be restored, suggesting that these cells do not have inherent
defects per se. Perhaps the lack of NK cell functionality in cancer patients is

just the result of being in a suppressive tumour-microenvironment, together
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with the lack of adequate stimulation, which can be overcome by tumour-
priming (Sabry & Lowdell, 2013).
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Chapter 7 Conclusion and future directions

7.1 Main findings of the thesis

The main objective of this thesis was to define how tumour-priming induces

characteristics of immunological memory in NK cells. For that, | performed in-

depth multi-parametric flow cytometry, proteomics analysis, and functional

assays, including cytotoxicity and metabolic assays. Furthermore, | examined

whether the effects of tumour-priming can be acquired by resting NK cells as

a mechanism of NK cell activation. Finally, | set out to investigate whether

tumour-memory NK cells can be generated from patients with MDS/AML both

in vitro and in vivo as part of a clinical trial.

The main findings of this thesis are:

Tumour-priming induces a specific phenotype on NK cells
characterised by an overall enhancement in the expression of activation
markers like CD69 and CD25. Furthermore, it induces NK cell
maturation characterised by high CDS7 expression. | identified
subpopulations enriched in tumour-primed NK cells expressing high
levels of CD57 and CD2 and low levels of NKG2A. All in keeping with
the phenotype of an activated and terminally differentiated NK cell
(Chapter 3).

Tumour-priming enhances NK cell function by inducing proliferation,
cytokine secretion and cytotoxicity enhancement against a variety of
cancer cell lines from both solid and haematological malignancies, all
in keeping with the characteristics of immunological memory (Chapter
4). This correlates with our proteomics study, where proteins related to
increased cytotoxic capacity were identified in TpNK cells (Chapter 3).
Tumour-priming of NK cells induces the expression of mitochondrial
survival proteins (Chapter 3), which correlates with a functional
enhancement of the NK cell metabolism, including an increase in
glycolysis, mitochondrial respiration, spare respiratory capacity, and
mitochondrial depolarisation. This supports the notion that TpNK cells

have characteristics of immunological memory (Chapter 4).
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e Preliminary evidence indicates that tumour-priming induces distinct
motility dynamics on NK cells, characterised by an enhancement in the
NK cell’s ability to screen the environment by forming more conjugates
and contacts with other NK cells. Furthermore, TpNK cells can activate
other autologous rNK cells, as marked by the downregulation of CD16
in the rNK cell population in rNK-TpNK co-cultures, which could
potentially be mediated via homotypic interactions (Chapter 5).

e Tumour-priming of NK cells from patients with MDS generates NK cells
with memory characteristics in vitro. These cells express elevated
levels of CD57 and CD2, closely resembling the phenotype previously
characterized in TpNK cells obtained from healthy individuals (Chapter
3). Furthermore, these NK cells demonstrate improved cytotoxicity
against various cancer cell lines. The same effects are observed in
longitudinal samples obtained in patients with MDS/AML treated with
INKmune™ as part of a clinical trial. These NK cells show enhanced
cytotoxicity over a prolonged period of time, as well as a phenotype
characterised by high expression of CD69, CD57 and CD2, suggesting

the generation of tumour-memory NK cells in vivo (Chapter 6).

7.2 Role of CD2

As seen throughout this thesis, the CD2 receptor is a pivotal element in the
context of tumour-priming of NK cells. Early work from the Lowdell group
uncovered this for the first time (Sabry et al., 2011). In the context of tumour-
priming, CD2 on the NK cells interacts with CD15 on the target cell, inducing
CD16 shedding and releasing CD3( from the intracellular domain of CD16 to
bind to the intracellular domain of CDZ2. Notably, CD2 on T cells has
constitutive CD3¢ and, when ligated, leads to downstream phosphorylation of
ZAP-70. In contrast, ligation of CD2 on NK cells by CD15 leads to the
phosphorylation of CD3(, then phosphorylation of LAT and finally of STATS5,
with subsequent IFNy secretion. Further evidence came when the NK-
resistant cancer cell line Raji was transfected to express CD15, which then
became sensitive to rNK killing, and this could be blocked by anti-CD15 or

anti-CD2 antibodies (Sabry et al., 2011). This was in line with the much earlier
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report of the blockade of NK lysis of K662 by either anti-CD2 or anti-CD15
(Warren et al., 1996).

