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ABSTRACT

Natural killer cell (NK) heterogeneity is attributable to the presence of multiple NK cell
receptors and co-receptors and whose expression is shaped by genetics and unique antigen
exposure during developmental and differentiation pathways. NK cells with bright expression
of CD56 but lack CD16 (CD56°"9"CD16"9) are widely distributed throughout various tissues
including the lymph nodes which is the site of dendritic cell, NK and T cell interactions and the
liver, where they play a role in maintaining liver homeostasis. NK cells can develop an antigen
“trained” phenotype which respond differently upon a secondary antigen encounter, and as
CD56""CD16™¢ NK cells play an important immunoregulatory role during immune
responses, understanding antigen mediated alterations of CD56”"9"CD16"¢ NK
subphenotypes provides insight into those cells that may influence overall immune responses.
Furthermore, human CD56°™¢"CD16"% NK cells are believed to undergo further development
and maturation giving rise to CD56°™CD 16" NK cells, but this paradigm has been recently
challenged. If indeed, CD56%™ NK cells arise from CD56°"9"CD16"™¢ NK cells then an
understanding of what constitutes a “normal” antigen response by CD56°"9"CD16" NK cells

is warranted.

Using an influenza vaccination model, this thesis explored i) CD56°9"CD16"™¢ NK
subphenotypes which may be associated with a trained immune response, ii) receptors that
may be associated with co-regulation (co-stimulation), iii) functional differences between
circulating CD56°"9"CD16™¢ NK cells with differing migration patterns, as well as iv)
developing post-vaccination NK cell responses in comparison to those of CD4 and CD8 T
cells. A phenotyping study explored differences in receptor and co-receptor expression

patterns between CD56"""CD16"*9 hepatic and NK cells circulating in the periphery.

A 12 colour flow cytometry panel was developed that simultaneously phenotyped and
determined functional (CD107a" and IFNy) responses of NK and T cells. The panel allowed
for the definition of the 4 major NK subsets and co-expression patterns of NKp46, CD27 and
CD62L subphenotypes. CD4 and CD8 T cells were phenotyped into central memory (Tcm),
effector memory (Tem), effector cells and naive cells. Cytokine responses were determined
by intracellular staining for IFNy and staining for CD107a expression was used to detect
degranulation responses. Using an influenza vaccination model, functional and trained
immune responses were investigated for 12 healthy volunteers who received a standard 0.5
ml dose of the 2009- Influvac® subunit inactivated influenza vaccine. Venous blood was
collected pre-vaccination, 3 days, 6 months and 1 year following vaccination and using the
same vaccine preparation with which participants had been vaccinated, influenza antigen

responding cells, were determined by comparing ex vivo stimulated cells to CD28/CD49d co-



stimulated cells and responses attributable to vaccination were measured by comparing
antigen stimulated pre-vaccination cells to post-vaccination cells. As the thesis was focused
on the CD56°™"CD16"¢ NK cell subset, all data presented refers to this subset.

Analysis of receptor co-expression patterns revealed that CD27 is predominantly expressed
only on NKp46™ cells and that NKp46 surface density is greater with CD27 co-expression.
NKp46® cells were further defined by CD62L expression as, (CD62L") lymph homing
(IhNKp46*CD27* and IhNKp46'CD27°) and, (CD62L") peripheral (pNKp46°CD27" and
pNKp46*CD27°) subphenotypes. Following vaccination, dynamic alterations of subphenotype
proportions developed, peaking at 6 months and which by 1 year returned to levels similar to
those observed prior to vaccination. Lymph homing NKp46 subphenotype proportions
expanded and peripheral NKp46 subphenotype proportions contracted, which suggests that
with vaccination, certain CD56""9"CD16"° subphenotypes were altered or “trained either
through up- or downregulation of co-receptors, or changes in migratory patterns. In addition,
the extreme inter-individual diversity in proportions of lymph homing and peripheral NKp46*
cells suggested a long term influence on the activating NKp46 receptor, possibly as a

consequence of unique antigen exposures.

Co-expression of CD27 functionally delineated NKp46™ cells, as pNKp46"CD27" cells were
more cytolytic than pNKp46*CD27" cells and both lymph homing subphenotypes (P<0.05).
Although a significant loss of pPNKp46*CD27" IFNy producing cells occurred after vaccination
(P=0.037 by 6 months), pNKp46"CD27" cells produced more IFNy than both lymph homing
subphenotypes (P<0.05) and pNKp46*CD27" cells, prior to vaccination (P=0.0005) and 1 year
post-vaccination (P=0.016). Functional responses could therefore also be delineated by lymph
homing properties, as the magnitude of peripheral NKp46™ functional (CD107a* and IFNy")

responses were greater than those of lymph homing cells.

Monitoring of T cells prior to and following influenza vaccination revealed no changes in CD4
T cell memory proportions, but 3 days following vaccination, both CD8 Tcm and Tem
proportions increased whereas naive and effector cells decreased (P<0.05). IFNy responses
remained unchanged following vaccination, for both CD4 and CD8 T cells. However, 6 months
after vaccination CD4 T cells degranulated (CD107a") significantly more than pre-vaccination
cells (P<0.05), as did CD8 naive and Tem subsets.

CD569" cells are the predominant NK subset found in the liver and the importance of CD27
in hepatic pathology has been established. To investigate if hepatic perfusate (obtained during
liver transplant procedures) provides a suitable source of liver NK cells, hepatic perfusate
derived (hpNK) cells from deceased liver donors (n=9) were immunophenotyped and

compared to circulating NK cells from healthy age and sex matched donors (n=9). Hepatic NK
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cells were enriched for CD27" cells and CD27 was only expressed on NKp46™ hpNK cells.
However, unlike circulating CD56""CD16"9 NK cells, NKp46 surface density remained
unchanged and co-expression patterns for CD27°CD69" and CD27°CD161" subphenotypes
differed between hpNK and circulating (P<0.05) NK cells. Immunophenotyping of hpNK cells
from an acute liver failure (ALF) patient revealed that, similar to healthy controls, NKp46
expression was unchanged and surface expression of CD27 was confined to NKp46™ cells.
However, the percentage CD56""'CD16"¢ hepatic cells that expressed CD27* cells was
extremely low and few NKp46™ cells expressed CD27. The maijority of NKp46™ cells were
therefore of a NKp46*CD27 subphenotype. Aberrant expression of the T cell memory marker,
CD45RO0, was found on NK cells from the ALF patient but which was not observed on NK cells

from healthy donors.

Overall, given the global emergence of novel respiratory infections, and the subsequent
severe impact on human health mediated by “cytokine storms” during infection, it is important
to understand what constitutes a ‘normal’ functioning CD56°™"CD 16" response. Data from
this thesis therefore adds to our understanding of CD56°™"CD16™¢ cNK cells that respond
differentially to influenza antigen and which is determined by migratory potential and

expression of co-receptors.
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1.1 Introduction

Maintaining a constant state of homeostasis is critical for the survival of living organisms.
However, living organisms are exposed to infection causing pathogens such as fungi, bacteria,
viruses and parasites, as well as foreign substances such as chemicals and harmful inorganic
material. Furthermore, aberrations in cellular control mechanisms can lead to the development
of malignancies. All multicellular organisms have an innate immune system (Beutler, 2004),
whereas jawed vertebrates have both innate and adaptive immune systems (Cooper and

Alder, 2006) which provide protection against this assault.

Cells of the adaptive immune system recognize and respond to foreign antigen in a specific
manner, adapt to previously unseen molecules, discriminate between self and non-self and
mount a rapid memory or recall response to a previously encountered antigen which depends
upon somatic diversification of antigen-receptor genes. In contrast, elements of the innate
immune system are inherited traits and in place before infection or injury occurs. Cells of the
innate immune system are able to distinguish “self’ from “non-self’ through constitutive
expression of generic receptors that recognize unique products of microbial metabolic

pathways not found on eukaryotic cells (Janeway and Medzhitov, 2002).

In humans, protection against infection and malignancies is provided by co-ordinated
interactions between the innate and adaptive immune systems. Natural killer (NK) cells belong
to the innate immune system and are critical in the early defense against viral infections and
transformed cells. NK cells circulating through the blood comprise of mainly of CD56%™ NK
cells, but a minor subset defined as CD56°"9"CD16"¢ NK cells express various homing
molecules that mediate their migration to various solid organs and lymph nodes (LNs).
CD56°™"CD16™9 NK cells are considered immunoregulatory (Cooper et al., 2001b) and differ
from CD56%™ NK cells in their cytotoxic capacity, proliferative response to IL-2, NK receptor
repertoire and expression of adhesion molecules (Cooper et al., 2001a). Human studies on
CD56™" NK cells are limited, as mice do not express CD56 and until recently, human studies
of NK cells have largely focused on the predominant CD56°™ subset. Recent evidence has
revealed that NK cells can display elements of a “memory-like” or “trained” response to antigen
and the understanding of how the CD56"9"CD16"¢ NK cell subset contributes to immune
responses is evolving. Using a human influenza vaccination model this study focuses on how
CD56""CD16"™¢ NK cell subphenotypes differ immunophenotypically and functionally in
response to influenza antigen. The suitability of hepatic perfusate as a source of liver-derived

NK cells for phenotypic characterization is also explored. The influenza vaccination and NK
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cell perfusate models were therefore utilized to gain further insights into understanding the
role of the understudied CD56"9"CD16"9 NK cell subset.

1.2 Natural killer cells

Morphologically, natural killer (NK) cells are large granular lymphocytes which make up
approximately 5% - 20% of circulating lymphocytes (Robertson and Ritz, 1990). NK cells are
a member of a group of diverse immune cells with overlapping developmental and phenotypic
characteristics designated as innate lymphoid cells (ILC). ILCs are defined by their lymphoid
morphology, an absence of myeloid phenotypic markers and an absence of recombination-
activating gene (RAG) dependant rearranged receptors (Spits and Cupedo, 2012). A system
based on T helper lymphocyte (Tw) cell nomenclature categorises ILCs into 3 groups: Group
1 ILCs, are defined by their ability to produce interferon (IFN)-y but not Th2 and Tu17 cell
associated cytokines; Group 2 ILCs produce Tu2 associated cytokines in response to
interleukin (IL) IL-25 stimulation and Group 3 ILCs produce Tw17 associated cytokines IL17-A
and IL-22 (Spits et al., 2013). Originally considered as a group 1 ILC, circulating conventional
(cNK) cells have more recently been classified as a group on their own (Diefenbach et al.,
2014) and are phenotypically described as CD3'CD14'CD19" lymphocytes that express CD56
(NKH-1) (Lanier et al., 1989a; Nagler et al., 1989; Ritz et al., 1988) and CD16 (Lanier et al.,
1983; Perussia et al., 1983).

1.2.1 NK cell lineage

In an adult human, there are approximately 2 billion NK cells circulating at any given time
(Blum and Pabst, 2007) and as they are considered relatively short lived, require constant
replenishment to maintain a state of immunological homeostasis. Human conventional NK
(cNK) cells originate from bone marrow derived self-renewing lineage negative cluster of
differentiation (CD) CD34" haematopoietic stem cells (HSCs) (Spits et al., 1995), which give
rise to all red blood cells and leucocytes. NK cell precursors arise from a common oligopotent
lymphoid progenitor (CLP) sharing a developmental origin with T lymphocyte cells (T) cells,
bursa of Fabricius (B) cells and ILCs (Freud and Caligiuri, 2006; Kondo et al., 2010; Sanchez
et al., 1994) before commitment to a NK lineage (Male et al., 2014). A simplified diagram of

circulating NK cell lineage is depicted in Figure 1.1.
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Figure 1.1: Simplified diagram of NK cell lineage. A self-renewing lineage negative
haematopoietic stem cell (HSC) gives rise to a multipotential progenitor which can develop
into a myeloid progenitor or a lymphoid-primed multipotential progenitor (LMPP). A common
lymphoid progenitor (CLP) commits to precursor T cell, B cell, ILC1, 2 or 3 and NK lineages.

1.2.1.1 Transcriptional factor requirements for NK cell lineage divergence

The proposed nomenclature of the 3 ILC groups and cNK cells does not depend on the
signature cytokines associated with each group but rather the influence of transcription factors
for lineage divergence. The transcriptional factor, GATAS is required for ILC development and
is expressed on all ILCs (Klein Wolterink et al., 2013; Serafini et al., 2014; Zhong et al., 2016).
cNK cell development requires the transcriptional repressor inhibitor of DNA binding 2 (ID2)
(Yokota et al., 1999) as do all currently identified ILCs regardless of which group they fall into.
The requirements for further development for each ILC group differ, with group 2 and 3 ILCs
requiring retinoic acid orphan receptor (ROR) RORyt (Cella et al., 2009) and group 1, T-bet
(the Tu1 cell-associated transcription factor encoded by Thx21) whereas NK cells also require
cooperation between eomesodermin and T-bet to regulate function and development (Gordon
et al., 2012). The leucine zipper transcription factor, E4BP4, is suggested as a NK lineage
specific factor as mice deficient in this factor have a severe loss of mature NK cells unlike T
and B cells which are maintained in normal numbers (Di Santo, 2009; Gascoyne et al., 2009;
Kamizono et al., 2009).
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Despite considerable advances in understanding and identifying ILC progenitors, delineating
their development in relation to each other is still ongoing and currently ILC1, ILC2 and ILC3
cells are considered as “helper like” cells whereas cNK cells are “killer like”. Using an ID2
reporter mouse model (Rawlins et al., 2009), it was shown that upon transfer into alymphoid
mice, a Linld2*IL-7Ra* a4B7 FIt3°CD25 progenitor can generate all ILC lineages but not cNK
cells, suggesting the presence of a restricted common helper-like ILC progenitor (CHILP) and
that cNK cells may branch off earlier from a putative common ILC-restricted progenitor (CILP)
(Figure 1.2).

GATA-3 independent
Id2" ld2"
// \\\
-9-
lkaros NKP mNK
]g2hiah GATA-3 dependent
‘ Lt
CILP |g2high |d2high /
CHILP \ NKp46™ NKp46™ NK1.1*
‘—»‘—» CCR67ILC3
‘ CCR6* ILC3 (LTi)

Figure 1.2: Putative developmental pathway of innate lymphoid cell restricted lineages. After
branching from the common lymphoid progenitor (CLP), it is proposed that a ILC-restricted
progenitor (CILP) may exist that gives rise to cNK cells and a restricted helper-like ILC
progenitor (CHILP) which in turn gives rise ILC1, ILC2 and ILC3 restricted lineages.
Reproduced from (Diefenbach et al., 2014).

1.2.2 NK cell developmental pathways

A complete NK cell developmental pathway remains to be clearly defined (Eissens et al., 2012;
Freud and Caligiuri, 2006) and our current understanding is primarily based on murine studies
and in vitro systems (Colucci et al., 2003; Yokoyama et al., 2004). The spleen filters blood and
harbours many immune cells and has therefore been a major source of information for the
study of cNK cells, but subsequent studies have now shown multiple extramedullary sites for
further development of NK cells from a CD34" HSC including cord blood (Eissens et al., 2012;
Renoux et al., 2015), spleen (Eissens et al., 2012), liver (Eissens et al., 2012; Moroso et al.,

2010), tonsils (Freud et al., 2006; Renoux et al., 2015), peripheral lymph nodes (Freud et al.,
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2005; Freud et al., 2006), inguinal lymph nodes (Eissens et al., 2012) and uterus (Sojka et al.,
2014a). Although NK cells are widely distributed through the human body and may vary in
phenotype and numbers compared to cNK cells, the core transcriptional identities that
differentiate between CD56°""CD16™° and CD56°™CD16P*° NK subsets are maintained
(Dogra et al., 2020).

In vivo stages of mouse NK development have been described (Kim et al., 2002), but
extrapolating these data as a representative of orthologous human NK developmental
intermediates (NKDIs) remains a challenge, as mouse NK cells do not express CD56, but are
rather defined by the expression of NK1.1 (killer-cell lectin-like subfamily B) and DX5 (an
integrin a2 chain). Despite this limitation, advances in our understanding of human NK cell
developmental pathways have been made through investigating the acquisition and loss of
receptors on the NK cell surface, which although not necessarily unique to NK cells, are
expressed at critical stages of development driven by underlying molecular mechanisms.
Furthermore, developmental pathways of CD56°"9" and CD56%™ NK cells remain controversial
with early evidence indicating that CD56%™ NK cells are derived from CD56"" cells (Lanier

et al., 1986) whereas recent studies suggest the contrary (Wu et al., 2014).

1.2.2.1 NK development in bone marrow

Bone marrow derived CD34" HSC cells can be induced to develop into CD56" NK cells (Miller
et al., 1994; Miller et al., 1992), therefore it is accepted that NK cells arise from a CD34* HSC
(Yu et al., 2013) and although all stages of NK development have been identified in bone
marrow (Eissens et al., 2012; Renoux et al., 2015), in vivo NK developmental pathways and
sites of development are still not well defined (Di Santo, 2006) and developmental
relationships between NK subsets is not clear (Scoville et al., 2017). Cytokines do however,
play a critical role in the development of cNK cells (Abel et al., 2018). IL-15 promotes the
differentiation of cytolytic NK cells from a CD34" HSC (Mrozek et al., 1996) and is a critical
step in early development and differentiation of mouse NK cells (Williams et al., 1997).
Signalling of IL-15 is mediated via the IL-2 receptor B chain (CD122) and NK cell deficiencies
are found in mice lacking either CD122 or IL-15 (Kennedy et al., 2000).

Multiple markers have been used to define intermediate stages of human NK cell development
(Abel et al., 2018; Eissens et al., 2012; Freud and Caligiuri, 2006) and in the absence of NK
cell specific markers it is extremely difficult to determine a lineage-specific developmental

pathway. Various molecular mechanisms drive the development of human NK cells from a
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CD34" HSC (Freud et al., 2006; Vosshenrich et al., 2005), with priming by dendritic cells
(Lucas et al., 2007) and licensing by major histocompatibility genes class-1 (MHC-I) (Kim et
al., 2005) playing a crucial role in the final stages of NK cell development into fully functional
mature cells. Despite the complexity of defining human NK cell intermediates, it is generally
accepted that differentiation occurs through discrete stages of maturation (Colucci et al., 2003;
Freud and Caligiuri, 2006; Freud et al., 2006).

Overall, each stage of NK cell development is characterized by the acquisition and/or loss of
receptors with progenitor cells ultimately becoming restricted in lineage choice to develop into
a fully functional uni-lineage cell, although many surface receptors expressed by NK cells are
found on other immune cells, acquisition of these receptors is stage specific during NK
development. There is currently no consensus on definitive phenotypes of NK progenitor cells,
although an NK-lineage restricted Lin"CD34°'CD38°CD123 CD45RA*CD7°CD10"CD127"
progenitor cell has been described (Renoux et al., 2015), which was found to be present in
both foetal and adult tissues, implying that this NK cell precursor is conserved throughout
ontogeny. The loss of CD34 expression is believed to mark the transition of NK cell precursors
from stage 2 into stage 3 (Freud et al., 2006) which is also the earliest stage in which NK cell
progenitors start expressing receptors (CD161) used to define immature NK cells (Loza et al.,
2002). There is, however, reasonable consensus of the necessary role of CD122 expression
in pre-NK development, the acquisition of CD161 by immature NK cells and the acquisition of
CD56, CD16, natural cytotoxicity receptors (NCRs) and killer immunoglobulin-like receptors
(KIRs) in the final stages of NK development which are summarized in Figure 1.3.

Pro Pre Immature Mature Memory

) \

Stage 1 Stage 2a Stage 2b Stage 3 Stage 4a Stage 4b Stage 5 Stage 6

@@@@@@@@

CD244 CD127 CD122 Ch 161 CD 56 NKp80 CD 5649im CD57

Stepwise commitment to NK lineage

NKp46 CD16

Stepwise acquisition of functional receptors

Figure 1.3: Graphic overview of surface proteins marking specific developmental stages of
human conventional NK cells. Stepwise development of fully functional mature NK cells
(stages 4, 5 and 6) from a bi-potential lymphoid progenitor (stage 1 pro-NK cell). Lineage
restriction starts at stage 2 with IL-15 responsive CD122 expression. Acquisition of receptors
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from stage 3 (immature NK) include, the natural cytotoxicity receptors, lectin family receptors
and KIRs (members of the immunoglobulin superfamily).

Although stage 4 represents mature NK cells due to the acquisition of surface antigens that
confer functional properties, it is considered that the final stages of mature NK cell
development (stage 5) are characterized by acquisition of CD16 and KIRs) (Freud and
Caligiuri, 2006). This is based on evidence from in vitro (Miller and McCullar, 2001) and in vivo
(Vitale et al., 2004a) studies which indicate that KIR acquisition is cumulative and occurs late
in NK cell maturation. However, multiple flow cytometric studies continuously reveal evolving
complexity of NK cell phenotypes and functions and it is now proposed that a further stage
(stage 6) be included to represent NK cells that display memory like properties (Scoville et al.,
2017; Yu et al., 2013).

1.2.2.2 NK cell development in the thymus

A T cell/NK bipotential progenitor cell is found in human foetal thymus tissue (Sanchez et al.,
1994) and is distinct from cNK cells. In murine models, CLPs that migrate to the thymus can
commit to becoming an NK/T cell progenitor by developing into CD4-CD8- precursors (Douagi
et al., 2002; Ikawa et al., 1999; Michie et al., 2000) from which a small number commit to the
NK lineage (Vargas et al., 2011). Similar to cNK cells, thymic NK cells require IL-15 for
development, however require the thymus where they arise from early precursors (Ribeiro et
al., 2010; Vargas et al., 2011; Vosshenrich et al., 2006) as well as the GATA-3 transcription
factor for further development (Vosshenrich et al., 2006) as the absence of GATA-3 results in
the lack of thymic NK cells (Garcia-Peydro et al., 2006; Smyth and Nutt, 2006).

1.2.2.3 NK cell development in secondary lymphoid tissue

Identifying IL-15 responsive human NK intermediates analogous to murine models is difficult
as detection by flow cytometry of CD122 expression on freshly isolated CD34" HSCs is below
the detection limit (Freud et al., 2005; Shibuya et al., 1993; Yu et al., 1998). By using flow
cytometry to detect sequential loss and upregulation of CD34, CD117 and CD94 expression
as a surrogate for CD122 (Freud et al., 2006) was able to show the differentiation of NK cells

into 4 discrete stages within secondary lymphoid tissue (SLT) (Table 1.1).
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Table 1.1: In vivo stages of NK cell differentiation in secondary lymphoid tissue. Flow
cytometric analysis of CD34, CD117 and CD94 surface expression allows for 4 NK cell
developmental stages. Adapted from (Freud and Caligiuri, 2006).

Stage 1 | Stage 2 | Stage 3 | Stage 4

CD34 + T - -
CD117 - o+ o+ +/-
CD9%4 - - - +

Thereby, stages 1 and 2, which include CD34" cells, representing the earliest stages in the
development of human NK cells are present in human lymph nodes (LN) and tonsils providing
evidence that lymph nodes are a site for developing a CD16"9CD56"""CD34"°" NK cell
phenotype in humans. Furthermore, LN CD56°"9"CD16™¢ NK cells are transcriptionally
distinct compared to NK cells resident in other tissues (Dogra et al., 2020) and exhibit key
transcriptional features similar to that of tissue resident memory T cells (Kumar et al., 2017;

Mackay et al., 2016; Masopust and Soerens, 2019).

1.2.3 Trafficking of NK cells

The presence of immature NK cells in peripheral blood which, upon stimulation with IL-1 and
IL-12, develop into mature NK cells (Bennett et al., 1996) indicates that NK precursors traffic
from the bone marrow to extramedullary sites via the peripheral circulation. Currently there is
no overall consensus as to how various human NKDIs should be defined (Yu et al., 2013), but
NK cells can develop in multiple sites outside the bone marrow and these cells require different
transcriptional signals, display different phenotypes and exhibit different functional capacities.
Extramedullary sites which must have a tolerogenic environment due to high antigen exposure
(liver) and the presence of human leucocyte antigen (HLA) mismatched tissue (developing
foetus in the uterus) are enriched for CD56°9™ NK cells and both LN and lung
CD56P™"CD16™¢ cells are transcriptionally distinct to that of bone marrow and other sites

(Dogra et al., 2020), suggesting a unique role for this NK subset within these tissues.

The repertoire of chemokine receptors differs between CD56%™ and CD56°"9" NK cells
(Campbell et al., 2001) and the expression of homing and chemotactic receptors on NK cells
help facilitate homing and egress from tissues in response to chemokines expressed on organ-
specific cell types. This would affect the homing of specific NK cells to these organs under
certain pathological and physiological conditions, but whether NK cells remain in situ or traffic
under steady state conditions is unknown. There is evidence that trafficking of NK cells under

steady state conditions occurs as adoptive transfer experiments in mice have shown that
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splenic NK cells home to the liver, bone marrow and spleen of recipient mice (Cooper et al.,
2002; Prlic et al., 2003; Ranson et al., 2003) and further adoptive transfer experiments into
syngeneic non-irradiated recipient mice confirmed that within 24 hours, the percentage of
transferred NK cells was similar to that of recipient NK cells in the lung, liver, LN and bone

marrow (Gregoire et al., 2007).

Although it can be argued that multiple sites of NK cell development partially explains NK
diversity, the significance of multiple sites for NK cell development and the presence of
phenotypically distinct tissue resident NK subsets still remains unclear. However, as precursor
and mature NK cells are present in multiple tissues, it is proposed that NK cells may move

between tissues during different stages of maturation (Figure 1.4).

Thymus Liver

@—@—@—¢ @—@—¢
ELP NKP Immature Mature NKP Immature Mature
NK cell NK cell NK cell NK cell
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Bone marrow
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\
Lymph nodes Spleen
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Figure 1.4: Multiple sites of NK cell development and proposed trafficking between tissues.
NK cells develop from an early lymphoid precursor (ELP) in the thymus or a haematopoietic
stem cell (HSC) in the bone marrow. Committed NK cell precursors (NKP) are present in all
sites which develop into immature NK cells which under the influence of various signals
develop into mature NK cells. NKPs, immature and mature NK cells may recirculate between
tissues. Reproduced from (Huntington et al., 2007)

1.2.4. Anatomical distribution of NK cells in solid organs

The presence of NK cells in multiple organs outside of primary and secondary lymphoid
tissues implies that NK cells may undergo differential developmental pathways that could help
elucidate the origins of phenotypically diverse NK cells and their functions. The role of these
cells in control of disease, transformation and as modulators of immune responses therefore

requires further characterisation with many questions still remaining to be answered.
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1.2.4.1 NK cell development and distribution in the lungs

NK cells present in human lungs have a similar phenotype to cNK cells (Carrega et al., 2008)
and comprise mainly a differentiated CD56°™CD16°¢ NK cells which are hyporesponsive to
stimulation (Marquardt et al., 2017). These cells, however, express a higher frequency of killer
cell immunoglobulin-like receptors (KIR) compared to other tissue NK cells even during
development of the human foetus (lvarsson et al., 2013) (lvarsson et al., 2013). As found in
cNK, a minority proportion of NK cells are CD56”""CD16"¢, but in the lungs, they mainly
express the tissue residency marker CD69 (Marquardt et al., 2017) and of these, a substantial
proportion display a transcriptional signature that indicates tissue residency (Marquardt et al.,
2019). In contrast, the terminally differentiated (CD57*) CD56°™CD16° subset shares a
transcriptional profile with that of cNK cells (Dogra et al., 2020).

1.2.4.2 NK cell development and distribution in the liver

Various studies have shown that liver-infiltrating lymphocytes (LILs) are phenotypically
different from lymphocytes circulating in the peripheral blood and that these LILs also exhibit
different cytotoxic and antigen specificities (Doherty et al., 1999). Immature NK cells are found
in the liver of peri-natal mice suggesting that the liver may be a site for NK development. In
mice, these immature liver NK cells have a CD11b™“CD49b'Ly49 phenotype (Takeda et al.,
2005) and express the tumour-necrosis-factor-related-apoptosis-inducing ligand (TRAIL)
which similar to human cord blood immature NK cells (Zamai et al., 1998), can kill their targets

in vitro and in vivo in a TRAIL-dependant manner (Takeda et al., 2005).

In humans, a T-bet'Eomes'CD49a" NK subset present in the liver is not found in peripheral
blood or hepatic afferent and efferent venous blood (Marquardt et al., 2015). These CD49" NK
cells are of a CD56""" phenotype, have undergone clonal expansion and degranulate poorly
but express high levels of inflammatory cytokines, however, this phenotype was only present
at a low frequency (average of 2.3%) and was identified only in 12 of 29 livers examined in
the study. More recently, though, a CXCR6" or CD49e™ NK phenotype that is rarely found in
the periphery, has been identified in human liver (Aw Yeang et al., 2017; Harmon et al., 2016;
Stegmann et al., 2016) that lacks T-bet expression but highly expresses Eomes (Aw Yeang et
al., 2017; Cuff et al., 2016; Harmon et al., 2016; Stegmann et al., 2016).

1.2.4.3 NK cell development and distribution in the uterus
In mice, the number of NK cells present in the uterus increase significantly during pregnancy
and comprise up to 70% of lymphocytes in the endometrium (Sojka et al., 2018a; Sojka et al.,

2018b) playing an important role in the formation of the foetal-maternal interface as well as
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vascular remodelling of the placenta (Sojka et al., 2019). Phenotypically, uterine NK (uNK)
cells are CD56""" and express CD94 and NKG2A but lack expression of CD16 (Eriksson et
al., 2004). Similar to cNK cells though, uNK cells also require IL-15 for development (Ashkar
et al., 2003), express perforin, granzyme and produce IFNy (Ashkar et al., 2000; Parr et al.,
1990), but appear normal in Tbet — deficient mice (Tayade et al., 2005) and are
transcriptionally distinct from cNK cells having different microRNA profiles (Ni et al., 2015).
Understanding the role and development of NK cells in the uterus has however proven to be
difficult, as the virgin uterus comprises mainly of tissue resident NK cells whereas as during
pregnancy, there is a recruitment of cNK cells to the uterine environment (Doisne et al., 2015;
Sojka et al., 2018a; Sojka et al., 2019) adding to the extreme heterogeneity of uterine NK

populations and much needs to be understood in this developing field of immunology.

1.2.5 Circulating NK cells

Early precursor NK cells are not present in the peripheral blood (Eissens et al., 2012) and
most (90-95%) of peripheral blood (circulating) human NK cells express the low affinity CD16
FcyRIII 1gG receptor with dim co-expression of CD56, whereas a minority (5-10%) of cNK cells
express CD56 brightly and are CD16 positive or negative. Expression of the FcyRIIlI 1gG
receptor on CD16°" NK cells mediates antibody dependant cell cytotoxicity (ADCC)
interactions, whereas CD56"9" NK cells express both the high affinity IL-2RoBy and
intermediate affinity IL-2RBy receptors and are therefore responsive to IL-2 signals producing
abundant IFNy. CD56"" NK cells are therefore considered immunoregulatory and play an
important role in mediating immune responses through interactions with various cells. Based
on the surface density of CD56 and CD16 human NK cells are therefore defined into 4
subsets, namely: CD56°"9"CD16"9; CD56°™" CD16®; CD56%™CD16™® and
CD56%MCD16°™"; (Cooper et al., 2001a) (Figure 1.5), with different functional characteristics.

CD56 Brilliant violet 605

CD16 FITC

Figure 1.5: Flow cytometry dot plot of mature circulating human NK cells. NK cells are defined
as CD3'CD14'CD19 lymphocytes with mature human NK cells phenotypes based on surface
expression of CD56 and CD16. a) CD56”"9"CD16"9. b) CD56°"¢" CD16P*. ¢) CD56%™
CD16"9 and d): CD56°™ CD16""",
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The circulation of NK cells found in the periphery is still not clearly understood, but 2 main
NK subsets common to both human and mouse peripheral blood and spleen (referred to as
NK1 and NK2) have been defined (Crinier et al., 2018). These are present in peripheral blood
and the spleen, suggesting that splenic NK subsets are derived from peripheral blood as it
circulates through the body. Furthermore, CD56"" NK cells are present in seroma fluid
(which represents an accumulation of afferent lymph following surgery) (Carrega et al., 2014;
Montalto et al., 2010), providing evidence that CD56""" NK cells may exit peripheral tissues
and recirculate to secondary lymphoid organs (SLOs) through lymphatic vessels and therefore
high endothelial venules (HEVs) may not necessarily be the only portal of entry utilised by NK
cells into LNs. Upon leaving SLOs via the efferent lymphatic vessels, lymph re-enters the
circulation via the subclavian vein and CD56°™"CD 16" NK cells recirculate via the peripheral
blood to the SLOs (Carrega et al., 2014; Montalto et al., 2010) via the periphery. Migration of
NK subsets to tissues is mediated by differential expression of specific chemokines (Carrega
et al.,, 2014) and consistent with their expression of lymph homing (CD62L) receptors,
CD56""" NK cells are abundant in the lymph nodes.

It is currently accepted that CD56%™ NK cells represent a more mature phenotype whereas
CD56™" NK cells are a functional but less mature phenotype (Freud et al., 2005; Poli et al.,
2009) and that development therefore represents a linear-differentiation model. Differences in
the telomere length of CD56%™ and CD56""" cells support this hypothesis (Romagnani et al.,
2007), as circulating and lymph node CD56°™¢" NK cells have longer telomeres than CD56%™
cNK cells. Furthermore, CD569" NK cells, unlike CD56%™ cells, express the receptor for
stem cell factor (CD117) as well as homing receptors for SLOs and the alpha chain of IL-7R
(Cooper et al., 2001a; Cooper et al., 2001b; Hanna et al., 2004). This hypothesis is also
supported by evidence in partial mini-chromosome maintenance 4 deficiency during which
CD56"" NK cells fail to proliferate in response to IL-2 or 1I-15 and there is a selective loss of
CD56%™ NK cells (Gineau et al., 2012). Finally, it is further proposed that the differentiation
from a CD56""" phenotype to a KIR* and CD16* CD56%™ phenotype occurs because of
immune activation in peripheral lymph nodes, as nonreactive LN display few NK cells that

express KIR or CD16 unlike reactive LNs (Romagnani et al., 2007).

However, as CD56%™CD16"" NK cells can upregulate CD56 and lose CD16 during
activation, the hypothesis that CD56%™ and CD56°"™ NK cells undergo separate
developmental pathways has not been excluded (Campbell et al., 2001). This is supported by
the observation that patients with GATA 2 mutations lose CD56"9" NK cells but still have
CD56%™ NK cells (Mace et al., 2013). This suggests separate developmental pathways,
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although these CD56%™ NK cells are functionally impaired and reduced in number, indicating
some requirement for CD56°"9" cells. Clonal tracking during haematopoiesis in rhesus
macaques also suggests that CD56°"9" NK and CD56°™ NK cells arise separately from each

other and that one subset cannot arise from the other (Wu et al., 2014).

The controversy around mature CD56"" and CD56%™ human NK cell development therefore
remains to be resolved. However, independent of which developmental pathway proves to be
correct, alterations in CD56°"" NK cells would perturb immunoregulatory mechanisms
mediated by CD56""" NK cells and if it is a precursor cell to CD56°™ cells, then CD56°™ cell
cytolytic activity is likely to be disturbed. Therefore, research studies into the basic biology of

CD56""" NK cells warrant further investigation.

1.2.6 NK cell licensing and education

During development, NK cells undergo an education process before achieving functional
maturity and self-tolerance (Anfossi et al., 2006; Kim et al., 2005). Normal healthy cells
express abundant MHC-I molecules that can be downregulated on stressed cells or virus
infected and transformed cells. Early studies indicated that NK cells lysed infected or
transformed cells with downregulated major histocompatibility complex (MHC) proteins, giving
rise to the “missing self’ hypothesis (Ljunggren and Karre, 1990) i.e. NK cells recognized
infected cells or transformed cells in the absence of certain “self” molecules and provided
immune surveillance by eliminating cells with aberrant MHC expression (Bix et al., 1991). The
molecular mechanism was identified by (Karlhofer et al., 1992) in IL-2 stimulated Ly-49*'NK
cells from C57BL/6 mice when it was revealed that the inhibitory Ly-49 receptor specifically
recognized MHC class I antigens and prevented lysis of target cells. A similar role was next
identified in humans where the control of NK functional activity was shown through
engagement of inhibitory KIR receptors with MHC-I molecules (Colonna and Samaridis, 1995;
Wagtmann et al., 1995). Thereby NK cells become educated through ligation of KIRs with their

cognate MHC ligand expressed on autologous cells.

However, this hypothesis remained incomplete as several studies reported self-tolerance by
NK cells to MHC deficient cells (Fernandez et al., 2005; Kim et al., 2005). NK cells that lack
expression of inhibitory receptors are not autoreactive but are hyporesponsive to MHC-I
deficient cells (Anfossi et al., 2006; Fernandez et al., 2005) and are deemed to be “unlicensed”
(Kim et al., 2005) i.e. despite engagement of their activating receptors to a target cell, NK cells

remain non-responsive. Thereby, NK cells are required to be "licensed” following an education

13
CHAPTER 1: Introduction and literature review



CHAPTER 1:
Introduction and literature review
process (Kim et al., 2005) and only NK cells that have engaged their inhibitory receptors with
self MHC-I molecules during development become fully functionally competent mature NK
cells, whereas those that do not bind MHC-I molecules during development remain

uneducated with a diminished response to missing-self (Anfossi et al., 2006).

Every mature NK cell balances its activation threshold depending on the strength of inhibitory
signals received during development to adapt to the host's MHC phenotype (Brodin et al.,
2009a). The combined engagement of inhibitory, activating and adhesion receptors allows NK
cells to sense their target (Raulet and Vance, 2006) and integration of these signals will

determine the outcome (Figure 1.6).
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Figure 1.6: NK cell activation and target cell recognition. (A) NK cells expressing inhibitory
receptors which have not engaged their cognate MHC-I molecule remain hyporesponsive. (B)
Engagement of inhibitory NK receptors to MHC-I molecules in the absence of activating
ligands results in no response (C) NK cells degranulate in response to target cells lacking
MHC-I expression but expressing activating ligands (D) Engagement of inhibitory NK
receptors to MHC-I molecules as well as engagement of NK activating receptor to a ligand
expressed on a target cell is determined by a balance of signals. Taken from (Lanier, 2005).
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1.2.7 NK cell receptor diversity

NK diversity is generated via two mechanisms: KIR genes (Parham, 2005) and expression of
various non-genetically encoded surface receptors influenced by NK cell education
(Bjorkstrom et al., 2010; Juelke et al., 2010; Yu et al., 2010), epigenetics (Cichocki et al., 2013)
and viral encounters (Beziat et al., 2012; Bjorkstrom et al., 2011; Foley et al., 2012;
Petitdemange et al., 2011). With this combination of genetic and epigenetic factors across
individuals, more than100,000 NK phenotypes have been identified and an individual can have
as many as 6,000 to 30,000 NK phenotypes (Horowitz et al., 2013) with each NK cell
expressing a unique pattern of MHC-specific and MHC nonspecific receptors. These receptors
include inhibitory, activating, cytokine and chemokine receptors, adhesion molecules and co-

receptors/accessory molecules and jointly play a critical role in mediating different NK function.

1.2.7.1 MHC specific NK cell receptors

Vertebrates express major histocompatibility genes (MHC) and their products. Two major sets
of MHC genes are MHC-I1 and MHC -II and under healthy conditions nucleated human cells
express MHC-I encoded HLA-A, -B, -C, -G which act as inhibitory ligands for specific NK cell
receptors (Lanier, 2008; Long, 1999; Moretta et al., 1997). The KIRs (Colonna and Samaridis,
1995) belong to the immunoglobulin superfamily and are the second most polymorphic genes
in humans after human leucocyte antigen (HLA) genes (Parham, 2005) and overall, KIRS are
expressed on CD56%™ NK cells (Bjorkstrom et al., 2010) but not on CD56"¢" NK cells (Pende
et al., 2019).

Inhibitory interactions between KIRs and MHC-I are mediated by signalling through
immunoreceptor tyrosine-based inhibitory motifs (ITIM) (Moretta and Moretta, 1997) whereas
activating KIRs associate with a signalling adapter molecule DAP12 which contains an
immunoreceptor tyrosine-based activating motif (ITAM). Killer immunoglobulin-like receptors
specific for HLA-A (Dohring et al., 1996; Pende et al., 1996), HLA-B (Litwin et al., 1994, Vitale
et al.,, 1996), HLA-C (Colonna and Samaridis, 1995; Wagtmann et al., 1995) and HLA-G
(Cantoni et al., 1998; Rajagopalan and Long, 1999) have been identified. Therefore each NK
cell has its own unique repertoire of receptors (Santourlidis et al., 2002) but will express at
least one inhibitory receptor (Middleton et al., 2002) thus educating signal strength varies
between NK cells (Brodin and Hoglund, 2008).

The non-classical HLA-E class-l molecule is recognised by NKG2 C-type lectin family

receptors (Houchins et al., 1991) which form heterodimers with CD94 (Lazetic et al., 1996).
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HLA-E can signal through either the inhibitory NKG2A receptor or the NKG2C activating
receptor, but the inhibitory receptor is dominant. Thus HLA-E" target cells are killed only by
NKG2C*/NKG2A" NK cells (Bottino et al., 2000; Moretta et al., 2000; Moretta et al., 2001). The
leucocyte immunoglobulin-like receptor (LIR) /immunoglobulin-like transcript (ILT) family is an
additional class of HLA- specific receptors and the inhibitory receptor, LIR1 (now commonly
known as LILRB1) and ILT2 can broadly recognise HLA class-| (Borges et al., 1997; Colonna
et al.,, 1997; Cosman et al., 1997) whereas LILR2 and ILT4 are thought to recognise HLA-F
(Lepin et al., 2000).

1.2.7.2 Non-MHC specific NK cell receptors

The NCRs, NKp30 (Pende et al., 1999) NKp44 (Vitale et al., 1998) and NKp46 (Sivori et al.,
1997) are members of the immunoglobulin superfamily, but share no homology with each
other (Pende et al., 1999; Pessino et al., 1998; Vitale et al., 1998). NKp30 and NKp46 is
constitutively expressed on NK cells (Sivori et al., 1997) whereas NKp44 is expressed on
activated NK cells (Vitale et al., 1998). Cooperation between NCRs and the level of NCR
expression on an NK cell, mediates NK cell cytotoxicity of certain tumour cell lines (Pende et
al., 1999; Pessino et al., 1998; Vitale et al., 1998) and despite the recognition and killing of
tumour cells as a result of downregulation of MHC molecules, NCRs are not-MHC specific

receptors.