In Chapter 3, | identified the enrichment of a metacluster expressing high
levels of CD2 in response to tumour-priming. It could be speculated that the
expansion of a metacluster that expresses high levels of CD2 could be related
to NK cells interacting with the priming agent via CD15-CD2 interaction (Sabry
et al., 2011). However, more research needs to be done to prove this
hypothesis. In Chapter 6, the expression of CD2 was also increased in tumour-
primed NK cells generated from patients with MDS in vitro, and enhanced CD2
expression was observed on the NK cells of MDS/AML patients treated with
INKmune™ over the course of several weeks. This indicates that CD2 may
have a critical role in the generation of tumour-primed and tumour-memory NK

cells.

In adaptive NK cells, Liu and colleagues described a synergy between CD2
and CD16, which was unique to hCMV seropositive individuals; this interaction
triggered IFNy and TNFa secretion and increased signalling through CD16,
resulting in enhanced ADCC and contributing to the characteristics of memory
in adaptive NK cells (L. L. Liu et al., 2016). CD2 has also been found to be
highly expressed in memory T cells, as opposed to naive T cells (Lo et al.,
2011); and it is upregulated on activated T cells compared to resting T cells
(Lo et al., 2011; D.-M. Zhu et al., 2006).

It appears that CD2 engagement could have a crucial role in the formation of
NK cell memory, both in the context of tumour cell memory as well as during
CMV infection. This observation has also been made by others (Sheppard &
Sun, 2021).

In addition to its role as a co-stimulatory molecule, CD2 is also crucial in
cytokine receptor rearrangement and the formation of the immunological
synapse on NK cells (Orange et al., 2003). CD2 expression increases the
frequency of NK cell nanotubes to targets, where CD2 is located at the tip of
the nanotube (Comerci et al., 2012). It is possible that the increased CD2

expression in TpNK cells results in enhanced formation of nanotubes. This
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could facilitate not just NK:target cell interaction but also NK-NK recognition
and the subsequent priming of resting NK cells in a homotypical manner.

7.3 Role of CD57

Another NK cell marker shown to be important in this thesis is CD57. Similar
to CD2, | have observed increased CD57 expression on tumour-primed NK
cells as well as the enrichment of populations expressing high levels of CD57.
These observations were also made when generating tumour-memory NK
cells from MDS/AML patients both in vitro and in vivo. This data suggests a
crucial role of CD57 in the context of tumour-priming and tumour-memory NK

cells.

CD57 was first identified on NK cells (Abo & Balch, 1981) and subsequently
also identified on CD8+ T cells, where most of the research has been done.
On T cells, CD57 has been regarded as a marker of terminally differentiated
cells, as well as, perhaps wrongly, a marker of senescent T cells (Sze et al.,
2001). CD57" T cells exhibit short telomeres and telomerase activity, low
proliferative capacity and increased apoptosis, but still, they are capable of
secreting cytokines and have high cytotoxic potential (Brenchley et al., 2003;
Chattopadhyay et al., 2009; Focosi et al., 2010; Le Priol et al., 2006).

Similar to its role in T cells, at the beginning, it was also thought that in NK
cells, CD57 could be a marker of poor proliferative capacity and immune-
senescence (Brenchley et al., 2003; Focosi et al., 2010). Later studies showed
that CD57* NK cells comprise a subset of NK cells that suggest a high degree
of maturity, characterised by NKG2A-, KIR* and CD16*. Similar to the
observations on T cells, these CD57* NK cells show decreased proliferative
function, enhanced IFNy secretion and enhanced cytotoxicity (Bjorkstrom et
al., 2010; Lopez-Vergés et al., 2010). Observations in patients undergoing
HSCT have been made where months after the transplant, a population of
CD569™ NK cells differentiates to be CD57* KIR* (Bjorkstrom et al., 2010),
suggesting that these NK cells have reached a terminal differentiated state. In
NK cell memory, CMV-derived adaptive NK cells have been characterised by
being CD57"dh (Kared et al., 2018; Lopez-Vergeés et al., 2010), and TIML-NK
cells have been defined as CD57™ (Pal et al., 2017).
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It appears that CD57 is a marker of highly differentiated NK cells and an
important marker in memory NK cell populations. The observations made in
this thesis on the acquisition of CD57 in TpNK cells, together with its
importance in adaptive and CIML-NK cells, provide evidence that perhaps high
expression of CD57 is common in all subtypes of memory NK cells, in keeping
with a phenotype of maturation and terminally differentiation.