The ligands for NKp46 are unknown, but NKp46 directly recognises influenza haemagglutinin
(HA) (Mandelboim et al., 2001) as well as Sendai virus (Arnon et al., 2001) and Newcastle
disease virus (Jarahian et al., 2009) haemagglutinin-neuraminidase. Although the NCRs are
widely distributed across NK subsets, NKp30 and NKp46 are expressed more brightly on
CD56™" NK cells which may suggest an additional requirement for a higher surface density
of these receptors in effecting functional responses (Alter and Altfeld, 2009). NKp46
contributes to humoral immune responses in a murine cytomegalovirus (MCMV) model in
which a deficiency of NKp46 impacted NK maturation and function as well as preventing
migration to the lymph nodes in MCMV infected mice. This resulted in impaired generation of
protective murine MCMV antibodies due to limited follicular CD4 T cells (Miletic et al., 2017)

indicating that NKp46 deficiency has a compounding effect on immune cell interactions.

In contrast to NCRs, the activating C-type lectin NKG2D, recognises stress-inducible MHC-I
proteins and not pathogen-encoded protein (Raulet, 2003). Binding to its endogenous ligands
cytomegalovirus UL16-binding protein (ULBP), MHC-class-I-polypeptide-related (MIC)
sequence A and B (MICA) and (MICB), mediates lysis of target cells (Cerwenka and Lanier,
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2001; Raulet, 2003, 2004) and triggers NK cells to stop migrating and activate the cytoskeletal
reorganisation important for developing the immunological synapse (Bryceson et al., 2006a;
Culley et al., 2009; Orange, 2008). An additional activating receptor expressed on most
peripheral or circulating NK cells is CD16, which is responsible for ADCC reactions and is a
low-affinity Fc receptor for immunoglobulin (Ig) 1gG (Ravetch and Bolland, 2001). CD16
associates with FceRly (Hibbs et al., 1989) and/or CD3C (Lanier et al., 1989b).

1.2.7.3 Accessory NK cell receptors

As discussed above, NK cell receptors therefore employ different molecular means of
recognising of HLA class-I downregulation during viral infections, tumour transformation or
cells undergoing stress. Once the inhibitory signal is removed, NK cells become activated and
the balance of signals between activating and inhibitory receptors determines whether an NK
cell is activated to lyse a target cell however, this does require a distinct pattern of co-ordinated
responses between receptors (Bryceson et al., 2006a) to protect healthy cells from NK
mediated lysis. Indeed, NK cells express a various additional receptors, which are not directly

involved in NK cell development or immune surveillance.

Some of these receptors contribute to regulating NK cell activity along with the main triggering
receptors, an example being 2B4, which can act as a co-receptor or enhance the effects of
CD16, NKG2D and the NKp46 and NKp30 NCRs (Assarsson et al., 2005; Bryceson et al.,
2009; Kubin et al., 1999; Nakajima et al., 1999; Sivori et al., 2000), but often the functional
significance of additional receptors expressed on human NK cells is not yet fully understood.
For example CD27, was originally identified as a T cell differentiation antigen (van Lier et al.,
1987) and is associated with memory responses in T cell biology, as its expression is
regulated by antigen-specific stimulation of T cells (De Jong et al., 1992). In humans, CD27
surface expression differs between NK cell subsets being mainly expressed on
CD56°™"CD16™9 NK cells (Vossen et al., 2008) and although in mice, CD27 differentiates NK
cells into functionally different phenotypes (Hayakawa and Smyth, 2006) its functional
expression on human NK cells remains largely unknown. There is some evidence that the
same applies to human NK cells (Silva et al., 2008), but few published studies have addressed

this topic.

During surveillance, NK cells are required to migrate to sites of injury, infection or
transformation and NK cells are actively recruited to these sites (Holmberg et al., 1981;
Mclintyre and Welsh, 1986; Natuk and Welsh, 1987) and within the in vitro setting, NK cells

transmigrate across endothelial cells at a faster rate than T cells (Bender et al., 1987; Bianchi
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etal., 1993; Pinola et al., 1994). Emigration of immune cells from the peripheral blood involves
a multistep adhesion cascade (Butcher and Picker, 1996; Springer, 1995) and NK cells
express various homing molecules which help mediate this process. Lymphocyte function-
associated antigen (LFA-1) (although found on both CD56%™ and CD56""" subsets), is
constitutively expressed at higher levels on CD56%™ NK cells whereas CD56""CD16"¢ NK
cells in particular, are enriched for the lymph-homing molecule, CD62L, which is expressed at
a higher density on CD56""9" NK cells compared to all other peripheral leucocytes (Frey et al.,
1998). CD62L expression represents a non-activated ILC (Bar-Ephraim et al., 2019) and can
recirculate from blood through the LNs, similar to naive T cells. Indeed, CD56""" NK cells
comprise the primary NK subset within SLO (Fehniger et al., 2003), as CD62L mediates the
extravasation of immune cells to LNs, by binding to high endothelial venules (HEVs) which

facilitates slow rolling of immune cells (Frey et al., 1998).

Overall therefore, NK cells express a variety of receptors that are differentially expressed
between CD56°™9" and CD56°™ NK cells and thereby define the overall characteristics of each
NK subset. However, it still remains to be clarified what factors are predominant in determining
inherent susceptibility or protection from infection (Rouse and Sehrawat, 2010). A more
comprehensive list of NK receptors and co-receptors showing phenotypic comparisons
between CD56""" and CD56°™ NK cells is summarised in Table 1.2.
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Table 1.2: Human NK receptors and their ligands.

Molecule | Ligand | CD56bright | CD564m
HLA-specific receptors

Inhibitory
KIR2DL1 (CD158a) HLA-Cw2,4,5,6 - Subsets
KIR2DL2/3 (CD158b) HLA-C1, few HLA-B® - Subsets
(CD158d)? HLA-G - Subsets
KIR2DL5 (CD158f) ? - Subsets
KIR3DL1 (CD158e1) HLA-A-Bw4, HLA-B-Bw4 - Subsets
KIR3DL2 (CD158k) HLA-A*03 and *11 - Subsets
ILT2/LIR-1 (CD85J) Different MHC- 1 alleles . Subsets
LAG-3 (CD223) MHC- 11 Activated NK cells

Activating
KIR2DS1 (CD158h) HLA-C2 - Subsets
KIR2DS2/3 (CD158j) ? - Subsets
KIR2DL4 (CD158d)? HLA-G - Subsets
KIR2DS4 (CD158i) HLA-A*11 and some HLA-C - Subsets
KIR2DS5 (CD158f) ? Subsets
KIR3DS1 (CD158e1) HLA-Bw4, HLA-F - Subsets

Non-HLA-specific receptors

Natural cytotoxicity
receptors

Activating

NKp30 (CD337)

BAT-3, HSPG, B7-H6

++

+

NKp44 (CD336)

Viral HA, HSPG, 21spe-MLLS5 -
Nidogen-1

Activated NK cells

Activated NK cells

NKp46 (CD335)

CFP (properdin), viral HA and HN,
PfEMP1

++

+

NKp80 AICL All PB NK cells All PB NK cells
KLRG1 Cadherins
CD2 receptor family
2B4 (CD244) CD48 All PB NK cells All PB NK cells
C-type lectin
Inhibitory
NKG2A /KLRD1 HLA-E (H), Qa-1°* (M
(CD159a/CD94) ) W * Subsets
Activating
NKG2C, E HLA-E (H); Qa-1° (M) - Subsets
NKG2D (CD314) mgﬁ‘/ ?’ wgbL(J,\LAF;BS’ RAE-1, All PB NK cells All PB NK cells
Antibody dependent cell
mediated cytotoxicity
Activating
FcyRIII (CD16) IgG -/+ +/++
Co-receptors
DNAM-1 (CD226) LFA-1, Nectin-2 (CD112), PVR All PB NK cells All PB NK cells
(CD155)
Homing receptors
L-Selectin (CD62L) GLyCAM-1, MadCAM-1 ++ Subsets

Taken and adapted from (Sivori et al., 2019).

1.2.8 NK cells interactions with T, B, and dendritic cells

Communication between innate and adaptive arms of the immune system is key to providing
an effective immunological defence for vertebrates (Bird, 2017; Rieckmann et al., 2017) and

this involves cell-cell interactions as well as signals received through soluble factors such as

cytokines.
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Cytokines secreted by innate cells can act in an autocrine, paracrine or endocrine manner and
actions of cytokines can have immunosuppressive effects on the immune system or promote
inflammation. Their role in immune regulation is critical and it is believed that dysregulation of
their production plays an integral role in the development of autoimmunity (O'Shea et al., 2002)
or what is referred to as a “cytokine storm” (Tisoncik et al., 2012). Importantly, cytokines recruit
further innate and adaptive immune cells into an area of inflammation and act as a critical link
between the two systems thereby orchestrating the overall immune response. Table 1.3 lists

the major cytokines secreted by cells of the innate immune system.

Table 1.3: Major cytokines secreted by innate immune cells.

TNFa* Mediates acute inflammation
Synthesis of acute phase proteins by liver
IL-1B** Mediates acute inflammation
[L-2*# Early mediator of innate response to intracellular pathogens.

Type 1 interferons Modulate immune system
(IFNa and IFNB) Provide early defense against virus infected cells

IL-6* Stimulates liver to produce acute phase proteins
IL-10 Regulates innate and cell-mediated immunity
IL-12* Promotes Tw1 differentiation

Promotes production of IFNy by NK and T cells
IL-15* Stimulates NK cell proliferation
IL-18* Stimulates NK cell to produce IFNy
TGF-B Inhibits macrophages

Inhibits T and B cell proliferation
IFNy* Activates macrophages

Promotes B cell isotype switching

Promotes Tn1 differentiation

Increases expression of MHC class-I and 11

Increases antigen processing and presentation to T cells
*Cytokines implicated as prime drivers of a “cytokine storm” (Tisoncik et al., 2012).
# Cytokines important in NK cell biology. Taken from (Fehniger et al., 2003).

Once antigen is bound to B cell receptors, CD4 T helper co-stimulation is required for
activation of B cells to proliferate and differentiate into either memory or antibody-secreting
effector cells (Crotty, 2015). Although not a prerequisite for CD8 priming (Epstein et al., 1995),
in vitro evidence suggests that interactions occur between B cells and CD8 T cells, so B cells
are therefore potentially involved in CD8 T cell priming (Barnaba et al., 1990; Ke and Kapp,
1996; Yefenof et al., 1990), which requires the presence of CD4 T helper cells (Castigli et al.,
2005) and this intricate network of immune cell interactions is under the influence of cytokines

secreted by multiple immune cells, including B,T and NK cells.
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CD56°™"CD16" cells are considered the primary source of NK derived cytokines (Cooper et
al., 2001a) and as they are abundant in the LNs they can participate in interactions with other
arms of the immune system and provide a link between the adaptive and innate immune
systems (Fehniger et al., 2003). Secondary lymphoid organs are a complex structure of
specialized lymphoid tissue comprising an outer capsule of connective tissue and an inner

cortex designed to trap foreign antigen present in the lymph fluid (Figure 1.7).

Lymph flow

Efferent lymphatic vessel
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Lymph flow

Figure 1.7: Schematic view of the basic anatomical structure and flow of lymph through a
lymph node. Lymphatic fluid enters the cortex through the afferent lymphatic vessel and exits
via the efferent lymphatic vessel. Adapted from Smart.servier.com

The inner cortex is further divided into two functional inner and outer regions surrounding a
medulla, through which circulating lymphatic fluid enters through the afferent lymphatic vessel
and exits through the efferent lymphatic vessel. Naive B and T cells and antigen presenting
dendritic cells (DCs) are clustered in the cortex where, upon encounter with foreign antigen,
B and T cells become activated and mature lymphocytes initiate adaptive immune responses
and it is within this environment that CD56°"9" NK cells influence adaptive immune responses
through interactions with DCs and secretion of cytokines such as IFNy (Bajenoff et al., 2006;
Martin-Fontecha et al., 2004).

Although CD56°™" NK cells do not secrete IL-2, they constitutively express the high affinity
IL-2RaBy and intermediate affinity IL-2RBy receptors and respond to low picomolar
concentrations of IL-2 (Caligiuri et al., 1993; Caligiuri et al., 1990). A dynamic interaction exists
between CD56°"9" NK cells and T cells in LNs, where endogenous T cell derived IL-2 activates

CD56"" NK cells to produce IFNy (Fehniger et al., 2003), which may in turn influence
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antigen- specific immune responses. Following pathogen uptake e.g. viruses, DCs migrate to
LNs where they co-localize with NK cells in the T cell area and promote CD56""CD16"¢
activation and IFNy production through IL-12 and proliferation through IL-15 (Ferlazzo et al.,
2004). These interactions are critical as early activation of NK cells is essential for rapid
containment of viral infections before the development of adaptive immune responses.
Furthermore, using a mouse study, (Martin-Fontecha et al., 2004) showed that NK cells could
be recruited to LNs through injection with mature DCs and with certain adjuvants and that this

correlated with the induction of a Tu1 response.

Taken together these studies indicate the clear and necessary role that NK cells play in helping
modulate elements of the adaptive immune system in the development of memory responses.
Therefore, it is important to understand which NK phenotypes are involved in driving the
activation of virus-specific elements of the humoral system and crosstalk between various

arms of the immune that can be aimed at improving current vaccination strategies.

1.2.9 The role of NK cells in health and disease

Although CD56 has historically been used to describe human NK cells (Nagler et al., 1989),
the role of CD56 in human NK cell biology is still not known, but healthy individuals rarely
harbor a CD56"*® NK phenotype, unlike patients suffering from various pathological conditions
where loss of CD56 on NK cells has been observed in chronic viral conditions such as human
immunodeficiency virus (HIV) (Mavilio et al., 2005), cytomegalovirus (CMV) (Della Chiesa et
al., 2012), hepatitis C virus (HCV) (Gonzalez et al., 2009) and hantavirus (Bjorkstrom et al.,
2011). In addition to chronic viral infections, a greater magnitude of CD56"*° NK cells has been
identified in patients following haematopoietic stem cell transplants from cord blood (Lu et al.,
2008) and as immune function declines in the elderly, a decrease in CD56°"9" NK cells occurs
(Camous et al., 2012). Therefore, the expression of CD56 is critical for the normal functioning
of NK cells, yet multiple other NK receptors are also involved in NK responses to viral or
transformed cells as well as the maintenance of a tolerant environment in solid organs such

as the liver and uterus.

As the phenotype of NK cells is proving to be more heterogeneous than previously believed,
it has become increasingly clear that this heterogeneity is linked to functional differences. The
complexity of NK cells therefore provides for a division of labour driven by phenotypically
distinct NK populations which play multiple roles in the immune system by either eliminating
target cells upon activation or by production of cytokines and chemokines which activate

dendritic cells.
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1.2.9.1 NK cells and viral infections

The heterogeneity of NK cell receptors is required for the performance of multiple functions.
Killer immunoglobulin-like receptors are key receptors controlling the development and
education of NK cells (Rajalingam, 2012) and KIR allelic variants are associated with
differential outcomes in mother-to-child HIV transmission (Hong et al., 2013), but the presence
of activating receptors on the NK cell surface plays a crucial role in counterbalancing the
effects of inhibitory HLA-specific NK receptors, when cytolytic activity against transformed and
virus infected cells is required (Lanier, 2005; Moretta et al., 2001). Viruses have developed
multiple means of evading the cytotoxic T lymphocyte (CTL) response (Horst et al., 2011)
including downregulation of MHC-I. This makes the cell more susceptible to NK lysis, so the
role of NK cells is critical for surveillance of virus-infected cells (Jost and Altfeld, 2013). Yet,
viruses have also evolved an evasion mechanism, which includes virus encoded class-I decoy
molecules that interfere with the KIR system (Lisnic et al., 2010). Human CMV encodes
multiple proteins that modulate NK cell recognition of CMV infected cells (Fielding et al., 2014;
Wilkinson et al., 2008) and expresses a homolog of MHC-I that binds LILRB1 preventing
activation of NK cells (Beck and Barrell, 1988; Farrell et al., 1997). Dependent upon the amino
sequence of the viral binding site, in vitro-expanded LILRB1* NK cells have different abilities
to control viral dissemination of human CMV compared to LILRB1" NK cells, whereas
expression of NKG2C has no impact on long-term control of human CMV by NK cells (Chen
et al., 2016). Cytomegalovirus (CMV) infected cells upregulate HLA-E expression (Tomasec
et al., 2000) as a means to evade detection by NKG2A™ NK cells but during CMV infection
(both acute and chronic) there is an expansion of NKG2C*/NKG2A™ NK cells (Guma et al.,
2004; Lopez-Verges et al., 2011; Sun et al., 2009) which allows for the elimination of CMV-

infected cells.

These studies indicate the extent of NK immune pressure on viruses and in turn, the plasticity
of NK cells in being able to mount counter measures. The NCRs are key activating receptors
mediating NK cell cytotoxicity against numerous of viruses with the phenotype of responding
NK cells playing a major role in the recognition of virus-infected cells. Although the cellular
ligands for the NCRs have not been identified, human metapneumovirus (HMPV) infected
cells express an unidentified ligand for NKp46, as NKp46 deficient mice are more susceptible
to HMPV (Diab et al., 2017). NKp46 and NKp44 directly interact with sialic acid residues on
HA expressed by Sendai and influenza viruses, however NKp30 is unable to mediate such
interactions (Arnon et al., 2001), although it can interact with the pp65 antigen of human CMV
(Arnon et al., 2005). The importance of NCR-mediated protection against viral infections is

indicated in patients living with HIV who have diminished expression of NCRs (De Maria et al.,
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2003; Mavilio et al., 2003) and patients with low NK cytotoxic activity are more prone to viral
infections including herpes complex virus (HSV) (Biron et al., 1989; Ching and Lopez, 1979),
Epstein — Barr virus (EBV) (Joncas et al., 1989; Merino et al., 1986) and CMV (Quinnan et al.,
1982). The critical role specifically of NKp46 in control of viral infections is widely documented
including studies on influenza (discussed in detail in section 1.2.3), HCV (Golden-Mason et
al., 2012), HIV (Frias et al., 2015; Wong et al., 2010) and CMV (Magri et al., 2011).

Accessory molecules can either be altered or remain unaltered during viral infections. The co-
activating receptors 2B4 and CD161, remain unaltered in viremic patients with HIV (Kottilil et
al., 2004; Mavilio et al., 2003; Moretta et al., 2001; Parato et al., 2002) and even though the
role of CD27 expression on human NK cells is not fully understood, in vivo studies show that
CD27P°sCD56"™" NK cells may be involved in the clearance of HCV in HIV positive patients
(Eisenhardt et al., 2014) and patients co-infected with HIV and HCV have a reduced frequency
of CD56""" co-expressing CD27 (Kaczmarek et al., 2017). Therefore, much still remains to
be elucidated about the role of accessory molecules in NK cell-mediated clearance of viral
infections, but must provide co-stimulation signals to resting NK cells to become fully activated

during discrete activation steps (Bryceson et al., 2006b).

Furthermore, viruses can alter the same NK receptor in different ways, for example, NKG2D
expression is suppressed during human herpes virus-6 infection (Schmiedel et al., 2016) but
is not perturbed in viremic patients with HIV (Kaottilil et al., 2004) highlighting the importance
of NK cell heterogeneity in receptor expression in controlling multiple viruses that employ
differing immune evasion tactics. Indeed heterogeneity of NK cell receptor expression is
dictated by genetics and epigenetic factors that are influenced by unique viral encounters

(Horowitz et al., 2013), which probably provides a survival fitness to certain individuals.

1.2.9.2 NK cells and transformed cells

Similar to virus-infected cells, downregulation of MHC-I can occur during tumorigenesis
(Bubenik, 2003) providing a means of CTL evasion by tumour cells and patients suffering from
classical NK deficiency are more prone to various malignancies (Spinner et al., 2014) pointing
to the importance of NK cells in providing protection against such events. Evidence to support
this was found in a longitudinal study of 3,500 people over a 10-year period, where higher ex

vivo cytolytic activity of NK cells correlated with reduced cancer risk (Imai et al., 2000).

The role of NCRs has also been investigated and patients being affected by acute myeloid

leukemia (AML) have a low density of NKp30, NKp46 and NKp44 surface expression on their
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NK cells (Costello et al., 2002), although the mechanism for this downregulation is unclear.
Surface density correlates with the ability of NKp46™ cells to kill target tumour cells (Sivori et
al., 1999) and NKp44 cooperates with NKp46 in cytolytic activity against certain tumour target
cells (Vitale et al., 1998). Although two tumour ligands, BAT 3 and B7-H6, have been identified
for the NKp30 receptor (Brandt et al., 2009; Pogge von Strandmann et al., 2007), tumour
ligands for NKp44 and NKp46 are not known. There are little data on human studies, but the
functional importance of CD27 surface expression has been shown in murine studies of solid
tumours where CD27°°° NK cells are the predominant tumour infiltrating phenotype in a
fibrosarcoma model (Hayakawa et al., 2011) and CD27°°°CD11b"®? organ-specific NK cells

protect against melanoma metastases to the liver (Ballas et al., 2013).

NK cell activity has been utilised to improve patient outcomes within the haploidentical stem
cell transplant (HSCT) setting. Donor-derived “alloreactive” NK cells specific for self-HLA
alleles, allows for the elimination of patient cells missing that particular allele and improving
the 5-year survival outcome in AML (Ruggeri et al., 2002). There is an additional role for
LILRB1 within the context of cellular transformation. LILRB1* NK cells are expanded in
advanced breast and prostate cancer patients (Mamessier et al., 2011; Pasero et al., 2016;
Roberti et al., 2015) and blocking of LILRB1* has been shown to enhance the anti-tumour
activity of NK cells in multiple myeloma, leukemia, lymphoma and other solid tumours both in
an in vitro and in vivo setting (Chen et al., 2020) suggesting that blocking of LILRB1 represents
a novel strategy for immunotherapy in various cancers. It is hypothesized that the expansion
of NKG2C*/NKG2A™ NK cells mediates the improved outcome in AML (Cichocki et al., 2016;
Elmaagacli et al., 2011; Green et al., 2013) and chronic myelogenous leukemia (Takenaka et

al., 2015) patients following post-transplant reactivation of CMV.

Interestingly, lactobacilli in the gut mediate laminar propria resident NK cell activity against
cancer cells, through induction of TRAIL (Horinaka et al., 2010), indicating that NK cells can
recognise and act against tumour cells and do not require downregulated MHC. Overall,
therefore, given the critical importance of NK cell surveillance and protection against tumour
development and the propensity for CD56°"" residency in certain solid organs, a deeper
understanding of CD56°"¢" subphenotypes and differences in function associated with these

subphenotypes would inform the development of future immunotherapies.
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1.2.9.3 NK cells and maintenance of homeostasis
NK cells display functions other than protection against viruses and tumour transformation,
which includes vascular remodelling of tissue in cancer (Bruno et al., 2013) and the uterus
during early pregnancy (Robson et al., 2012). In addition, trophoblast cells lack MHC
expression, yet the uterus remains tolerant to the developing embryo. The uterus is unique, in
that the resident NK cells are of a “super bright” CD56 phenotype that surround the conceptus
and display little cytotoxicity (Moffett and Colucci, 2014) but rather, activation of these cells

promotes better implantation of trophoblasts (Hiby et al., 2008; Xiong et al., 2013).

The liver is highly vascularized, receiving approximately 25% of its blood from the hepatic
artery and 75% via the portal vein, which drains from the splanchnic circulation and includes
a large amount of foreign antigen from the gastrointestinal tract. This dual blood supply
delivers more than 2000 litres (L) of blood into the liver daily where it diffuses into the hepatic
capillary system and sinusoids, ultimately exiting liver parenchyma via the hepatic vein.
(Figure 1.8).
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Figure 1.8: Simplified diagram of the splanchnic vasculature. Adapted from Smart.servier.com

Unlike the uterus which provides a sterile environment, hepatic NK cells residing or circulating
through in the liver are required to maintain tolerance to the vast amount of antigen to which
they are exposed, while still responding to pathogens. CD56""" NK cells are abundant in the

liver environment, so it can be assumed that they play an important role in these diverse
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immune requirements. Although the developmental relationship between CD56°"" and
CD56°™ NK cells remains to be resolved (Scoville et al., 2017), the diverse NK cell repertoire
that is found in human liver was recently shown using 29-colour flow cytometry and cluster
analysis of high-dimensional data (Filipovic et al., 2019). This offers an interesting insight into
liver NK cell biology as Strauss Albee (Strauss-Albee et al., 2015) found that immune
experience drove NK diversity at the cost of cytotoxicity. Therefore, it can be postulated that
the extreme heterogeneity of liver NK phenotypes and subphenotypes is driven by multiple
encounters with antigen and maintains homeostasis of the liver as a consequence of this.
Indeed, unlike kidney transplants, recipients of a liver transplant are less likely to reject the
organ (Ramos et al., 1995) and liver recipients of other solid organ transplants are less likely

to reject these organs if co-transplanted with a liver allograft (Rasmussen et al., 1995).

Yet, despite this tolerance, NK cells play a critical role in preventing liver fibrosis through
recognition of HCV-infected cells. Killing of stellate cells in HCV-infection is mediated by
NKG2D" (Glassner et al., 2012) and NKp46™ NK cells (Kramer et al., 2012) which accumulate
in the liver of HCV patients. However in their absence, liver fibrosis is enhanced (Melhem et
al., 2006; Radaeva et al., 2006) which suggest that not only do certain NK phenotypes play
an antiviral role in hepatitis infection but also serve as regulatory cells essential for the

remodelling of fibrotic tissue.

The liver is therefore an important immunological organ which requires a balance between
immune tolerance and protection (Crispe, 2009; Hudspeth et al., 2013) and as its
microenvironment constantly changes, it is instrumental in regulating systemic homeostasis
(Ben-Moshe and ltzkovitz, 2019) warranting further studies in the role of NK cells within this

hepatic environment.

1.2.10 NK cells and immune memory

Investigations into the phenotype of memory or recall immune responses within the context of
vaccination and natural infection have historically been confined to cells of the adaptive
immune system, as conventional immunological dogma has dictated that memory or recall

responses cannot be elicited by cells of the innate immune system.

Invertebrates do not possess an adaptive immune system analogous to that of vertebrates,
yet there is evidence of specificity and long-lasting immune responses across a range of
invertebrates. Drosophila melanogaster develops a resistance to Streptococcus pneumoniae

when injected with a sublethal dose and rechallenged, unlike unprimed fruitflies which
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succumb to the infection (Pham et al.,, 2007). Similarly, red flour beetles, Triboleum
castaneum, also show evidence of immune specificity. Following priming with heat-killed
Escherichia coli, they are more likely to survive a subsequent exposure to E.coli, than
exposure to a heterologous bacterium (Roth et al., 2009). Even more primitive organisms such
as tunicates possess recall responses despite the lack of recombination activating genes
(Kurtz, 2005; Little and Kraaijeveld, 2004; Schmid-Hempel, 2005).

These studies therefore, provide proof of principle that immune memory can exist outside of
the adaptive immune system. Notably the distinction between innate and adaptive immunity
is becoming less clear-cut than was previously understood. It is of interest to note that although
incomplete and at a low frequency, V(D)J recombination has been observed in NK cells
(Borghesi et al., 2004; Igarashi et al., 2002; Kouro et al., 2002; Pilbeam et al., 2008; Yokota
et al., 2003). Indeed, NK cells exhibit ‘memory-like” responses; ILCs display similar properties
as T cells and are classified into groups 1, 2 and 3 based on these properties (Vivier et al.,
2018); innate CD8 T cells have been described in mice that are able to differentiate into
memory cells independent of foreign antigen (Arlettaz et al., 2004a; Barbarin et al., 2017;
Jameson et al., 2015; Van Kaer, 2015) and CD8" T cells with NK-like properties include CD56
expression as well as other NK receptors such as KIRs have been described (Arlettaz et al.,
2004a; Arlettaz et al., 2004b; Bjorkstrom et al., 2012; Warren et al., 2006). These data clearly
indicate overlapping properties of immune cells exhibited by different arms of the immune

system that are challenging the prevailing paradigms on immune function.

1.2.10.1 NK cell recall responses in mouse studies

Gathering evidence of immune memory in NK cells was first shown in mice, when specific and
non-specific NK responses to mouse cytomegalovirus (MCMV) were shown (Dokun et al.,
2001). Murine NK cells express the activating receptor, Ly49H, which confers resistance to
MCMV infection in mice. The authors showed that during early MCMV infection, IFNy
production was independent of Ly49H expression, whereas with later infection, LY49H" NK
cells selectively proliferated but these cells remained unresponsive to vaccinia virus (VACV)
infection. This early study probably represents what is now termed a “trained” immune
response. The emerging concept of trained immunity is eloquently defined by Netea et al.,
(Netea et al., 2020) as: “the long-term functional reprogramming of innate immune cells, which
is evoked by exogenous or endogenous insults and which leads to an altered response
towards a second challenge after the return to a non-activated state. The secondary response

to the subsequent non-specific stimulus can be altered in such a way that the cells respond
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more or less strongly than to the primary response, conferring context-adjusted and time-

adjusted responses”.

Antigen-specific contact hypersensitivity reactions (CHS) to haptens in Rag-/- mice (O'Leary
et al., 2006) have been demonstrated using 2,4-dinitrofluorobenzene and oxalone. Not only
were these reactions specifically elicited in mice that had been previously sensitized, but this
hapten-specific response was transferred to mice after adoptive transfer of liver-derived NK
cells from sensitized mice. It was also found that the specificity resided in LyC49-1+ NK cells
of which the functional analogue in humans is the KIR receptor. A further significant finding
from the same group found that NK cells developed specific memory to HIV, influenza and
vesicular stomatitis virus vaccine antigen (Paust et al., 2010), but not to structurally diverse
viral antigens. In this study, the group showed clearly that NK cell recall responses in mouse
models were specific for challenge antigens and that no NK cell memory responses were
elicited when mice were challenged with an antigen to which they had not been previously
sensitized. Furthermore, antigen-specific contact hypersensitivity in B and T cell deficient mice
was mediated by hepatic NK cells that expressed CXCR6, but not by naive or splenic NK cells.
The importance of hepatic NK cells in these responses was emphasized in a later study
(Zhang et al., 2016) which showed that NK cell-mediated CHS responses are impaired in mice

that have reduced numbers of liver resident NK cells.

NK cells activated non-specifically by inflammatory cytokines can acquire characteristics of
immune memory, including self-renewal and extended lifespan as well as the ability to mount
a secondary response. Cytokine activated NK cells that are transferred into mice are
phenotypically similar to the recipient’s naive NK cells and do not constitutively produce IFNy.
These cells though have an extended life and upon re-stimulation they produce significantly
more IFNy, but not granzyme B and kill targets in a manner similar to that of naive cells
(Cooper et al., 2009). It is therefore suggested that unlike neutrophils with high turnover, the
ability of innate cells with a low turnover, such as macrophages and NK cells is more likely to
be trained (Netea et al., 2020).

The results of the above studies present compelling data to provide proof of concept that NK
cells have memory or recall like properties in mice. But the mechanisms driving these
responses need to be clarified and understood before a comprehensive model of memory or

recall can be developed.
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1.2.10.2 NK cell recall responses in human studies

Our understanding of NK cell memory responses has relied heavily on murine models, but
observations from various human studies has inferred that NK memory may also apply. In a
human mother-to-child HIV transmission study, NK responses to Env and Reg peptide pools
was associated with reduced transmission (Tiemessen et al., 2009) and a further study on the
same cohort of women revealed that HIV peptide specific NK responses were associated with
lower viral load, higher CD4 counts and higher magnitude CD4 T cell responses (Tiemessen
et al., 2010). It is of interest to note that that women with CD3"*? (NK) responses also had a
higher magnitude of CD4 T cell responses. Whether this is a result of genetic influences or
interactions between NK cells and the adaptive immune system remains to be investigated,

but the NK phenotype responding to Env and Reg peptides needs to be further characterized.

Cytomegalovirus is species-specific, having adapted within its own mammalian host.
Functional Ly49 genes do not exist in humans but NKG2C* NK cells expand within an in
vitro setting (Guma et al., 2004). Similar to what has been shown in murine Ly49H" responses
during MCMV, NKG2C™ NK cells exist as low precursor levels in CMV naive individuals and
human CMV-seropositive individuals have a higher frequency of CD94/NKG2C cells
compared to seronegative individuals (Guma et al., 2004; Guma et al., 2006). NK cells play
an essential role in immune responses to CMV in humans, as individuals with NK cell
deficiencies experience life-threatening consequences when infected with CMV or other
herpesviruses (Biron et al., 1989; Etzioni et al., 2005; Orange, 2006). CMV infection shapes
the receptor repertoire of NK cells (Guma et al., 2004) and NKG2C" cells expand in CMV-
exposed humans during acute infections with Chikungunya (Petitdemange et al., 2011) or
Hanta virus (Bjorkstrom et al., 2011), as well as during HIV infection (Thomas et al., 2012).
Furthermore, CD57" NKG2C" cells expand during acute CMV infection (Lopez-Verges et al.,
2011) and this feature is long-lived and transferrable, since following allo-human stem cell
transplant, NKG2C™* NK cells from seropositive CMV donors expand in response to recipient
CMV antigen, unlike NKG2C* NK cells from CMV-seronegative donors (Foley et al., 2012).

Of interest, NK memory-like responses have also been described for extracellular organisms
as well, using a malaria infection model. Human volunteers were experimentally infected with
Plasmodium falciparum (McCall et al., 2010) and venous blood was drawn from volunteers
pre- and post-infection. Specific recall NK responses were observed following ex vivo
stimulation with P. falciparum infected erythrocytes, which was partially dependant on the

presence of endogenous IL-2 and completely reliant on the presence of memory CD3* T cells.
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Finally, tumour infiltrating CD56°"9"CD16"*¢ NK cells that show specificity for tumour cells has
been identified (Frankel et al., 2010). An autologous tumour line and tumour infiltrating
lymphocytes were expanded from a regressing pancreatic adenocarcinoma following
immunomodulatory treatment with an anti-CTLA-4 antibody (Ipilimumab). Analysis of the
lymphocytes revealed that the majority of NK cells were of a CD56°"9"CD16"*¢ phenotype and
the individual NK phenotypes were sorted. Autologous infiltrating lymphocytes and sorted
CD56"""CD16™¢ cells were reactive to tumours whereas CD3* cells were not. Furthermore
the CD56°"9"CD16™° cells showed specificity for the autologous pancreatic tumour cell line
and to a prostate cancer cell line, but not to 5 other pancreatic cell lines or either to colon,

ovarian, glioma, breast, lung or melanoma cancer cell lines.

It has therefore been shown in ex vivo human and in vivo mouse model studies that NK cells
can respond in a trained or memory-like manner to antigenic stimulation with elements similar
to that of T cell memory or recall responses and suggests interactions between NK cells and
memory T cells via soluble factors or through cell to cell interactions. The phenotype of NK
cells responding in this manner in humans remains to be characterized as it is suggested that
stage 6 NK cells (CD56%™, KIR" and CD57"), which is the final stage in NK development,
represents the generation of “adaptive” NK cells (Abel et al., 2018). However, as discussed
above, CD56"" NK cells are implicated in trained responses, are abundant in various solid
organs and have longer telomeres and therefore, if longevity is important for developing
trained immunity it cannot be ruled out that CD56""" NK cells may have a role to play in NK
cell memory responses. It is also plausible that the reason CD56"9" NK cells are abundant in
LNs and certain solid tissues, is that these are the locations where they become trained
through receptor interactions with unique environmental stimuli and antigens, generates the
extreme heterogeneity observed in NK cells as these receptors are up- or downregulated.
Being responsive to proliferation signals received through the IL2-R they produce an “effector
memory” type cell that is able to respond to the same stimulation signals in a memory-like

manner.

1.3 Influenza

Influenza viruses are single stranded negative sense ribonucleic acid (RNA) viruses (Pons,
1971) belonging to the Orthomyxoviridae family of which three genera (Influenza A, B and C)
infect humans. They share a common genetic ancestor but have diverged genetically and re-
assortment between genera has not been reported, although genetic re-assortment is

reported within each genus.
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1.3.1 Influenza A and B virus structure
Influenza viruses are round or spherical in shape with a matrix 1 (M1) protein enclosing an
internal core encasing a nuclear export protein, ribonucleoprotein and RNA- dependant RNA
polymerase. The outer lipid layer is studded with HA and neuraminidase (NA) proteins with

matrix 2 (M2) ion channels traversing the lipid layer (Figure 1.9).

Haemagglutinin
Lipid envelope

M2 ion channel

Ribonucleoprotein

Capsid

Neuraminidase

Figure 1.9: Generic illustration of influenza A/B virus. Creative commons image available for
download with Windows 365.

The internal M1 and ribonucleoprotein (RNP) type-specific proteins determine the genera and
show cross reactivity, whereas the external HA and NA antigens are subtype and strain-

specific antigens.

The influenza A and B virus genomes comprise of eight negative-sense, single -stranded RNA
segments coding for ten essential proteins as well as strain dependant accessory proteins.
However, due to the segmented nature of the genome, antigenic shift can occur, during which
influenza A acquires HA and NA segments from another subtype and if re-assortment occurs
between human and animal viruses, the encoded novel antigenic protein is foreign to the
human immune system. Pandemic influenza arises when the novel virus spreads amongst
immunologically naive humans (Ahmed et al., 2007) which can lead to unprecedented
morbidity and mortality as recorded during the 1918 outbreak of HIN1 “Spanish Flu” (Kash et
al., 2006; Pappas et al., 2008; Tumpey et al., 2005).

Similarly, a new swine origin influenza A (H1N1) virus resulting from multiple re-assortment
events in both humans and swine emerged in the USA and Mexico, in early 2009. The re-
assorted H1N1 virus (comprising swine, avian and human segments) was transmitted from
swine to humans (Garten et al., 2009; Smith et al., 2009) and as human viruses can “spill

back” to swine, this likely represents a single gene pool (Ma et al., 2008) (Figure 1.10).

32
CHAPTER 1: Introduction and literature review



CHAPTER 1:
Introduction and literature review

4\\

N

Figure 1.10: Transmission of 2009- H1N1 influenza virus. A re-assorted influenza virus
comprising swine, avian and human gene segments was transmitted to swine and then to
humans (depicted by solid arrows). Human viruses are thought to potentially “spill back” to
swine (dotted arrow).

In contrast to antigenic shift, “antigenic drift” can occur as a result of host immune pressure
and to allow for the same host to be re-infected, mutations in antigenic epitopes resulting from
polymerase substitutions are selected (Bedford et al., 2014). Antigenic drift is evident in
circulating seasonal influenza viruses and, when this occurs, the reformulation of annual

influenza vaccine preparations is required.

1.3.2 Viral replication and transmission

Influenza A and B are more common causing more severe disease than C, although influenza
C can cause respiratory infections in young children (Matsuzaki et al., 2006). Virus movement
from cell to cell is limited by cell type and mucous layers, however sialic acid cleavage by NA
enhances viral movement (Cohen et al., 2013) influences viral transmission and invasion of

ciliated epithelium of human airways (Matrosovich et al., 2004).

In humans the virus recognizes a2,6 N-acetylneuraminic (sialic acid) (Gambaryan et al., 1997;
Matrosovich et al., 2000) situated on the host’s cell surface (Gamblin and Skehel, 2010;
Hamilton et al., 2012; Weis et al., 1988) and binding to «2,6 sialic residues triggers
endocytosis of the virion. The virus is trafficked to the endosome, where the lower pH mediates
a conformational change in HA and opening of the M2 ion channel facilitates release of the
packaged viral RNP, enabling transfer of the virion to the cytoplasm (reviewed in (Dou et al.,

2018)). Using the host’s machinery and transport pathways viral RNPs gain entry to the
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nucleus where transcription and replication occur. Following export from the nucleus into the
cytoplasm, the virus uses the host’s translation machinery for protein synthesis and the newly

assembled virus is released from the host cell in a manner dependant on its viral NA.

1.3.3 NK cell interactions with influenza

In early influenza infection, various cytokines known to stimulate NK cells are produced
including type 1 interferons and IFNy (Weiss et al., 2010), IL-12 (Monteiro et al., 1998), IL-18
(Liu et al., 2004) and IL-15 (Fawaz et al., 1999) reflecting that NK cells are exposed to
stimulatory signals in these early stages of infection. In human studies a marked reduction in
NK cell numbers has been shown in severe or lethal H1N1 influenza infection (Denney et al.,
2010; Fox et al., 2012) and the early control of influenza infection is also indicated in mouse
studies showing the critical and necessary role that NK cells play in clearing influenza virus
infection (Gazit et al., 2006). Protection against influenza infection is mediated by NKp46 via
interactions with sialic acid residues which leads to the increased killing of influenza-infected
cells (Mandelboim et al., 2001). The recognition of NKp46 by influenza HA largely relies on a
conserved sugar-carrying residue (threonine 225) and importantly, this recognition is
conserved among different influenza strains (Arnon et al., 2004). The virus has however
developed an evasion strategy to counteract NKp46 recognition and uses its NA protein to
cleave sialic acid residues from NKp46, thereby preventing recognition of viral HA and

reducing the elimination of infected cells (Bar-On et al., 2013).

Interactions between NK and T cells during influenza infection have been demonstrated with
both arms of the immune system influencing each other. The influence of influenza-A specific
IL-2 produced by T cells was shown by (He et al., 2004) in an ex vivo setting. Purified NK cells
were unable to produce IFNy and required the presence of T cells, but if anti- IL-2 antibody
was added to the stimulation mix even in the presence of T cells, IFNy responses by NK cells
were reduced. The authors concluded therefore, that IL-2 produced by influenza-A specific T
cells was required for IFNy responses by NK cells. On the other hand, in a murine model, the
generation of CD8 CTL responses to influenza was shown to require the presence of NK cells
(Kos and Engleman, 1996) as during the early stages of infection, NK cells were not only an
abundant source of IFNy (Brandstadter and Yang, 2011) but perforin also helped prime CTL
responses (Ge et al., 2012). The significance of NK priming of CTL responses during influenza
infection has recently been shown by Liu, et al., 2018b. Influenza virus can directly infect NK
cells (Guo et al., 2009; Manicassamy et al., 2010; Mao et al., 2009), and NK cells infected with
high dose (LDso) virus have impaired NK cell IFNy and cytolytic activity (Liu et al., 2018b),

which is accompanied by reduced virus-specific CTL responses. Although low dose (LD2s)
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influenza infection also infected NK cells, functional activity was maintained and adoptive
transfer of splenic NK cells harvested from mice infected with low doses of virus, reversed the
weakened virus-specific CTL response. Importantly, the weakened CTL response could not
be reversed when splenic NK cells were adoptively transferred from healthy uninfected
donors, implying that NK cells had retained a specific “memory” or trained response to viral

infection.