7.4 Characteristics of NK cell memory

While CMV-derived adaptive NK cells and CIML-NK cells have been

thoroughly characterised, tumour-memory NK cells still remain a mystery.

Similar to memory T cells, several characteristics that resemble immunological
memory have been described in NK cells. These traits include increased
persistence over extended periods, enhanced cytotoxicity upon re-exposure,
a mature and fully developed phenotype, the ability to proliferate in response

to antigens, epigenetic imprinting, and clonal expansion.

All of these characteristics have been described in adaptive NK cells. Adaptive
NK cells persist for extended periods of time (J. C. Sun et al., 2009); display
enhanced IFNy and ADCC against CMV-infected cells upon a second re-
exposure (Béziat et al., 2013; Foley et al., 2012; Lopez-Vergeés et al., 2011a);
and display a phenotype of terminally differentiated NK cell, characterised by
being NKG2C*, CD57*, CD25* and NKG2A™ (Béziat et al., 2013; Foley et al.,
2012; Lopez-Vergeés et al., 2011a; J. C. Sun et al., 2009). The idea that NK
cells can recognise antigens has been proposed recently, and it suggests that
adaptive NK cells can recognise the hCMV UL-40-derived peptide through
HLA-E stabilisation in the surface of the infected cell (Hammer et al., 2018).
Furthermore, adaptive NK cells are known to be epigenetically imprinted (J.
Lee et al., 2015; Luetke-Eversloh et al., 2014; Schlums et al., 2015) and have
a clonal origin (Ruckert et al., 2022).

CIML-NK cells also possess characteristics that resemble immunological
memory, including persistence over long periods of time (Romee et al., 2012),

enhanced IFNy secretion, and enhanced cytotoxicity upon a secondary
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challenge (Romee et al.,, 2012). They are also known to be epigenetically
imprinted (Luetke-Eversloh et al., 2014; Ni et al., 2016).

Initially termed tumour-primed NK cells by the Lowdell group (North et al.,
2007; Sabry et al., 2011), it has become evident that these cells possess
characteristics of immunological memory (Pal et al., 2017). Tumour-primed NK
cells display enhanced cytotoxicity upon a second exposure to a cancer cell,
which has been thoroughly described in this thesis and other studies from our
group (North et al., 2007; Sabry et al., 2019). In this thesis, | have shown that
tumour-primed NK cells have a mature phenotype, where tumour exposure
drives CD57 expression in the NK cells. Furthermore, tumour priming drives
the enrichment of populations that express high levels of CD2, which is known
to be crucial as it interacts with CD15 in the priming cell (Sabry et al., 2011);
perhaps the interaction with CD15 in the cancer cell drives the expression of
CD2 in the NK cell. Another finding in this thesis is that tumour-memory NK
cells can be generated in patients with haematological malignancies and that
these cells persist in the patients for an extended period of time, as shown in
adaptive and CIML-NK cells (Lopez-Vergés et al., 2011a; Shapiro et al., 2022).

Perhaps one of the most crucial questions remaining unanswered regarding
tumour-memory NK cells is whether they are epigenetically imprinted. As of
today, no studies have been done to answer this question. The Lowdell group
and others have described that NK cell exposure to tumour cells induces
changes in its proteome and genome (Dufva et al., 2023; Sabry et al., 2019),
but no epigenetic studies have been conducted yet.

The concept of “NK cell memory” is well established, but it is apparent that NK
cells with memory function can be derived through more than one mechanism.
This may be due to the memory characteristics arising in different NK cell
subsets or through different molecular pathways depending upon the way in
which memory is induced. Memory-like NK cells have been studied extensively
in the context of CMV and CIML-NK cells, but the idea that memory-NK cells
can arise from tumour-priming remains far less studied. Irrespective of the
mechanism of generation of memory-NK, the subsequent enhanced ability to

Kill tumour cells is a common factor. Our data identify some important
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differences but also shared features between memory-NK cell types. More
efforts should be made into better defining tumour-memory NK cells as this

population arises as a powerful tool for immunotherapy.