Impaired primary CD4 and CD8 T cell memory responses to influenza virus has also been
shown in CD27-/- mice which is accompanied by reduced virus-specific CD8 T cell memory
responses, indicating that CD27 co-stimulation is required for long term generation of T cell
memory (Hendriks et al., 2000). Furthermore, CD27 plays a critical role in the accumulation of
influenza virus-specific T cells in the lung (site of infection) and the lung draining lymph nodes
by stimulating survival of activated T cells (Hendriks et al., 2003), but persistent co-stimulatory
signals mediated by CD27-CD70 interactions can lead to exhaustion of the T cell pool
(Tesselaar et al., 2003).

Much remains to be understood about the immune responses to influenza antigen in the lung.
Lungs contain NK cell phenotypes similar to those found in the periphery, including a similar
proportion of CD56°""CD16™ NK cells (reviewed in Hervier et al., 2019 (Hervier et al., 2019))
which play an important role in control of influenza infection (Cooper et al., 2018), yet, due to
excess degranulation, are also implicated in lung damage (Scharenberg et al., 2019). Lung
CD103" DCs however, remain uninfected and carry influenza protein to draining LN and cross
present antigen to CD8 T cells and induce influenza virus-specific responses. This is however,
dependent on the expression of a type 1 IFN receptor present on CD103" DCs (Helft et al.,
2012).

1.3.4 Influenza vaccination induced immune responses

Vaccine efficacy is measured either by using a haemaglutination inhibition test or by
determining virus neutralizing antibody titres since antibody development is the key protective
immune response to intramuscularly administered influenza vaccination in healthy individuals.
The efficacy however, of annual influenza vaccines is limited by viral evolution as the prime
immune response to seasonal influenza vaccination is a B cell mediated antibody response to
HA and this varies between strains. As antibody responses are specific, they therefore do not
provide cross reactive protection to other strains, hence the requirement for annual

adjustments to vaccine formulations if antigenic drift occurs.
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Both quadrivalent and trivalent inactivated vaccines (TIV) as well as live attenuated influenza
vaccines (LAIV) are available formulations for immunization against influenza, but there is
controversial evidence as to which vaccine offers better protection against influenza infection
(Ambrose et al., 2011; Eick et al., 2009; Wang et al., 2009). Vaccination against seasonal
influenza has decreased efficacy in older adults with an effectiveness ranging between 17%
and 53% (Bernstein et al., 1999; Goodwin et al., 2006; Jefferson et al., 2005) and vaccination
prevents culture confirmed illness in only 30%-40% of cases (Gross et al., 1995; Nicholson et
al., 2003). Antibody responses to influenza vaccination are also reduced in patients that are
immune compromised making it advisable not to administer LAIV to immunocompromised
individuals (Joshi et al., 2009). The impaired antibody response to influenza vaccination in
HIV-infected patients is attributable to deficiencies in their innate immunity (Pallikkuth et al.,
2011a), yet patients with rheumatoid arthritis that have been treated with rituximab (which
targets CD20 expressed on B cells), maintain a cellular response similar to that of healthy
controls (Arad et al., 2011) but have an impaired humoral response following influenza
vaccination. Therefore, despite the interactions between various arms of the immune system
(section 1.1.8) that are required for optimal immune responses, robust cellular responses can

be maintained under certain conditions.

Cells of the innate immune system recognize conserved pathogen-associated molecular
patterns (PAMPs) on foreign antigen and modulate adaptive immune responses, so therefore
offer the potential to be included in either the development of a universal vaccine able to offer
protection across viral strains, or help improve current vaccine efficacy to better protect
vulnerable populations. Lymph node dendritic cells play a key role in driving the activation of
virus-specific T cells and formation of B cell memory (Gonzalez et al., 2010; Woodruff et al.,
2014) and following influenza vaccination in mice, there is a rapid increase in NK cell mediated
IFNy production in the draining lymph nodes, which with IL-6, regulates B cell responses to
influenza (Farsakoglu et al., 2019). Therefore, interactions between adaptive and innate
immune systems are necessary to mount a vaccine mediated protective response to influenza
virus. Heterologous immunity can develop after encounters with a pathogen, which
subsequently confers a response to an unrelated pathogen (Clark, 2001; Selin et al., 1998;
Welsh and Selin, 2002) so the development of a universal vaccine is therefore attractive,
particularly within the context of heterologous immunity. Given the complexity of immune
interactions, not only in direct cell-cell interactions, but also the influence of soluble and
anatomical location, much still remains to be elucidated and investigations into the basic

biology of these interactions are not only required but essential.
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1.4 Polychromatic flow cytometry for functional phenotyping of immune cells in health
and disease

Many questions around the immune system still remain unanswered, but with the development
of the first flow cytometer by the Herzenberg group (Hulett et al., 1969) the ability to
immunophenotype and assign functionality to cells at a single cell level has revolutionised our
understanding and knowledge of the human immune system. Based on the premise that
through binding of a fluoroscein labelled monoclonal antibody to a receptor of interest,
antibody secreting B cells were identified and isolated (Hulett et al., 1969) and differences in
cytotoxic capabilities of T lymphocytes based on bright or dim expression of Thy 1.2 were
shown (Cantor et al., 1975). This proved to be a powerful means of characterizing immune
cell. The inclusion of multiple fluorophore conjugated monoclonal antibodies allowed for
binding of specific epitopes of interest at a single cell level in one experiment and changes in
immune cells during the course of disease could be characterized driving the need for further

advances in polychromatic flow cytometry (> 5 colours) (Roederer et al., 1997).

Major advances in polychromatic flow cytometry were driven by HIV studies which included
phenotyping T memory cells (Mosmann and Coffman, 1989; Mosmann et al., 1997; Picker et
al., 1995; Thomas and Lefrancois, 1988), characterisation of immune dysfunction (Hengel and
Nicholson, 2001), monitoring of disease progression (Schnittman et al., 1990), (Roederer et
al., 1995) (Margolick et al., 1995) (Delobel et al., 2005) and an understanding of the immune
cells driving immune reconstitution inflammatory syndrome in patients starting anti-retroviral
treatment (Wilson and Sereti, 2013).

The application of polychromatic flow cytometry in these diverse studies has highlighted the
various scientific questions addressed in HIV immunology which could be applied to the study
of other immune cells and in the context of other infections. However, it was realised that
human immune cells circulating in the periphery comprised hundreds of different cell (De
Rosa and Roederer, 2001), each with different functional capacities and in varying degrees of
activation and memory development, which required the identification of multiple markers at a
single cell level. This drove the need for even further developments in flow cytometry, both in
instrumentation, fluorochromes, reagents and data analysis programs and since then,
polychromatic flow cytometry has become a tool widely used in the field of
immunophenotyping cells in basic and translational research. This does bring with it however,
technical challenges (Perfetto et al., 2006a) because of the precision required for accurate

measurements of multiple fluorochromes with spectral overlap. Therefore, to ensure optimum
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instrument performance and reproducibility of results, constant instrument monitoring and
strict adherence to a daily quality assurance (QA) program is required (discussed in greater
detail in chapter 4, section 4.1) as interlaboratory variances on the same sample set and

batches of reagents can be wide (Maecker et al., 2005).

The recent development of mass cytometry or cytometry by time-of-flight (CyTOF) has also
allowed for detection of up to 40 cellular markers, without the complications of spectral overlap.
This technology was recently used to measure 32 different parameters on peripheral NK cells
from unrelated individuals and monozygotic twins, revealing for the first time, the extremely
broad diversity of NK cells at a phenotypic level (Horowitz et al., 2013). These data when
combined with genetic analysis, revealed that variations in activating receptor expression is a
consequence of prior antigen exposure unique to each individual, whereas inhibitory receptor
expression is largely determined by genetics. The authors calculated that within their cohort
of 5 sets of twins and 12 unrelated individuals, there were approximately 124,651 unique NK
cell phenotypes. Despite this diversity, a limiting factor would be that the study focussed on
NK phenotypic markers and activating and inhibitory receptors, rather than on accessory
molecules and co-receptors which help facilitate cytolytic function or production of cytokines
in mature activated NK cells. Notwithstanding the valuable information this technology
provides, it is still not widely available to laboratories because of cost and expertise constraints
and many laboratories rely on conventional laser-based instruments. Conventional
polychromatic flow cytometry is therefore still an important technological resource for the study

of diverse NK cell phenotypes and the monitoring of NK functional responses to antigens.

Studies are emerging which highlight that the conventional classification of NK cells into
CD56™" and CD56°™ subsets is insufficient to explain different functions in subset-
associated phenotypes. The significant plasticity of the NK cell within and amongst individuals
and the ongoing advancements in instrumentation and availability of specific monoclonal
antibodies against different epitopes relating to phenotypic and functional parameters will not
only strengthen our insights into the dynamic role of NK cells in immune responses, but may

also contribute to determining what factors define or drive the NK functional phenotype.

1.5 Study rationale

Increasingly evidence is emerging that NK cells not only respond innately but can become
“trained” following an initial encounter with antigen or with vaccination and respond to a second
encounter with the same antigen in a “memory-like” manner. CD56°"9"CD16"¢ NK cells play

an important immunoregulatory role but are still a relatively under researched NK subset than
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the predominant CD56%™CD16"° subset circulating in the periphery. Currently, humans are
facing the challenge of emerging viruses novel to the adaptive immune system, hence the
importance of innate cells providing immune protection during the development of adaptive
responses. NK cells are rapid responders and are at the forefront of eliminating virally infected
cells, but in certain instances are implicated in the development of tissue injury during the
process of killing virally infected cells. Yet conversely, hepatic NK cells remain tolerant within
the antigen laden environment of the liver and are important in maintaining liver homeostasis.
The activation of NK cells requires co-operation between accessory molecules or co-receptors
with  NK activating receptors and a deeper understanding of immunoregulatory
CD56P™"CD16™¢ NK subphenotypes are required, so as to provide a basis to understand
various mechanisms underpinning immunologically induced pathology or tolerance, as well as

protection against disease through natural infection or immunisation.

1.6 Aims and objectives

As the CD56°""CD16"9 NK subset is considered immunoregulatory and is the most abundant
NK subset present in the lymph node and hepatic environment, the overall objective of this
study was to use an influenza vaccination model to monitor post-vaccination functions and
phenotypes so as to identify vaccination imprinted alterations in CD56""CD16"9 NK
subphenotypes that may traffic from the periphery to the lungs or lymph nodes. An NK cell
perfusate model was utilized in addition, to gain further insights into understanding the role of
the understudied CD56°"¢"CD16"* NK cell subset.

The specific objectives were:

1. To develop and optimize a multi-colour flow cytometry panel of known memory markers
for CD8 T cells, in addition to other potential candidate markers, in order to simultaneously
characterise NK subsets and CD4 and CD8 T cell phenotypes and functions.

2. To describe unique CD56°"9"CD16"¢ NK subphenotypes that may be altered through
innate immune stimulation or acquisition of a “memory” or “trained” response using an
influenza vaccination model.

3. To determine alterations in CD56"""CD16"9 NK subphenotypes prior to, and following,
influenza vaccination, and to compare these to the development of CD4 and CD8 T cell
responses.

4. To describe phenotypes of hepatic NK cells and compare to matched peripheral blood NK
cells, from individuals with healthy or diseased livers, using liver perfusate as a source of

hepatic NK cells.
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2.1 Study Populations and Sample Collection

2.1.1 Influenza vaccine participants

Twelve healthy (HIV" ve) participants (2 males [Caucasian] and 10 females [1 Black African,
1 Coloured and 8 Caucasian]) with a median age of 36.5 years; (range: age 28 — 57 years),
were vaccinated with a standard 0.5 ml dose of Influvac® subunit inactivated (no adjuvant)
influenza vaccine (Solvay Pharmaceuticals), containing 15 pg each haemaglutinin and
neuraminidase antigen of strains A/California/7/2009(H1N1)-like virus;
A/Perth/16/2009(H3N2)-like virus and B/Brisbane/60/2008 virus). Fifteen to 18 millilitres (ml)
venous blood was collected in ethylenediaminetetraacetic acid (EDTA) tubes from participants
at pre-vaccination, 3 days post-vaccination, and 6 months post-vaccination time points and for
5 participants, blood was collected 1 year post-vaccination. Samples were processed within 4
hours (hrs) of collection. Pre-vaccination blood was collected from all participants during the
first week of April, prior to the advent of the influenza season. Two participants had a history
of regular annual influenza vaccinations and 4 participants had been vaccinated the preceding
year. At the time of sample collection no participant reported clinical symptoms suggestive of

active influenza infection.

2.1.2 Healthy donor and control bloods

A normal, healthy donor buffy coat (250 ml; leukocyte-enriched whole blood from an HIV-1
and hepatitis B virus (HBV) negative donor) was obtained from the South African National
Blood Services (SANBS) and processed within 3 hrs. Aliquots of peripheral blood
mononuclear cells (PBMCs) isolated from the donor blood were used for flow cytometry panel
development (Chapter 3) and served as a control to ensure reproducibility of data across

experiments over time.

Venous blood (15 — 18 ml) was collected in EDTA tubes from healthy controls (4 males aged
27 — 57 years and 5 females aged 30 — 54 years) and processed within 4 hrs of collection.
These bloods served as peripheral blood controls for phenotypic characterization of hepatic
NK cells (Chapter 7).

2.1.3 Liver transplant perfusate

The ex vivo liver (hepatic) perfusate that is usually discarded as waste after transplantation of
a liver was collected from 9 deceased liver donors (6 males aged 17 — 51 and 3 females aged
38 — 52) and an acute liver failure (ALF) patient (female aged 46). Routinely with liver
transplantation, the aorta is clamped and the liver flushed in situ via the portal vein and hepatic

artery with up to 2 litres (L) cold histidine-tryptophan-ketoglutarate (HTK) preservation buffer.
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After resection the liver is perfused with a further 1 to 2 L cold HTK and if required reduced in
size or “split” during the “back table” preparation. The perfusate generated at this stage was

collected in sterile containers (Figure 2.1) and processed within 8 hrs of collection.

—

Figure 2.1: Example of a sterile collection device used to collect liver (hepatic) perfusate
during organ harvest. Following clamping of the aorta, cold histidine-tryptophan-ketoglutarate
(HTK) buffer is perfused through the liver via the portal vein and hepatic artery until perfusate
runs clear.

2.2 Ethical clearance

Ethics approval was obtained from the Human Research Ethics Committee of the University
of Witwatersrand, ethical clearance certificate M2011137 (Appendix A). Written informed
consent was obtained from vaccinees at the time of enrolment in the influenza study and
participants acting as controls for hepatic phenotyping comparisons. Transplant co-ordinators
of the Donald Gordon Transplant unit obtained written consent from relatives of deceased
organ donors for the collection of hepatic perfusate at the time of organ donation. Permission
was obtained from the Chief Executive Officers for collection of hepatic perfusate at Life

Hospitals, Mediclinic and Netcare private hospitals.

2.3 Cell Isolation

2.3.1 Isolation and cryopreservation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) from influenza vaccinated and control
participants for hepatic NK cell comparisons, were isolated from whole blood by Ficoll-
Paque™ Plus (GE-Healthcare Bio-Sciences AB, Sweden) density gradient centrifugation.
Briefly, 10 ml of whole blood was carefully layered onto 20 ml Ficoll-Paque ™ Plus (room
temperature) and centrifuged in a Sigma 4K15 centrifuge for 30 minutes (mins) at 800 x g-

force (g) with the brake off. The top plasma layer was removed, transferred to a 15 ml falcon
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tube (Becton Dickinson, New Jersey, USA) and further processed as described in section 2.4.
The PBMC layer was removed and transferred to a 50 ml falcon tube (Becton Dickinson, New
Jersey, USA) and washed twice with calcium and magnesium (Ca*" and Mg?*) free phosphate
buffered saline (PBS; Highveld Biological; final volume 50 ml) by centrifugation at 300 X g for
10 mins (brake on). Cell pellets were resuspended in 5 to 10 ml PBS and cell viability
determined using an improved Neubauer haemocytometer after dilution at a ratio of 1:1 with
0.4% trypan blue (Merck-Sigma, United Kingdom). The mononuclear cells were washed one
last time and the cell pellets resuspended in a cryoprotectant containing 90% heat inactivated
fetal bovine serum (FBS) (Gibco Life Technologies, USA) and 10% dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, UK) at a cell concentration of 5 X 10° cells per ml. Aliquots (1 ml) were
pipetted into 2 ml cryovials and placed in a Mr Frosty™ freezing container at -80°C. Frozen

cells were transferred to liquid nitrogen tanks for long term storage of cells until required.

2.3.2 Hepatic perfusate derived cells

Hepatic perfusate was dispensed into 50 ml falcon tubes and centrifuged at 400 X g for 10
mins. The supernatant was discarded and cells were layered onto Ficoll-Paque ™ Plus at a
1:1 ratio and cells isolated by density gradient centrifugation and stored as described above

in section 2.3.1.

2.4 Freezing of plasma samples

Plasma removed during the Ficoll-Paque™ Plus density gradient centrifugation step described
above in section 2.3.1, was spun at 2 600 revolutions per minute (rpm), for 15 mins at room
temperature in a Sigma 4K15 centrifuge and finally aliqoted into 2 ml cryovials and stored at -

80 °C until required.

2.5 Thawing and resting of cryopreserved Cells

Cryovials containing 1 ml aliquots of cells were removed from liquid nitrogen and thawed in a
37°C water bath until a pea-sized pellet of ice remained. Cryovials were wiped with 70%
ethanol to maintain aseptic conditions and cells resuspended in 1 ml pre-warmed R10 (RPMI
1640 medium (Gibco Life Technologies, USA) supplemented with 10% heat-inactivated FBS
(Gibco Life Technologies, USA) and 1% penicillin/streptomycin/glutamine (Gibco™). Cells
were transferred to 15 ml Falcon tubes (Becton Dickinson, New Jersey, USA) containing 8 ml
pre-warmed R10 and benzonase® (50 U/ml) (Merck Millipore, Germany) (R10/benzonase).
Cells were centrifuged at 300 X g at room temperature for 10 mins. The wash step was
repeated in R10 to ensure all traces of DMSO were removed and viable cell numbers
quantified as described in section 2.3.1, to ensure a viability of at least 80%. Cells were finally
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resuspended in R10 at a concentration of 2 X 10° cells/ml. Cells used for phenotyping were
rested overnight in an incubator (37°C and 5% CO.) while those for the influenza vaccine arm

of the study were rested for 6 — 7 hrs.

2.6 Ex vivo Cell Stimulations

2.6.1 Ex vivo influenza stimulations

To control for inter-assay variation, pre- and post-vaccination time points for each participant
were performed in the same experiment. Thawed and rested cells were checked for viability
with trypan blue staining, centrifuged at 300 x g and resuspended in R10 medium in
polypropylene flow cytometry tubes to give a final concentration of 2 x 10° cells per ml. Ex vivo
influenza stimulations (abbreviated to flu-stimulations), using pre-titrated (Appendix B)
Influvac (Solvay Pharma) preparation with which participants had been vaccinated, were
performed at a concentration of 0.5 ug/ml. PBMC’s were incubated in a 37°C humidified
incubator with 5% CO- for 12 - 13 hrs. The co-stimulatory antibodies CD49d and CD28 (BD
Pharmingen™) were included for optimal detection of T cell responses to antigen stimulation
at a final concentration of 1 uyg/ml and protein transport inhibitors Brefeldin A (10 ug/ml; Sigma-
Aldrich, St-Louis, USA) and GolgiStop (0.7 pl/ml; BD Biosciences, California, USA) were
added and cells were incubated for a further 6 hrs in a 37°C humidified incubator with 5% CO..
Control (co-stimulated) cells were prepared in the same manner but with the exclusion of flu

antigen and were included for each time-point

2.6.2 Staphylococcus aureus enterotoxin B stimulations

Staphylococcus aureus enterotoxin B (SEB; Sigma Aldrich, USA) was used for stimulation of
PBMCs for IFNy (cytokine secretion) and CD107a (cell degranulation antibody titrations.
Briefly, PBMC rested overnight were checked for viability and centrifuged at 300 x g for 10
mins and resuspended in R10 medium at a concentration of 2 x 10° cells per ml. SEB was
added to give a final concentration of 1 pyg/ml and in the presence of the co-stimulatory
antibodies and protein transport inhibitors the PBMC incubated in a 37°C humidified incubator
with 5% COzfor 6 hrs.

2.7 Preparation of stimulated and unstimulated cells for staining

Cells were resuspended in 4 ml PBS (Ca?* and Mg?* free, Highveld Biological) and centrifuged
twice at 400 X g for 4 mins. After discarding the supernatant the cell pellets were resuspended
in PBS to give a concentration of 2 x 10° cells/ml and 1 ml aliquots dispensed into 4 ml

polystyrene flow cytometry tubes (BD Biosciences). Following centrifugation at 400 x g for 4
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mins, the supernatant was discarded and tubes blotted on clean paper towelling to allow for a

concentrated pellet of cells.

2.8 Staining with fluorochrome conjugated monoclonal antibodies
To ensure consistent staining in each experiment, pre-titrated (Appendix C) fluorochrome
conjugated monoclonal antibodies were combined into a master mix, before 100 pl aliquots

were dispensed into tubes containing 2 x 10° cell pellets.

2.8.1 Staining of cells with amine reactive dye

Amine LIVE/DEAD® discriminator (Invitrogen, Molecular Probes) was prepared according to
the manufacturer’s instructions and a 1 pl aliquot added to prepared cell pellets (section 2.7)
and the suspension mixed and incubated in the dark at room temperature for 10 mins before

commencement of surface staining.

2.8.2 Surface staining of cells

Following staining with amine dye (section 2.8.1), aliquots of 100 pl pre-titrated fluorochrome
conjugated monoclonal antibodies were added to 2 x 10° prepared cell pellets and incubated
in the dark at room temperature for 20 mins. Cells were washed by adding 2.5 ml 1% wash
buffer (PBS supplemented with 1% FBS) and centrifuged at 400 x g for 4 min. For cells only
requiring surface staining, the supernatant was discarded and cells resuspended in 300 pl 1%
paraformaldehyde (Thermo Scientific) and kept at 4°C in the dark until acquired (within 24 hrs
of staining) on a BD LSRFortessa (BD Biosciences, La Jolla, CA, USA). For cells requiring
intracellular cytokine staining (ICS) (section 2.8.3), the supernatant was discarded following

the centrifugation step and tubes gently blotted to leave a cell pellet.

2.8.3 Intracellular cytokine staining of cells (ICS)

Prepared (and surface stained) cells were permeabilized and fixed by adding 250 pl BD
Cytofix/Cytoperm™ and incubated in the dark for 15 mins at room temperature. 2.5 ml 1X BD
Perm/Wash buffer™ was added and cells were centrifuged at 400 x g for 4 min. To remove
all traces of permeabilisation solution the supernatant was discarded, wash cycle repeated,
supernatant discarded and tubes blotted on paper towel. Aliquots of 100 ul pre-titrated
fluorochrome conjugated monoclonal antibodies were added and cells were incubated for 45
mins at 4°C in the dark. Cells were washed twice by adding 2 ml 1X BD Perm/Wash buffer™
and centrifuging at 400 x g for 4 mins and resuspended in 300 pl 1% paraformaldehyde. Cells
were kept at 4°C in the dark and acquired within 24 hrs of staining on a BD LSRFortessa
(Becton-Dickinson, La Jolla, CA, USA).
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2.8.4 CD107a staining for measuring degranulation
Staining for measurement of degranulation was performed by adding pre-titrated CD107a
Pacific blue (Bio-Legend, San Diego, USA) in the same step as described for the addition of

co-stimulatory antibodies in sections 2.6.1 and 2.6.2.

2.8.5 Staining of compensation beads

Single stained, anti-mouse Ig, k polystyrene microparticle beads (BD™ CompBeads) and
BD™ CompBeads negative control beads (BD Biosciences) were used for compensation
purposes. Single stained compensation beads were prepared by adding 1 drop of
compensation beads to 100 yl PBS. Pre-titrated antibody was added and tubes incubated in
the dark at room temperature for 20 min. Two ml of PBS was added to each tube and
centrifuged for 10 mins at 200 x g. The supernatant was discarded and beads resuspended
in 300 pl 1% paraformaldehyde and kept in the dark at 4°C for no longer than 24 hrs until
acquired. The same protocol was followed for negative beads but without the addition of

fluorochrome-conjugated antibody.

2.9 Statistical Analysis

Flow cytometric data (including Boolean gated data) were analysed using FlowJo™ software
for Mac (version 9.9.4), Ashland. Means, medians, ranges, coefficient of variation (CV), and
statistical comparisons (nonparametric Wilcoxon and Mann-Whitney U tests) were performed

using Prism 5 (GraphPad software). Statistical significance was defined as a P value of <0.05.
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CHAPTER 3
Development and Validation of a Twelve Colour Flow Cytometric Panel to Study T cell
and NK Phenotype and Function

3.1 Introduction

NK cells are large granular lymphocytes that do not express CD3, CD14 or CD19, and are
phenotypically characterised by expression of CD56 (Robertson and Ritz, 1990). Differential
co-expression of CD56 and CD16 delineates NK cells into 4 subsets (Cooper et al., 2001a)
with expression of multiple surface receptors determining phenotypic heterogeneity of NK
cells. NK cell function is tightly regulated by the integration of signals from multiple activating
and inhibitory receptors, which include natural cytotoxicity receptors (NCR) (Pende et al.,
1999; Sivori et al., 1997; Vitale et al., 1998), C-type lectin-like receptors and the CD158 family
of killer immunoglobulin-like receptors (KIRs) (Colonna and Samaridis, 1995). IFNy is
considered the prototypical cytokine and is secreted upon receiving secondary signals from
IL-2, IL-12, or the IL-15/IL-15RA complex (Caligiuri, 2008) and NK cells are critical in providing
protection from viral infections (Biron et al., 1989) and the lysing of transformed cells (Kiessling
et al., 1975) through the release of perforin and granzyme cytolytic enzymes. Because they
play an important role in health and disease, phenotypic characterization of NK cells not only
provides us with a better understanding of the diversity of NK cells, but also allows us to realize
their impact on physiologic and pathophysiologic processes. Such knowledge can be

harnessed for therapeutic applications in various disease conditions.

Flow cytometry is a powerful analytical tool that has enabled the characterization and
functional analysis of cells within heterogenic cell populations. Advances in flow cytometry
have increased the possibility for more complex polychromatic panels (Bigos et al., 1999;
Roederer et al., 1997), facilitating a deeper understanding of the distribution and interaction of
different immune cell types (Tung et al.,, 2007) thus providing valuable insights into
immunological disorders or diseases. Although polychromatic flow cytometry can detect
multiple epitopes at a single cell level and greatly improve our understanding of the nuances
of the human immune system (Perfetto et al., 2004), it has also introduced a complexity of
technical challenges as there are no standardized protocols for flow cytometric phenotyping
and assessment of cell function. Factors impacting the quality of polychromatic flow cytometry
data include:
a) choice of fluorochromes - not all fluorochromes work well together in a panel for reasons
unknown, or are suitable as a marker for the receptor under investigation (Lamoreaux et
al., 2006),
b) inclusion or exclusion of a live/dead cell discriminator to eliminate undesirable

measurement errors (Perfetto et al., 2006b),
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c) lack of standardisation of assays to allow for reproducibility and consistency of results
(Lamoreaux et al., 2006; Maecker et al., 2005),

d) placement of flow cytometry gates (Maecker et al., 2005) and different gating strategies
defining NK phenotypes and functions with subsequent interpretation of data,

e) inadequate instrument monitoring and validation (Perfetto et al., 2006a),

f) spectral overlap resulting in complications with compensation (Roederer, 2001).

Key to this study was the development of a polychromatic flow cytometry panel. In this chapter,
the design and validation of a 12 colour flow cytometry panel is described that simultaneously
phenotypes and determines functional responses of T cells and NK cells, allowing the

definition of the 4 major NK subsets, NK subphenotypes and T cell memory compartments.

3.2 Materials and Methods

3.2.1 Donor sample.

A normal donor buffy coat (Chapter 2, section 2.1.3) was used to develop and validate the 12
colour flow cytometry panel and served as a control to provide data for inter-experiment

variation.

3.2.2 Cryopreservation and thawing of samples
PMCs were isolated from the donor sample and aliquots cryopreserved as described in

Chapter 2, section 2.3.1 and thawed and rested as described in Chapter 2, section 2.5.

3.2.3 Cell stimulations

Ex vivo flu- stimulations (Chapter 2, section 2.6.1) were performed for validation of T cell and
NK cell subsets and SEB stimulations (Chapter 2, section 2.6.2) for detection of IFNy and
CD107a antibody titrations.

3.2.4 Staining protocols

Cells were prepared for staining as described in Chapter 2, section 2.7. Cells were then
stained to eliminate dead cells (Chapter 2, section 2.8.1), stained for expression of surface
receptors (Chapter 2, section 2.8.2) and stained intracellularly (Chapter 2, section 2.8.3) for
detection of IFNy and CD3 (which can be downregulated upon antigen stimulation). Detection
of CD107a for degranulation was performed as described in Chapter 2, section 2.8.4. and

compensation beads prepared as outlined in Chapter 2, section 2.8.5.
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3.2.5 Development of polychromatic flow cytometry panels

3.2.5.1 Fluorochromes

A standard LSRFortessa (Becton-Dickinson, La Jolla, CA, USA) fitted with a 488 nm blue
laser, 405 nm violet laser, 640 nm red laser and 355 nm ultra-violet laser was used in this
study. The choice of fluorochromes was therefore determined by the filter configuration, laser
types and the availability of fluorochrome conjugates. Wherever possible bright fluorochromes
were chosen for dim markers and fluorochromes providing good separation of populations
were preferentially chosen. For critical markers such as those discriminating between NK
subsets, the amount of contaminating spillover from other channels was taken into
consideration such that there was maximum detection sensitivity and minimal spreading error

(Perfetto et al., 2004) (Appendix D: determination of primary fluorescence).

To ensure the best separation between positive and negative populations (Lamoreaux et al.,
2006), titrations were firstly performed on fluorochrome conjugated antibodies (Appendix C:
antibody titrations) for the following fluorochrome conjugated monoclonal antibodies used in
the flow cytometry panels (summarised in Appendix E): anti-CD14 allophycocyanin cyanine
7 (APC Cy7) or allophycocyanin hilite 7(APC H7), anti-CD19 APC Cy7 or anti-CD19 APC H7,
anti-IFNy (Alexa fluor 700), anti-CD62L allophycocyanin (APC), anti-NKp46 phycoerythrin
(PE) obtained from BD Pharmingen; anti-CD8 quantum dot 705 (QDot® 705) or anti-CD8
brilliant violet 705 (BV 705) anti-CD4 phycoerythrin cyanine 5.5 (PE Cy 5.5), anti- CD56
brilliant violet 605 (BV 605), anti-CD3 phycoerythrin cyanine 7 (PE Cy7), anti-CD16 fluoroscein
isothiocyanate (FITC), anti-CD27 phycoerythrin cyanine 5 (PE Cy5), anti-CD107a Pacific blue
(Pac Blue), and anti-CD45RO R Phycoerythrin-Texas Red® (ECD) obtained from Beckman

Coulter.

3.2.5.2 Fluorescence minus one controls for defining NK subsets

Cell markers that may be expressed as a continuum from dim to bright such as CD56 and
CD16 do not present as discrete negative and positive populations and the complexity is
compounded where markers are co-expressed, making it difficult to determine correct
placement of gates. Fluorescent minus one (FMO) experiments were performed for CD56 and
CD16 expression to determine NK subsets by staining unstimulated PBMCs with a full panel
with the exclusion of CD56 for the CD56 FMO and CD16 for the CD16 FMO. A fully stained

panel was included for each FMO as a control.
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3.2.5.3 Flow cytometer, instrument settings and compensation settings

Before commencement of the study, system optimisation as described by Perfetto et al., 2006
(Appendix F) was undertaken to assess instrument performance and a modified quality
assurance (QA) protocol (Perfetto et al., 2006b) performed which included system calibration
and system standardisation (Appendix G). To ensure the correct allocation of fluorochromes
to each parameter and that primary fluorescence was maintained, single stained and
unstained polystyrene BD CompBeads™ (Appendix G) were used to generate compensation
matrices before acquisition of each experiment and spectral overlap calculated electronically

using FlowJo™ software for Mac (version 9.9.4).

3.2.6 Acquisition of cells and statistical analysis

Between 750,000 and 1 X 10° cells were acquired for all experimental data at a flow rate of
no more than 7,000 events per second and 10,000 compensation beads at a flow rate of no
more than 300 events per second. Data were collected using BD FACSDiva™ software
(version 6) and imported into FlowJo™ software for Mac (version 9.9.4), Ashland for
development of gating strategies and data analysis. Proportions of gated cells were calculated
as a percent (%) of the parent population using FlowJo™ Software for Mac (version 9.9.4),
Ashland and Prism (version 5) software was used to calculate the CV of gated cells from

experiments run over time.

3.3 Results

3.3.1 Development of gating strategies

3.3.1.1 Development of anchor gating strategy

Band-pass and long-pass filters allow for photons of a specific wave-length to be detected by
photomultiplier tubes (PMTs), but with the addition of each fluorochrome to polychromatic flow
cytometry panels, spectral overlap cannot be avoided and some fluorochromes do not
necessarily work well in combinations with others (Lamoreaux et al., 2006). A 6 colour “anchor
marker panel” was developed first comprising of CD3 PE-Cy7, CD4 PE-Cy5.5, CD8 Qdot 705,
CD56 BV605, CD16 FITC with CD14 and CD19 APC-Cy7 and a far red live/dead discriminator
combined into a single “dump” channel. Singlets were selected by plotting forward scatter
height (FSC-H) against forward scatter area (FSC-A) (Figure 3.1A) and lymphocytes selected
(Figure 3.1B) based on side scatter area (SSC-A) and FSC-A parameters. Monocytes
(CD14%), B cells (CD19") and dead cells were excluded in a dump channel. Live CD3" and
CD3 cells defined T cells (CD4 and CD8) and CD56P°"9CD16P°*"*¢ NK cells (Figure 3.1C),

respectively. Discrimination of CD3" NK cells based on CD16 and CD56 expression (Figure
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3.1D), required FMO gating (discussed in section 3.3.1.2), whereas CD4 and CD8 T cells were
clearly separated (Figure 3.1E).

(A) (B) (C)

FSC-H
SSC-A

v
Dump APC-Cy7

FSC-A ‘ FSC-A / CD3 PE-Cy7 \
(D) (E)

NK cells T cells

CD56 Br V 605
CD4 PE-Cy5.5

CD16 FITC CD8 Qdot 705

Figure 3.1: Anchor marker panel and anchor gates identifying NK and T cells. Doublets were
excluded with forward scatter area (FSC-A) and forward scatter height (FSC-H) gates (A) and
lymphocytes selected on granularity, side scatter area (SSC-A) and size (FSC-A) (B). B cells,
monocytes and dead cells were excluded in a dump channel and CD3* and CD3" cells (C)
gated to identify NK cells (D) and CD4 and CD8 T cells (E).

Once the anchor marker gating strategy was developed and placement of gates verified, the

gates remained constant for all experiments and were not changed or moved.

3.3.1.2 Defining NK subsets using fluorescent minus one gating

As CD56 is expressed as a continuum from very dim to bright, FMO gating was applied to
CD3 NK cells (Figure 3.2) to differentiate between CD56°%™ and CD56°™ cells and
distinguish gating for CD16 co-expression. FMO gating allowed for correct placement of gates
for CD56 (Figure 3.2A) and CD16 (Figure 3.2B), differentiating NK cells into 4 subsets viz.
CD56°""CD16", CD56""CD16%™, CD56“™CD16""" and CD56%"CD16"¢ (Figure 3.2C
a,b,c,d, respectively) which conforms with the 4 NK subsets described by Cooper et al.,
(2001). Importantly, FMO gating allowed for the correct placement of gates to exclude
CD56™°CD16" cells (e) not treated as NK cells.
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Figure 3.2: Fluorescence minus one (FMO) gating for CD56 and CD16. Three aliquots of
thawed and rested PBMCs were stained and acquired on an LSRFortessa set up for a full
panel. One panel excluded staining for CD56 (the CD56 FMO) (A) the second excluded
staining for CD16 (the CD16 FMO) (B). A full panel that included both CD56 and CD16 (C)
was used as a control for the FMO’s and for correct placement of gates. Four NK subsets
were identified: (a) CD56°""'CD16"™¢; (b) CD56°"9"CD16"°; (c) CD56°™CD16P** and (d)
CD56%MCD16"9. The CD56"°CD16™¢ gate (e) was determined by fluorescence minus one
and excluded from NK analysis. Abbreviations: neg = negative; pos = positive.

3.3.1.3 Development of a twelve colour flow cytometry panel

Once fluorochromes were successfully combined into an anchor marker panel, secondary
markers were included. The use of many fluorochromes in a single panel results in multiple
spectral overlaps (Roederer, 2001) which cannot always be successfully compensated. FITC
was preferentially chosen for anti-CD16 and BV605 for anti-CD56 due to the minimal spillover
between these 2 channels. Evaluation of the compensation matrix confirmed that the multiple
fluorochromes were successfully compensated and spillover between anti-CD16 FITC and
anti-CD56 BV605 was minimal (Table 3.1) with primary fluorescence (Appendix D) achieved

for each fluorochrome used in the panel.
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Table 3.1: Panel description and compensation matrix.

Panel Description

CD14/19/

12 colours IFNy CcD62L far red CD16 CD107a NKp46 CD27 CcD3 CD45RO CD4 CD56
amine
NK cells IFNy CDeé2L *(-ve) CD16 CD107a NKp46 CD27 *(-ve) - - CD56
T cells IFNy CD62L - CD107a - CcD27 CD3 CD45RO CD4

Compensation Matrix

AlFluor Pac PE- PE- PE- Qdot
700 APC APC-Cy7 FITC Blue PE Cy5 Cy7 ECD Cy5.5 605
AlFluor 700 1.475 42.51 0.36888 0 0.2125 0.1558 0.6805 0.1134 0.9512 0.05784
APC 58.71 26.57 0 0 0 2.607 0.1709 0 0.525 0.06991
APC-Cy7 7.891 3.354 0 0 0 0.1439 1.019 0 0 0
FITC 0 0 0 0 22.38 1.705 0.1441 9.164 0.5656 1.212
PacBlue 0 0 0 0 0 0 0 0 0 0.472
PE 0 0 0 0.8875 0 9.407 0.6359 43.49 3.669 11.46
PE-Cy5 35.73 55.62 17.36 0.08242 0 1.05 8.672 0.6036 36.97 0.1242
PE-Cy7 1.322 0 23.97 0.2594 0 237 0.8119 1.206 0.204 0.2407
ECD 0.08691 0.1162 0 0.2583 0 11.75 31.92 3.007 14.87 17.66
PE-Cy5.5 17.68 2.874 11.77 0.4391 0 33.63 16.78 31.01 14.36 3.629
BV 605 0 0 0 0 12.44 0.3105 1.225 0.1217 2.797 0.4089
BV705 15.51 0.3313 8.405 0 234 0 0.09388 1.715 0 2511 0.1644

*(-ve): gated population for exclusion
Single stained, anti-mouse lg, kK polystyrene microparticle beads (BD™ CompBeads) were
used to determine the compensation matrix

3.3.2 Validation of flow cytometrically defined NK and T cell phenotypes

3.3.2.1 Validation of the CD56""9"'CD16"*¢ NK cell subset

The main objective of this study was to analyse CD56”"9"'CD16"¢ NK responses to 2009-
influenza vaccine in relation to T cell memory responses. Therefore, a basic phenotyping
analysis was done on CD28/CD49d co-stimulated and flu-antigen stimulated cells to ensure
that the 12 colour flow cytometry panel could clearly delineate the CD56""CD 16" NK subset
into phenotypes and provide IFNy and CD107a functional data with the stimulation protocol
and reagents used in the study. The 12 colour panel was able to distinguish 4 NK subsets
defined by expression of CD16 and CD56 (Figures 3.3A and B) and NK subphenotypes
(Figures 3.3 (A1) and 3.3 (B1)) based on the expression of NKp46, an important natural
cytotoxicity receptor for NK cell recognition of viral haemagglutinin (Mandelboim et al., 2001),
the lymph homing marker CD62L (Frey et al., 1998) and CD27 shown to functionally delineate
NK cells in humans (Vossen et al., 2008) and mice (Hayakawa and Smyth, 2006). Cytokine
(IFNy) and CD107a (degranulation) effector molecules were also distinguishable (Figures 3.3
(A2) and 3.3 (B2)).
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Figure 3.3: Representative example of flow cytometry dot plots to validate staining of NK
subsets and functional markers. PBMCs were prepared and stained under the same
stimulation conditions and staining protocols as test samples. Top panel: Co-stimulated
(control) (A) and flu- stimulated (B) CD56"""D16"*9 NK cells were gated for (B1) CD27, CD62L
and NKp46 expression (as indicated) to identify differentiation/lymph homing/activation
receptors and (B2) IFNy and CD107a (as indicated) functional responses. *CD56"*CD16"
population was determined by FMO gating and excluded from NK data analysis.
Abbreviations: neg = negative; FMO = fluorescence minus one.

Peripheral NK cells and their subsets are heterogenous in expression of cell surface molecules
which is reflected in the diversity of their functions. Compared to CD56%™ NK cells, CD56"""
NK cells are enriched for CD62L (Frey et al., 1998) and CD27 (Vossen et al., 2008) but NKp46
is expressed on all major NK subsets. To ensure that the fluorochrome conjugated monoclonal
antibodies chosen to label CD27, CD62L and NKp46 would not only provide adequate staining
(Figures 3.3 A1 and B1) in the same mix with the other conjugates under the experimental
conditions used in this study, but also agree with expression frequencies reported in the
literature, the NK subsets were further phenotyped based on their frequency of expression of
CD27, CD62L and NKp46 (Table 3.2).
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Table 3.2: Frequency of CD27, CD62L and NKp46 expression on NK subsets

CcD27 CD62L NKp46
CD56°"9"CD16"™¢ | 48.46 55.13 86.80
CD56°"9"CD16"™ | 55.98 65.65 98.96
CD56%™CD16""9" | 31.08 18.45 90.04
CD56%™CD16"¢ 26.28 4.95 38.30

Data are presented as the mean of 5 experiments for CD27 and NKp46 and 4 experiments for
CD62L.

The phenotyping data indicated that both CD56""™ subsets were enriched for CD62L and
CD27 compared to CD56%™ subsets and NKp46 was expressed ubiquitously across 3 major
NK subsets. The unconventional CD56°"CD16"¢ subset is not well characterised, but
expression of the activating receptor, NKp46, agreed with a recent study (Roberto et al., 2018)
which reported low expression levels of NKp46. The 12 colour flow panel confirmed that,
compared to CD56%™ NK subsets, CD56"9"CD16™9 NK cells are enriched for CD27 and
CD62L and that NKp46 is expressed on the vast majority of cells defined as NK cells. This is

consistent with what is reported in the literature (Frey et al., 1998; Silva et al., 2008).