7.5 NK cells and cancer immunotherapy: is it time for a new strategy?

Since the first NK cell trials dating back to the beginning of the 1970s (reviewed
in (Ortaldo et al., 2014)), NK cells for cancer therapy have come a long way.
Despite that, NK cell therapies face many challenges, such as low cell

numbers and low persistence in vivo.

Developing better strategies for NK cell expansion and persistence post-
infusion remains a central tenet of research, including the transduction of
mblL-15 constructs into the NK product (E. Liu et al., 2018). The use of feeder
cells to increase the expansion of mature NK, or iPSC, as a reliable source of
proliferative NK cells, promises to reduce the cost of manufacture of allogeneic
NK cells for adoptive immunotherapy. This allows the use of multiple NK
infusions and is a move away from the concept of “NK engraftment and cure”
towards one of “NK injection and control”, where NK cell administrations
become an ongoing treatment. The success of this strategy is predicated on
the assumption that repeated infusions of allogeneic NK cells will not require
lymphodepleting chemotherapy before each injection, which is currently being
tested in trials. The need for adoptive NK immunotherapy may be avoided by
enhancing endogenous NK function, and BiKEs/TriKEs and in vivo generation
of memory NK cells are exciting off-the-shelf products that have shown
interesting results that could benefit many patients as they are relatively
inexpensive, are not personalized, and appear to be well tolerated, which

might result in a surge of NK cell therapies in the upcoming years.

7.6 Sample size and statistical power

Power is the likelihood that a specific effect will be identified in a study if there
is genuinely an effect. To estimate sample size, several considerations must
be made in advance. Firstly, the biologically relevant effect size must be
determined scientifically. This is determined before the experiment through a

literature review or a pilot study. Secondly, it is important to understand the
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variability of the data. The type of statistical analysis, study power, and
significance levels are also essential for calculating sample size (Parker &
Berman, 2003).

In the presented thesis, one of the major constraints was sample size. Working
with primary NK cells presents challenges, particularly in obtaining sufficient
cell numbers for experiments. Additionally, as the primary objective was to
measure the effects of tumour-priming, cytokines were not added to isolated
NK cells to maintain their viability, as this could have influenced the effects

under study, adding complexity to the research.

In small-scale studies like in this thesis, it is important not to overstate
conclusions and to be transparent about limitations. Therefore, the results in
this thesis should be approached with caution. It is important to recognize that
they offer only preliminary evidence and that the main findings require further

study.

7.7 Future directions and remaining questions

The finding of NK cell subsets with properties resembling immune memory has
been perhaps the most important discovery of the last 15 years in the NK cell
field, challenging the concept that the innate immune response has no memory
features. It is clear that NK cell memory can be derived through more than one
program, and different types of NK cell memory have been identified. The
generation of memory NK cells through the interaction with tumour cells
remains far less studied, but it continues to be crucial to understand this
phenomenon, as it could have significant implications in the field of NK cell

immunotherapy.

The Lowdell group and others have identified cancer cell lines capable of
generating memory NK cells. Which cancer cell lines are capable of inducing
the memory program and why? What are the requirements that an NK cell
needs to develop into a memory NK cell? After examining various cancer cell
lines, the Lowdell group discovered that not all of them could induce tumour-
priming on NK cells (North et al., 2007). Some receptor-ligand combinations

have been identified to generate tumour-primed NK cells (Sabry et al., 2011),
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but future experiments should further explore the ligand combinations
necessary in the priming agent to achieve the primed state. Furthermore,
assessing the transcriptome of NK cells after interacting with the priming agent

in a time-course manner would help decipher what drives memory formation.

The identification of high expression of CD57 on tumour-memory NK cells
(Chapters 3 and 6) is important and suggests that when NK cells come into
contact with certain cancer cell lines, this induces their maturation, which was
also seen in another study (Pal et al., 2017). Dufva and colleagues studied NK
cell interactions with a wide range of cancer cell lines but did not look at the
expression of CD57 or its gene B3GAT1. It would be interesting to study what
cancer cells have the ability to induce NK cell maturation and perform time-
course experiments to understand the expression dynamics of this marker and

what potential role it plays in the context of NK-cancer cell interaction.