3.3.2.2 Validation of T cell phenotypes

The development of memory T cell cells is influenced by the site of infection and tissue type
in which infection has occurred (Woodland and Kohlmeier, 2009). T cell memory phenotypes
are therefore heterogeneous, but it is generally accepted that CD27 is expressed on naive
and a subset of memory T cells (De Jong et al., 1992). During T cell activation and memory
development, various surface receptors are differentially regulated including expression of
CD45RO0 (Akbar et al., 1988) and CD62L (Sallusto et al., 1999). For the current study, T cell

phenotypes were broadly characterised as indicated in Table 3.3.

Table 3.3: Phenotyping of CD4 and CD8 T cells characterised by surface expression of CD27,
CD62L and CD45R0.

CD27 CD62L CD45RO
Naive + + -
Central memory | + +
Effector memory | - -
Effector - - -
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CD4 and CD8 T cells were gated off live CD3+ cells and were clearly separated on flow
cytometry dot plots (Figures 3.4A and 3.4B) with little discernible difference between co-
stimulated and flu- stimulated cells. CD4 and CD8 T cells were then quadrant gated for CD62L
and CD27 surface expression (Figure 3.4C and 3.4D) and each quadrant gated for CD45RO
positive and negative populations. A representative example of gated CD45RO populations is
shown (Figures 3.4E and 3.4F). All populations and subsets were clearly distinguishable
although it was noted that CD45RO expression was downregulated with flu-stimulation
(percent CD45RO expression is indicated in Figures 3.4E and 3.4F). Despite the
downregulation of CD45RO0 on stimulated cells, a naive phenotype and 3 populations broadly
representative of T cell memory phenotypes (Table 3.3) were clearly distinguishable.

(A) (B)
Co-stimulated H1N1 stimulated

CD4 PE-Cy5.5
CD4 PE-Cy5.5

CD8 BV 705

|

CcD4 (©) CD8 CD4 (D) CD8
0 2
(3‘ &)
: ‘D
—— 5 (
A\l 51N \

CD62L APC CD62L APC
CcD4 (E) CD8 cD4 (F) cD8

FSC-H

45.1 26.9 1.1

CD45R0O ECD CD45R0 ECD

Figure 3.4: Representative flow cytometry dot plots to validate staining of CD4 and CD8 T
lymphocytes and memory subsets. Using the same experimental conditions described in
Section 2.7 and 2.9, CD4 T lymphocytes, stained with PE-Cy5.5 and CD8 T lymphocytes,
stained with BV705 could be clearly delineated in co-stimulated (A) and flu-stimulated (B) cells.
CD4 and CD8 populations were quadrant gated for CD27 and CD62L surface expression (C)
and (D) and each quadrant then gated for CD45RO expression (E) and (F). Numbers in
CD45R0O" gates indicate percent CD45RO of parent population.

3.3.3 Validation of inter-experimental variance

To determine the degree of inter-experimental variances, flow data from 5 experiments
(conducted over a period of months) using blood bank donor co-stimulated cells was analysed.
In the absence of any standardized guidelines, the coefficient of variation (CV), mean and
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standard deviation (SD) (calculated using Prism 5, GraphPad Software) of key parameters

were plotted to ascertain variances of experimental data between experiments.

3.3.3.1 Inter-experimental variances of NK subsets

Inter-experimental variances for the CD56°™9" NK subsets was first determined. There was
little variation between experiments measuring CD56°"9"CD16"¢ NK cells (CV 5.11%) and
this variation was marginally greater when CD56°""CD16%™ NK cell populations were
assessed (CV 7.73%) (Figure 3.5A). Inter-experimental variances were greater for the
predominant CD56%™CD16""9" NK subsets (CV 9.08%) (Figure 3.5B) and particularly so for
the “unconventional” CD56%™CD16"¢ subset which had a CV of 14.8%.
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Figure 3.5: Inter-experimental variances for CD56"" (A) and CD56°™ (B) NK subsets.
Variances between experiments were determined using co-stimulated PBMCs from a blood
bank donor. Error bars represent one standard deviation (1SD) from the mean (confidence

interval of 95%) of 5 experiments. CVs, means and standard deviations were calculated using
Prism (Version 5.0; GraphPad Software).

3.3.3.2 Inter-experimental variances for NKp46, CD27 and CD62L NK subphenotypes
As observed for the NK subsets the variances between experiments for the CD27, CD62L and
NKp46 NK subphenotypes for both CD56""" compartments was low compared to that for the
CD56%™M subsets (Figure 3.6). CVs were the largest for CD62L (8.66% and 15.62% for
CD56°™"CD16"¢ and CD56"""CD16%™, respectively), possibly because the mean could only
be calculated from 4 experiments. Critically, inter-experimental CVs and SD were good for the
CD56°™"CD16"™9 subset and CVs were less than 10% for any sub-phenotype. CVs for the NK
subphenotypes are summarised in Table 3.4.
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Table 3.4: Coefficient of variation for CD27, CD62L and NKp46 NK subphenotypes.

CD27 CD62L NKp46
CD56°"9""CD16™9 | 3.54 8.66 3.84
cD56°r'9"tcD169™ | 7.07 15.62 0.64
CD569™CD16"" 9" | 11.61 25.01 7.06
CD569™CD16"9 9.29 15.76 22.49
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Figure 3.6: Inter-experimental variances for CD27, CD62L or NKp46 expression on NK
subsets. Inter-experimental variances for CD27, CD62L or NKp46 expression for
CD56""CD16™¢ (A), CD56°"9"CD16%™ (B), CD56°™CD 16" (C) and CD56°™"CD16"*¢ (D)
NK subsets was determined using co-stimulated PBMCs from a blood bank donor. Error bars
represent 1SD from the mean (confidence interval of 95%) of 5 experiments for CD27 and
NKp46 and 4 experiments for CD62L. CVs, means and standard deviations were calculated
using Prism (Version 5.0; GraphPad Software).

3.3.3.3 Validation of CD56""®"CD16"? functions

Inter-experimental variances for functional responses were limited to the CD56°"9"CD16"¢ NK
subset, which is the main focus of the current study. Reproducibility of degranulation and
cytokine functional results was more challenging as slight variations in stimulation and

degranulation assays between experiments adds to the complexity of inherent variations in
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polychromatic flow cytometry data analysis. To determine the magnitude of functional
responses, IFNy and CD107a frequencies of co-stimulated cells were subtracted from 2009-
influenza vaccine stimulated cells to adjust for background responses. CVs for IFNy and
CD107a (Figure 3.7) were higher than those for the NK phenotypes and subphenotypes,
however, since all time-points for each individual in this study were run simultaneously in the
same experiment, any inter-experimental variances would be reflected in each time-point, thus

any observed trends would remain valid.
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Figure 3.7: Validation of inter-experimental variances of functional responses for the
CD56P™"CD16™¢ NK subset. IFNy and degranulation (CD107a) responses were determined
by subtracting co-stimulated (background) proportions from stimulated proportions. Error bars
represent 1SD from the mean (confidence interval of 95%) of 5 experiments. CVs, means and
standard deviations were calculated using Prism (Version 5.0; GraphPad Software).

3.3.3.4 Inter-experimental variances for lymphocyte proportions and T cell phenotypes
Inter-experimental variances for CD3" and CD3" lymphocytes as well as those for CD4 and
CD8 T lymphocytes are presented in Figures 3.8A and 3.8B. CVs for CD3" (2.9%) and CD3"
(6.5%) lymphocytes were low, as were those for CD4 and CD8 T cell subsets (4.33% and
7.38%, respectively) and naive CD4 T and CD 8 T cells with CVs of 6.04% and 7.41%
respectively. Whereas CD8 effector cells showed a small variance (6.23%) compared to CD4
effector cells (11.71%), both CM and EM CD8 phenotypes showed a greater level of
dispersion around the mean with CVs of 25.45% and 18.77%, respectively compared to the
CD4 CM and EM phenotypes (8.9% and 3.65%, respectively) (Figures 3.8C and 3.8D).
(CD62L staining was poor for one experiment, so participant data from the experiment was

excluded from final analysis).
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Figure 3.8: Inter-experimental variances for T lymphocytes. The degree of variation between
5 experimental data sets using co-stimulated control cells is presented for CD3" and CD3*
cells (A), T cells (CD4* and CD8") (B) CD4 (C) and CD8 memory phenotypes (D). Error bars
represent 1SD from the mean (confidence interval of 95%) of 5 experiments. CVs, means and
standard deviations were calculated using Prism (Version 5.0; GraphPad Software).
Abbreviations: CM=Central memory; EM = Effector memory; Eff = Effector cells. Note: only 4
repeats were available for memory phenotypes due to poor staining of CD62L for a single
experiment.

3.4 Discussion

A key component to this study was the development of a 12 colour flow cytometry panel
capable of studying human NK cell phenotype and function. Multiple steps and control
measures were employed to ensure that cellular characteristics and functional responses
could be detected and measured and that results generated were both valid and consistent

across experiments.

Polychromatic flow cytometry provides valuable insights into the dynamics of immune

responses however there are multiple technical challenges inherent to flow cytometry as
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demonstrated by a study where flow cytometry data generated from different laboratories that
were using the same protocol, lyophilised reagents and pooled cryopreserved PBMCs showed
a coefficient of variance of up to 55% for T cell responses (Maecker et al., 2005). Critically,
these researchers did not include a protocol for flow cytometer instrument monitoring and

quality control which could have accounted for the inter-laboratory differences reported.

The detection of specific fluorescent emissions by flow cytometers relies on optical filters,
lasers, laser alignment and precision of fluorescence measurements as detected by PMTs. If
one or more of these parameters are compromised, data generated from that experiment
would also be compromised. For this study a strict QA program, as developed by Perfetto,
Ambrozak, et al. (2006), was therefore implemented. Once instrument performance was
optimised, calibration of the system was performed to determine an acceptable voltage range
and a maximum allowable CV for each detector. Daily fluorescence measurements were
monitored using validation beads (standardisation) and recorded on a chart. Before each
experiment validation beads were run to ensure that all fluorescent parameters fell within the
pre-determined voltage range and that CVs were equal to, or less, than the allowable

maximum for that PMT.

The filter configuration, number of lasers and commercial availability of fluorochromes are
inherent limitations for developing of any polychromatic flow cytometry panel. For the purposes
of the functional arm of the current study, the CD56°"9"CD"¢ NK subset had to be clearly
identifiable on a flow cytometry dot plot. Since surface expression of CD56 ranges from dim
to bright and can be difficult to separate on a flow cytometry plot, CD56 conjugated to a
brilliant™ violet (BV605) polymer dye was used. This allowed not only for better resolution of
populations not clearly identifiable from adjacent populations but also allowed for separation
of NK cells with surface expression of CD16. Furthermore, spectral overlap from other
channels into the BV605 channel was significantly reduced and with the use of FMO controls
consistent gating could be applied thus allowing for the separating cells negative for CD56
from those cells that express CD56 very dimly. Since amine reactive dyes react with amine
groups and stably remain within the cytoplasm after entering cells through damaged
membranes, the inclusion of the amine live/dead discriminator (Invitrogen) helped remove
measurement errors resulting from the non-specific binding of antibody conjugates to dead
cells (Perfetto et al., 2006b). As technical challenges increase with each additional
fluorochrome in a flow panel, CD14 (monocytes) and CD19 (B-cells) antigens, not expressed

by the target cell populations, were both labelled with APC-Cy7. This fluorochrome has the
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same spectral properties as that of the far red live/dead cell discriminator used in the panel to

allow for creating an exclusion or “dump” channel.

Analysis indicated that CD4 and CD8 T cell subsets and memory phenotypes were valid but
downregulation of CD45R0O was observed with flu-stimulation. A published study using CMV
and HIV peptides to stimulate PBMCs (Chattopadhyay et al., 2009) and ECD to stain CD45RO
T cell memory phenotypes shows images with clearly visible CD45RO stained cells,
suggesting that the CD45RO downregulation observed in the current study is specific to the
2009- influenza vaccine antigen. CD45 contains a-2.6 sialic acid residues (Sato et al., 1993)
and binding of haemagglutinin is mediated via interactions with a-2.6 sialic acid residues and
it cannot be excluded that the downregulation of CD45RO surface expression was a
consequence of receptor engagement similar to that observed upon NKp46 engagement with
H1N1 antigen (Jost et al., 2011).

For the influenza vaccination arm of the study, pre- and post-vaccination PBMCs from
participants were collected over a period of a year and to prevent any inter-experimental
variation, all time-points for an individual were run simultaneously in a single experiment using
a single flow cytometer. By putting these various measures in place, viz. daily instrument QA,
choice of fluorochromes for critical markers, the elimination of unwanted and dead cells in the
same channel and strict adherence to stimulation and staining protocols, technical and
experimental challenges were reduced and the validity of data ensured. PBMCs prepared,
aliquoted and cryopreserved from a single blood bank donor served as controls and were
included with each experimental run to monitor inter-experimental variances by calculating the
CV using Prism (Version 5.0; GraphPad Software). The same gates were applied to all
participant samples run in the same experiment for CD3*, CD3", CD45R0O, CD27, CD62L,
NKp46, IFNy and CD107a, but as CD56 and CD16 expression were heterogeneous between
participants, pre-vaccination co-stimulated cells were used to gate these receptors at an

individual level and then applied to all samples for that particular participant.

It is well recognized that variability exists in flow data and because it is difficult to state that
distributions are significantly different with a greater spread of data, the spread was
quantitated using both SD and CV. Importantly, the CV for the CD56°™9"CD 16" phenotype
was low (5.11%) indicating little inter-experimental variance. Variance for CD27, CD62L and
NKp46 subphenotypes was also consistent across experiments with CVs of 3.54%, 8.66%

and 3.84%, respectively. Subphenotype variance for the CD56%™ subsets however was
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higher, particularly for CD62L expression on the CD56°™CD16°"9" subset which had a CV of
25.01% and NKp46 expression on the CD56°™CD16"*9 “unconventional” subset which had a
CV of 22.49%. These CVs were not deemed to be of concern as neither subphenotype is
widely expressed on these NK subsets and could be attributable to measurement error due to

small cell numbers.

Although CD56"9"CD16"*¢ subset functional responses for IFNy (CV=24.23%) and CD107a
(CV=11.95%) showed a greater variance than that of the phenotype and subphenotypes it
was noted that when a stimulated sample generated a greater magnitude of response, the co-
stimulated sample (background) was also higher thus, the overall magnitude reflected the
same trend and was not due to inconsistencies in experimental protocol or instrument
reliability. As all time-points for each participant was run in a single experiment this trend would
be reflected across all time-points and results would therefore be valid, regardless of
magnitude of responses. Importantly, the 12 colour flow cytometry panel described in this
chapter identified 4 NK phenotypes CD56°™"CD16"*¢, CD56"""CD16%™, CD56%™CD16°"9"
and CD56°™CD16™¢ with the proportions of the CD56°"9"CD16"¢ NK subset expressing
CD27, CD62L and NKp46 being similar to what is reported in the literature.

In summary, a 12 colour polychromatic flow cytometry panel able to phenotype and
functionally describe NK cells was developed. Strict monitoring, control of instrument
performance and inter-experimental variances validated the integrity of the flow cytometry
data. Furthermore, the integrity of stimulation and staining protocols was confirmed as
functional responses followed similar trends over time. Importantly, the 12 colour
polychromatic flow cytometry panel characterized NK subset and subphenotypes that are
consistent with reports in the literature. Furthermore, at a functional level it was shown that
NK cells degranulate and produce IFNy in response to ex vivo 2009-influenza vaccine derived

antigen.
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4.1 Introduction

NK cell heterogeneity between individuals is determined by genetics and environmental
influences (Horowitz et al., 2013). It is hypothesized that NK receptor diversity is an
evolutionary conserved means of generating NK adaptive responses in a RAG-independent
manner across vertebrates (Paust et al., 2017). Organ-specific chemokines affect the
distribution of tissue resident NK cells, which are thought to recirculate to SLOs via lymphatic
vessels (Carrega et al., 2014). CD56°"9"CD16"? NK cells circulating in the peripheral blood
are enriched for CD62L surface expression, a lymph-homing adhesion molecule, which
mediates the trafficking of cells to the SLOs (Frey et al., 1998), yet not all CD56"""'CD16"*
NK cells express CD62L. Peripheral CD56°9"CD16"¢ NK cells therefore comprise cell
subsets (to be referred to as subphenotypes) able to traffic to secondary lymphoid organs

(SLO)s (CD62L") and CD62L" cells whose recirculation and trafficking patterns are unknown.

In mice, CD27 delineates NK cells into two subsets, with CD27" cells interacting with dendritic
cells (DCs) and an enhanced capacity to migrate to the lymph nodes (Hayakawa and Smyth,
2006). Adaptive RAG-independent contact hypersensitivity (CHS) responses in mice are
mediated by specific CD27" liver resident NK subsets (O'Leary et al., 2006), but require an
initial sensitization step and as CHS responses are blocked in L-selectin genetically deficient
mice, this suggests that sensitization of NK cells possibly occurs in the lymph nodes (Diacovo
et al., 1998). A member of the TNF-R superfamily (Camerini et al., 1991), CD27 is expressed
on human B, T and NK lymphocytes and although the role of CD27 expression on human NK
cells is not fully understood, differences in receptor expression and cytotoxic responses
between human CD27"" and CD27'°" NK cells have been shown, suggesting that CD27 can
be used as a marker to differentiate functionally different NK subsets in humans (Silva et al.,
2008).

NK cells use multiple means of generating recall responses, which include antigen-specific,
cytokine induced or memory-like responses (reviewed in (Paust et al., 2017)). Regardless of
which mechanism is involved in generating a memory NK cell response, antigen recognition
is required. NKp46 directly recognises influenza HA (Arnon et al., 2004) and is ubiquitously
expressed on resting and activated NK cells and is therefore present on NK cells in the lymph
nodes where interactions with influenza antigen occur. Although it is known that CD56°"9" NK
cells are enriched for CD27 and CD62L, little is known about co-expression patterns of NKp46
with CD27 and CD62L in healthy individuals.
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Polychromatic flow cytometry generates complex interwoven data making data reduction
challenging and subsequent data analysis and interpretation difficult. The primary aim of this
chapter therefore, was to investigate phenotypic differences between peripheral
CD56""CD16™° NK cells able to migrate to the lymph nodes via high endothelial venules
(HEV)s (CD62L") and those likely to remain within the periphery (CD62L"), so as to provide a
framework on which to base a functional analysis strategy to investigate NK subphenotypes

which may be implicated in memory responses to 2009- influenza vaccination.

4.2 Materials and Methods

4.2.1 Study samples

Co-stimulated (control) pre-vaccination PBMC samples from twelve 2009- influenza
vaccinated participants (section 2.1.1) were used for phenotyping analysis and to develop a

framework for Boolean analysis.

4.2.2 Sample preparation and staining

PBMCs were isolated from whole blood and aliquots cryopreserved as described in section
2.3.1 and thawed and rested as described in section 2.5. Cells were co-stimulated as
described in section 2.6.1. Cells were prepared for staining (section 2.7) and then stained to
eliminate dead cells (section 2.8.1) and surface stained (section 2.8.2). Antigen stimulated T
cells are stained intracellularly for detection of cytoplasmic CD3. Although control cells were
not antigen stimulated, CD3 was stained intracellularly (section 2.8.3), to ensure conformity in

staining methods between co-stimulated (control) and antigen stimulated samples.

4.2.3 Flow cytometry
Compensation beads were stained as described in section 2.8.5 and data acquired as

described in section 3.2.6

4.2.4 Statistical analysis

Proportions of gated cells were calculated as a percent (%) of the parent population using
FlowJo™ Software for Mac (version 9.9.4), Ashland and Prism (version 5) software was used

to calculate the CV, mean, median, and range (minimum to maximum).

A Boolean gating strategy was applied to selected cells and proportions calculated using the
Boolean function of FlowJo™ Software for Mac (version 9.9.4), Ashland. The nonparametric
Wilcoxin signed rank test was applied to determine differences between matched samples

using Prism (version 5). P<0.05 was considered significant.
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4.3 Results

4.3.1 CD56"""CD16"*? subphenotypes

CD56"™" NK cells are generally thought to be immature precursors to CD56%™ cells (Freud
and Caligiuri, 2006) and are described as immunoregulatory (Cooper et al., 2001b) with
distinct functional capacity enabled by multiple NK receptors. To understand variations in
expression of surface receptors in a cohort of healthy individuals, NKp46, CD62L and CD27
surface receptors were examined using co-stimulated cells (which served as controls for
influenza vaccine experiments) from the pre-vaccination time-point. NKp46, CD62L and CD27
variances and proportions were determined on gated CD56°"9"CD16"9 cells and medians,

ranges and CVs were calculated (Table 4.1 and Figure 4.1).

Table 4.1: Proportions CD27, CD62L and NKp46 for the CD56°"9"CD 16" subset

Marker Mean (%) Median (%) Range (%)
CD27 27.62 27.55 12.6 -47.7
CD62L 58.92 59.45 32.2-84
NKp46 86.48 87.75 59.4-95.2
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Figure 4.1: Percent expression of CD27, CD62L and NKp46 cells for the CD56""'CD16"*
subset. Co-stimulated cells from the pre-vaccination time-point were used to investigate
proportions (%) and variances between twelve unvaccinated individuals. Error bars represent
medians with interquartile ranges. CVs were calculated using Prism Version 5.0 (GraphPad
Software).