One of this study's biggest limitations is the lack of epigenetic data on tumour-
memory NK cells. CMV-derived adaptive NK cells and CIML-NK cells have
been characterised by being epigenetically imprinted, which is an important
feature of memory NK cells and explains how these memory NK cells can pass
their memory characteristics into the progeny, contributing to a population of
long-lived NK cells (Lau et al.,, 2022). Thus, future work should aim to

characterise the epigenetic landscape of tumour-memory NK cells.

Another outstanding question | tried to address in this thesis is whether NK
cells can activate each other in a homotypical manner, as seen by others (M.
Kim et al., 2017; T.-J. Kim et al., 2014; K. M. Lee et al., 2006). The evidence
for this effect is very limited, but these preliminary data suggest that certain
populations of NK cells might have more of an immunoregulatory role towards
other NK cells. It has been suggested that this could benefit NK cells in a
challenging TME (T.-J. Kim et al., 2014), but the exact function of this
mechanism remains unknown. The preliminary data generated in this thesis
should be expanded by looking at NK cell interactions using real-time imaging
with high-resolution confocal microscopy and to identify what receptors might

be involved in this process.
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So many questions still remain around the topic of memory-NK cells. Did NK
cell memory evolve to provide long-term immunity in organisms prior to the
development of adaptive immunity? Perhaps acquired immunity may be
defined by “antigen-specific memory”, whilst innate immunity may have
memory-like function based upon prolonged primed state and thus a lower
threshold for triggering function. Should we use the term “innate memory”

instead of “memory-like”?

Overall, in this thesis, | have looked at the mechanisms driving tumour-NK cell
memory induced by tumour priming of NK cells but | remain unable to define
what NK memory is as a phenomenon. Future side-to-side comparisons of all
the types of memory NK cells, including adaptive-, cytokine-, and tumour-
memory NK cells, to identify similarities and differences might help define
immunological memory in the innate immune system. NK cells were
discovered in 1975, but we have only known about memory features in NK
cells for 15 years. There are still so many questions around them, which makes

this a very exciting time to be in the NK cell field.

Approximate word count: 50,000
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Appendix

Conventional flow cytometry panels to immunophenotype NK cell

receptors
COMMON MARKERS IN ALL PANELS
MARKER Fluorochrome Source Clone Cell Location
ZOMBIE Pacific Orange BioLegend N/A N/A
VIABILITY DYE
CD56 APC/Cy7 BioLegend HCD56 Surface
CD3 BV650 BD Biosciences SK7 Surface
PANEL 1
MARKER Fluorochrome Source Clone Cell Location
CD16 VioBlue Miltenyi Biotec VEP13 Surface
NKP80 FITC Miltenyi Biotec 4A4.D10 Surface
NKP44 PE invitrogen 44189 Surface
DNAM1 PE/Dazle 594 BioLegend 11A8 Surface
CD25 PE/Cy5 BioLegend BC96 Surface
KLRG1 PE/Cy7 BioLegend 2F1 Surface
NKG2A APC Miltenyi Biotec REA110 Surface
PANEL 2
MARKER Fluorochrome Source Clone Cell Location
NKP46 eFluor 450 invitrogen 9E2 Surface
PD1 BV605 BD Biosciences EH12.1 Surface
CD57 FITC invitrogen TBO1 Surface
NKG2D PE BioLegend 1D11 Surface
NKG2C PE/Vio 615 Miltenyi Biotec REA205 Surface
CD69 PE/Cy5 BioLegend FN50 Surface
NKP30 PE/Cy7 BioLegend P30-15 Surface
KIR2DS4 AF647 BD Bioscience 179315 Surface
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PANEL 3

MARKER Fluorochrome Source Clone Cell Location
CXCR6 BV421 BioLegend KO041E5 Surface
TIGIT BV605 BioLegend A15153G Surface
ICAM-1 FITC ThermoFisher RR1/1 Surface
CD62-L PE BioLegend DREG-56 Surface
2B4 PE/Vio 615 Miltenyi Biotec REA112 Surface
TIM3 PE/Cy5 BioLegend F38-2E2 Surface
CcD161 PE/Cy7 BioLegend HP-3G10 Surface
CXCR4 APC BioLegend 12G5 Surface

PANEL 4

MARKER Fluorochrome Source Clone Cell Location
KIR3DLA1 BVv421 BioLegend DX9 Surface
LAG3 BV605 BD Biosciences T47-530 Surface
KIR2DL3 AF488 R&D 180701 Surface
KIR2DL2/L3/S2 PE Beckman GL183 Surface

Coulter

KIR3DL2 AF594 R&D 539304 Surface
CD9%4 PE/Vio 770 Miltenyi Biotec REA113 Surface
KIR2DL1 APC R&D 143211 Surface

Table 7.1. Conventional flow cytometry panels for NK cell phenotyping

in Novocyte (Agilent)
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Spectral flow cytometry panel to immunophenotype NK cell receptors

MARKER FLUOROCHROME SOURCE CLONE CELL
LOCATION

LIVE/DEAD BLUE N/A ThermoFischer N/A N/A
DNAM1 BUV563 BD Biosciences DX11 Surface
CD25 BUV661 BD Biosciences 2A3 Surface
NKP30 BV650 BD Biosciences p30-15 Surface
CcD62L BUV805 BD Biosciences = DREG-56 Surface
NKP80 APC-Vio 770 Miltenyi Biotec REA845 Surface
NKP44 BV786 BD Biosciences p44-8 Surface
ICAM1 PerCP Invitrogen 1h4 Surface
NKG2C PE R&D systems 134591 Surface
KIR2DL1/KIR2DS5 APC R&D systems 143211 Surface
KIR3DL2/CD158K APC R&D systems 539304 Surface

GRANZYME B Alexa Fluor 700 BD Biosciences GB11 Intracellular

LAG3 eFluor506 Invitrogen 3D5223H Surface
CD45RA BUV395 BD Biosciences 5H9 Surface
CD16 BUV496 BD Biosciences 3G8 Surface
NKG2D FITC Biolegend 1D11 Surface
CD56 BUV737 BD Biosciences NCAM16.2 Surface
NKP46 Pacific Blue Biolegend 9E2 Surface
CD2 BV480 BD Biosciences S5.2 Surface
CD3 BV510 Biolegend SK7 Surface
CD57 BV605 BD Biosciences NK-1 Surface
HLA-DR BV570 Biolegend L243 Surface
TIM-3 BV711 Biolegend F38-2E2 Surface
LAIR-1 PerCp Cy5.5 Biolegend NKTA25S Surface
KLRG1 PerCp e-Fluor710 eBioscience 13F12F2 Surface
TIGIT PE-Dazzle 594 Biolegend A15153G Surface
CcD161 Alexa Fluor594 R&D 594 Surface
CD69 PE-Cy5 Biolegend FN50 Surface
PDL-1 PE/Fire810 Biolegend 29E.2A3 Surface
CD38 PE/Fire700 Biolegend 517015A Surface
HLA-DR BUV570 Biolegend L243 Surface
TRAIL BV421 BD Biosciences RIK-2 Surface

Table 7.2. Spectral flow cytometry panel for NK cell phenotyping in

Aurora (Cytek)
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Panel for immunophenotyping of NK cell ligands in cancer cells

MARKER FLUOROCHROME SOURCE CLONE CELL
LOCATION
CD155 PE Miltenyi Biotec PV404.19 Surface
B7-H6 PE R&D 875001 Surface
HLA-C PE BD DT-9 Surface
PD1 Bv421 Biolegend EH12.2H7 Surface
TRAIL BVv421 BD RIK-2 Surface
HLA-E PE Biolegend 3D12 Surface
ULBP1 PE R&D 170818 Surface
ULBP3 PE R&D 166510 Surface
ULBP2/5/6 APC R&D 165903 Surface
CD15 PE Biolegend HI98 Surface
TRAIL-R1 PE R&D 69036 Surface
TRAIL-R2 PE R&D 71908 Surface
TRAIL-R3 PE Biolegend DJR3 Surface
CD122 Bv421 Biolegend TU27 Surface
LFA3 PE Biolegend TS2/9 Surface
HLA-A/B/C FITC Biolegned W6/32 Surface
MICA/B PE R&D 159207 Surface

Table 7.3. Conventional flow cytometry panel for phenotyping of NK cell

ligands in cancer cells in Novocyte (Agilent)
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