NKp46 was expressed on the majority of CD56""CD16"*9 cells (median 87.75%; range
59.4% - 95.2%) which agrees with other studies (Horowitz et al., 2013; Silva et al., 2008) and
proportions were the least varied between individuals (CV=11.81%), which is not unexpected,
given the critical role of NKp46 as a major NK cell activating receptor, whereas CD27
proportions were the lowest (median 27.55%; range 12.6% - 47.7%) with the largest inter-
individual variances (CV=38.48%) for the three receptors under investigation. Similar to CD27,

variances between individuals were wide (CV=28%) but a larger proportion of
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CD56"""CD16™¢ expressed CD62L (median 59.45%; range 32.2% - 84%) indicating that in
some individuals a large proportion (up to 84%) of CD56""CD16"¢ NK cells could migrate
out of the periphery to SLOs. Unlike the inherent requirement of NKp46 in NK cell immune
surveillance, the large inter-individual variances for CD27 and CD62L receptors suggests that

immune function or status could be influencing cell surface expression of these two receptors.

4.3.2 Co-expression patterns of CD27 and NKp46

CD27" NK cells produce a greater magnitude of IFNy and TNFa inflammatory cytokines
compared to CD27" NK cells (Fu et al., 2011; Silva et al., 2008) therefore similar to mouse NK
cells, CD27 can be used as a marker to functionally differentiate NK subsets in humans (Silva
et al., 2008). NKp46 does not function independently in enabling NK cell cytokine secretion or
in mediating cytotoxicity and requires a synergistic interaction between activating receptors
on resting NK cells (Bryceson et al., 2006b) and so co-expression patterns of NKp46™ and
CD27* cells (Figure 4.2) were therefore assessed. Currently there are no published data on

co-expression patterns of these receptors for the CD56°"9"CD16"9 NK subset.
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Figure 4.2: CD27 and NKp46 co-expression patterns for the CD56°""'CD16"*¢ subset. Co-
stimulated cells from the pre-vaccination time-point were used to investigate variances
between individuals and the proportion of CD27* cells that co-express NKp46 and the
proportion of NKp46* cells that co-express CD27. Error bars represent medians with
interquartile ranges. CVs were calculated using Prism Version 5.0 (GraphPad Software).

Strikingly, the proportion of CD27" cells that co-expressed NKp46 was extremely high (median
95.6% with a range of 85.1% - 98.4%), with a very low coefficient of variation between
individuals (CV = 4.93%), therefore the large majority of CD27* cells were of a CD27"NKp46*
phenotype for all participants regardless of variations in overall CD27 proportions. In contrast,
the median proportion of gated NKp46 cells with surface expression of CD27 was 30.4%, with
wide variances between individuals (15.3% - 49.2%; CV=36.68%) reflecting that the observed
CD56P™"CD 16" variations in CD27" proportions are attributable to the proportion of NKp46*

cells that co-express CD27.
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4.3.3 Stability of CD27-expressing cells over time

NK cells are considered to be short lived with a turnover time of approximately two weeks for
mature human NK cells in the blood (Zhang et al., 2007). CD27-expressing cells for the
CD56°™"CD16™ subset were extremely varied between individuals, raising the question
about whether this represented cells in flux, or a stable population for each individual
influenced by unique antigen encounter. To explore this question, co-stimulated
CD56°™"CD16™¢ cells from pre- and post-vaccination time-points were gated for CD27
surface expression to understand if CD27 proportions remained stable or fluctuated over time

(data summarised in Table 4.2).

The pre-vaccination time-point was considered to represent the baseline and comparisons
were made between this time-point and post-vaccination time-points. Despite wide inter-
individual differences, the proportion of NKp46® cells with surface expression of CD27
remained remarkably stable for each individual over time, indicating long term stable
expression of CD27 for each individual (P>0.05) (Figure 4.3).

Table 4.2: Percent CD27 co-expression on CD56""CD 16" cells remains stable over time

*CD56Pr9tCD16"9
Pre-vaccination Post-vaccination

Subjects 3 days 6 months 1 year
1 32.2 34.5 28.3 28.9
2 243 25.6 244 28.8
3 14.4 18.6 18.4 16.9
4 23.4 24.6 22.3 27.5
5 47.7 50.2 49.5 49.2
6 25.6 24.7 234 24
7 12.6 8.11 14.1 8.78
8 33.8 38.1 28.4
9 29.5 32.3 27.4
10 38.9 39.4 41
11 34.4 34.8 30.3
12 14.6 14.7 13.9

MEAN 27.6 28.8 26.8 26.3
MEDIAN 27.55 28.95 259 275

* Numbers in the table represent the percent of CD56”"CD16™¢ NK cells with surface
expression of CD27.
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Figure 4.3: CD27 proportions remain stable over time. Co-stimulated CD56*"9"CD16"¢ NK
cells were gated for CD27 surface expression and comparisons made between pre- and post-
vaccination time-points to observe changes for up to a year following vaccination. P-values
were obtained using the Wilcoxon signed rank t-test and values <0.05 considered significant.

Despite the observation that CD27 populations remaining stable over time at a “bulk” NKp46
subset level, this does not preclude changes that may occur at a subphenotype level. Cells
that express CD62L are able to migrate to the lymph nodes. To explore CD27 proportions at
a subphenotype level, co-stimulated NKp46™ cells were gated for CD62L" and CD62L" cells
(representing lymph homing (lh) and peripheral (p) NKp46* cells) and each of these
populations gated further for CD27* and CD27" subphenotypes. By using this gating strategy
4 subphenotypes were defined as: IhnNKp46"CD27", InNKp46"CD27°, pNKp46*CD27* and

pNKp46*°CD27". (Figure 4.4).
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Figure 4.4: Gating strategy to define NKp46™ subphenotypes. To determine CD27 proportions
at a subphenotype level, NKp46™ cells (A) were gated for CD62L" (lymph homing) and CD62L"
(peripheral) subphenotypes (B). CD27* cells likely to remain in the periphery (NKp46"CD62L"
CD27" subphenotype) are represented in dot plot (C) and the NKp46°CD62L*CD27*
subphenotype most likely to migrate to lymph nodes are represented in dot plot (D).
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With the exception of a single individual who had a sharp drop in pNKp46CD27" cells from
21.8% at the pre-vaccination time-point to 7.5% three days post-vaccination (but which by one
year recovered to 9.18%), the frequency of CD27 cells remained stable for both
subphenotypes (Figures 4.5A and 4.5B) indicating that no subtle shifts of CD27 cell surface

expression had taken place over a period of one year (P>0.05).
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Figure 4.5: CD27 proportions remain stable over a year for lymph homing and peripheral
subphenotypes. To observe changes in NKp46"CD27" proportions, co-stimulated cells from
pre- and post-vaccination time-points were compared for the Ilymph-homing NKp46
subphenotype (A) and for the peripheral NKp46 subphenotype (B). P- values were obtained
using Wilcoxon signed rank test and P values <0.05 were considered significant. * Only ten
CD62L* samples were available six months post-vaccination.

4.3.4 NKp46, CD27 and CD62L Boolean gated phenotypes

Boolean gating algorithms which when applied to individually gated populations create a
combination of positive and negative subsets in all possible combinations. CD62L, was
expressed on a greater frequency of cells than CD27, with a wide co-efficient of variation
indicated that the number of CD56""'CD16"¢ NK cells able to migrate to the lymph nodes
differs between individuals. Thus, a Boolean algorithm (FlowJo data analysis software) was
applied to CD62L, CD27 and NKp46 to explore combination frequencies of these three surface
receptors within the CD56""CD 16" NK subset (Figure 4.6) and to determine which of these

combinations predominate.
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Figure 4.6: CD56°""CD16"*® Boolean co-expression patterns for CD62L, CD27 and NKp46
surface receptors. Using cells from the pre-vaccination time-point, a Boolean gating strategy
was applied to CD62L*, CD27* and NKp46* cells expressed on the CD56""CD16"% NK
subset and relative proportions of Boolean combinations calculated using FlowJo software
(Treestar Inc.) The numbers in black boxes represent the percent mean proportion for each
combination of receptors. Abbreviations: 27=CD27; L=CD62L and 46=NKp46.

Interpreting data sets generated by polychromatic flow cytometry is complex due to the
multidimensional nature of the data (Roederer et al., 2011) and manually trying to interpret
subtle data set combinations is difficult, but with the current study, at a superficial level, certain
phenotypic trends were observed. The predominant subphenotype co-expressed NKp46 and
CD62L (37.28%) but not CD27 and the 2" most predominant subphenotype only expressed
NKp46 (23.21%). Co-expression of all 3 receptors under investigation made up 17.36%
whereas 8.64% of cells co-expressed NKp46 and CD27 but not CD62L. Only 8% of Boolean
gated CD56°™"CD16™¢ cells were negative for all 3 subphenotypes under investigation and
a total of 13.51% cells (4 subphenotypes) did not express NKp46, whereas 86.49% (4
subphenotypes) expressed NKp46. Boolean combinations are summarised in Table 4.3 in

order of most to least prevalent Boolean population.

Table 4.3: NKp46, CD62L and CD27 Boolean populations for the CD56°"¢"CD16"¢ NK subset

Phenotype Mean (%) S.D
NKp46*CD62L* CD27- 37.28 104
NKp46*CD62L-CD27" 23.21 14.35
NKp46*CD62L*CD27* 17.36 7.74
NKp46*CD62L-CD27* 8.64 5.71
NKp46-CD62L-CD27" 8.00 6.88
NKp46-CD62L*CD27" 3.93 3.5
NKp46-CD62L-CD27* 1.23 0.99
NKp46-CD62L*CD27* 0.37 0.53

S.D=Standard deviation

70
CHAPTER 4: Flow cytometric phenotyping of CD56"CD16"¢ NK subset



CHAPTER 4:

Flow cytometric phenotyping of the CD56"9" CD16"*¢ NK subset
Importantly, these data indicate that in the absence of NKp46 expression, few cells express
the other co-receptors under investigation in the current study, suggesting that expression of
CD27 and CD62L, either singly or co-expressed, is tightly regulated and predominantly occurs
on NKp46* cells, which may either be lymph homing or peripheral. Based on NKp46, CD62L
and CD27 expression, CD56°"9"CD16™¢ cells can therefore be categorised into 4
subphenotypes providing a framework to investigate differences between multiple
subphenotypes. The NKp46* subphenotypes, which were defined on the basis of lymph

homing properties, are summarised in Table 4.4.

Table 4.4: NKp46™ subphenotypes defined by lymph homing properties

Phenotype Description Abbreviation
NKp46*CD62L*CD27* Lymph homing NKp46*CD27* IhNKp46CD27*
NKp46*CD62L*CD27- Lymph homing NKp46*CD27- IhNKp46CD27-
NKp46*CD62L-CD27* Peripheral NKp46*CD27* pNKp46CD27*
NKp46*CD62L-CD27- Peripheral NKp46*CD27- pNKp46CD27-

Of the NKp46™ subphenotypes, a total of 54.64% were lymph homing (CD62L") which
comprised 37.28% CD27" cells and 17.36% CD27" cells, indicating that most NKp46 lymph
homing cells (IhNKp46*CD62L") did not express CD27. CD27 and CD62L were minimally
expressed in the absence of NKp46 (1.23% and 3.93%, respectively) with the proportion of
CD56°™"CD16™¢ NK subset that co-expressed CD62L and CD27 as a double population

(mean=0.37%; range=0%-1.8%) being extremely low.

NK cells are heterogenous and as only 59.4% of the CD56°""CD16"* NK subset expressed
NKp46 in some individuals (section 4.2.1, Table 4.1), it could be postulated that CD27 and
CD62L would be present on a higher proportion of CD56""'CD16" cells that do not express
NKp46. However, only one individual had 1.8% of CD56"CD16" cells that co-expressed
CD27 and CD62L in the absence of NKp46, whereas all other individuals had less than 1%
and even 0% in some instances. These data offer an interesting “snapshot” of human
CD56""CD16™¢ NK subset heterogeneity which is based on the analysis of only 3 cell
surface receptors. As indicated in section 4.2.1, Table 4.1, surface expression for CD62L and
CD27 receptors varied widely between individuals, yet in the instance of CD27, remained
remarkably stable over time for each individual, suggesting an environmental influence, which
is governed by unique immune exposures. Indeed, each individual’s profile revealed a wide
diversity in the proportional distribution of subphenotypes. The inter-individual diversity in
NKp46* subphenotype profiles is reflected in Figure 4.7 where the data for each study
participant are presented.
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Figure 4.7: Wide inter-individual variances of NKp46* subphenotypes. Wide inter-individual variances in CD27 and CD62L frequencies, influence overall proportions of NKp46* Boolean
subphenotypes. To determine subphenotype frequencies, CD569"CD16"9 cells were Boolean gated for CD62L, CD27 and NKp46 surface expression and relative proportions of Boolean
combinations calculated using using FlowJo software (Treestar Inc.). Eight Boolean populations were generated but only data from the 4 NKp46* subphenotypes are presented. Bar charts

were generated in Excel (Windows 365) and the numbers in charts represent mean (%) proportion of the total of 8 Boolean subphenotypes.
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In summary, Boolean statistics revealed that:

A) NKp46, delineates the CD56°"9"CD16"¢ subset into subphenotypes, with differing
lymph homing capacities but overall, a larger majority of NKp46 cells have the capacity
to migrate to the lymph nodes whereas a smaller proportion remain in the periphery.

B) CD62L and CD27 surface expression is tightly regulated as it is only found on NKp46*
cells (whether lymph homing or peripheral).

C) CD27 and CDG62L proportions vary widely between individuals (possibly a
consequence of unique antigen exposures) which is reflected in both lymph homing

and peripheral NKp46 subphenotypes.

4.3.5 Co-expression of CD27 and CD62L dynamically influences NKp46 cell surface
density.

Findings indicated that CD27 surface expression is only found on NKp46™ cells and although
there are limited data on the NKp46*CD27" suphenotype, (Vossen et al., 2008) showed that
cell surface expression of NKp46 is increased with CD27 co-expression. NKp46 cell surface
density is variable and influences the physiological triggering of NK cells against autologous,
allogeneic and xenogeneic target cells is determined by NKp46 cell surface density (Sivori et
al.,, 1999). To investigate if NKp46 cell surface density is greater with CD27 co-expression,
cells from the pre-vaccination time-point were gated for NKp46°CD27* and NKp46'CD27*
subphenotypes (Figure 4.8A) and cell surface density measured using median fluorescent
intensity (MFI) statistics (FlowJo v.9.9.4 TreeStar Inc.).
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Figure 4.8: CD27 co-expression on NKp46™ cells is associated with higher NKp46 surface
density. The median fluorescent intensity (MFI) from pre-vaccination co-stimulated cells were
used to compare NKp46 subphenotypes by gating NKp46™ cells for CD27* and CD27" cells
(A) to delineate NKp46 cells into NKp46"CD27* and NKp46"CD27- subphenotypes for MFI
analysis (B). P-values were determined using the Wilcoxon signed rank t-test and values
<0.05 considered significant. Median values and interquartile ranges are presented with the
error bars.
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Without exception for any study participant, the NKp46 MFI of the NKp46'CD27*
subphenotype was significantly greater in magnitude than that for the NKp46*CD27
subphenotype (P=0.0005) (Figure 4.9B) agrees with the Vossen study. This suggests that
CD27 may mediate increased cell surface density of NKp46 which could therefore play a role
as one of the receptors involved in the triggering of NKp46 activation by lowering the activation
threshold.

To determine whether co-expression of CD27 is associated NKp46 surface density for both
lymph homing and peripheral NKp46 cells NKp46™ Boolean subphenotypes were analysed
next. The results were ubiquitously similar for all participants and NKp46 surface density
increased with CD27 co-expression, for both lymph homing (P=0.005) and peripheral
(P=0.005) NKp46 cells (Figure 4.9A).
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Figure 4.9: Dynamic influence of CD27 and CD62L on NKp46cell surface density. To
determine NKp46 cell surface density, the median fluorescent intensity (MFI) from pre-
vaccination co-stimulated cells were used for comparisons between NKp46 subphenotypes.
Co-expression of CD27 is associated with increased NKp46 cell surface density for both lymph
homing (CD62L*) and peripheral NKp46 (CD62L°) subphenotypes (A). Medians and
interquartile ranges are represented with the error bars. NKp46 surface density is greater with
CD27 co-expression which is independent of lymph homing ability (B). NKp46 MFI values are
shown in the bars of the funnel chart. The funnel chart was generated in Excel (Windows 365)
and P-values shown calculated using the Wilcoxon signed rank test. P-values of <0.05 were
considered significant.

Therefore, when NKp46® cells were analysed within the context of CD27 co-expression
(Figure 4.9B), NKp46 surface density was greater with CD27 co-expression which was
independent of lymph homing ability and there was a significant decrease in NKp46 MFI
between each subphenotype, with highest NKp46 surface density observed for the
NKp46°CD62L"CD27" subset and lowest for NKp46"CD62L CD27" cells.
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An influence of CD62L was noted however as InNNKp46CD27 cells had a higher NKp46 MFI
than pNKp46CD27" cells (P=0.003) and NKp46 MFI for IhNKp46CD27" cells was higher than
that of pNKp46CD27" cells (P=0.01) (Figure 4.9B). These data therefore indicate an
additional requirement for a higher density of NKp46 surface expression for cells migrating to
the lymph nodes and that this increase in surface density takes place before migration to the
lymph nodes. Given the role of NK cells in viral infections and cell surface density requirements
for the triggering of NKp46 in response to target cells, these data provide novel insights into
surface receptors that may influence increasing NKp46 cell surface density, particularly within

the context of NK immune cells able to migrate to the lymph nodes.

4.4 Discussion

In this immunophenotyping study, two surface receptors (CD27 and CD62L) were investigated
to understand their co-expression patterns with NKp46. By applying a Boolean gating strategy
to CD27, CD62L and NKp46 cells from the pre-vaccination time-point, a simplified framework
was devised to investigate phenotypic and functional differences between subphenotypes
able to migrate to the LNs via HEVs and those likely to remain in the periphery. Boolean gates
delineated NKp46, CD62L and CD27 into eight different subphenotypes, of which four
expressed NKp46. Based on lymph homing properties and co-expression of CD27 NKp46*
subphenotypes could be defined as NKp46"CD62L"CD27" (IhNKp46 cells with CD27 co-
expression), NKp46'CD62L*CD27° (IhNKp46 cells without CD27 co-expression),
NKp46°CD62L°CD27* (pNKp46 cells with CD27 co-expression) and NKp46*CD62L""CD27
(PNKp46 cells without CD27 co-expression).

NKp46, CD62L and CD27 frequencies were firstly examined to understand differences in
expression levels of these receptors and to provide baseline proportions and ranges for the
individuals recruited into the study. NKp46 was expressed on the majority of cells (87.75%),
but in some individuals was as low as 59.4% yet comprised up to 95.2% of NK cells for others.
Frequencies of NKp46-expressing NK cells are decreased in the elderly (Almeida-Oliveira et
al., 2011). Sample numbers in the current study did not allow for a correlation between age
and frequencies of NKp46® NK cells. However except for two individuals, NKp46 was
expressed on more than 90% of CD56°"9"CD16" cells for all other participants. In contrast
to NKp46 with a CV of 11.81%, frequencies for CD62L and CD27 (CV=28% and 38.48%,
respectively) varied widely between individuals but the immunological significance is unknown
as few studies have investigated normative ranges for NK receptors in healthy individuals

(Angelo et al., 2015). Taken together, the three receptors under investigation (albeit with
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widely differing frequencies) were all detected on CD56""" cells which are considered to be

a more immature NK cell type (Freud and Caligiuri, 2006).

NK cell development from iNK to mNK cells (discussed in Chapter 1) is a multistep process
that is still to be fully elucidated, but development of NK cells from a pluripotent progenitor cell
to a lineage committed, fully functional, mature cell, occurs in an ordered fashion as defined
by surface expression of receptors characterising each discrete stage (Freud and Caligiuri,
2006). During human NK cell maturation, NKp46 and CD56°™9" cells are expressed by stage
4 and are considered less mature than CD56%™ NK cells, with the final stages of development
being the CD56%™ cytolytic stage 5, followed by a CD57* memory stage 6 (Abel et al., 2018).
CD11b°CD27 human NK cells represent a mature phenotype corresponding to the CD564™
NK subset (Fu et al., 2011) and CD62L and CD27 follow similar decreasing trends in surface
expression during development from a CD94""CD56°"¢" phenotype to the more mature
CD94°“CD56™ phenotype (Yu et al., 2010). Based on the assumptions of the above studies,
Boolean gated NKp46 cells comprised of subphenotypes considered to be at differing stages
of maturation with InNp46CD27* the least mature and pNKp46CD27- the most mature, which
interestingly displayed the largest range amongst individuals, suggesting the influence of
differing immune experiences in the development of mature NK cell phenotypes. Recently
however, the dogma of a linear progression of NK cells from immature CD56°"%" to mature
CD56°™ cells has been questioned (Berrien-Elliott et al., 2015; Mace et al., 2013; Maciejewski-
Duval et al., 2016; Michel et al., 2016; Wu et al., 2014). CD62L as a marker of NK cell
immaturity (Juelke et al., 2010) is also controversial as it associates with a more mature NK

phenotype in mice (Peng et al., 2013b).

Full functional capability of maturing NK cells only occurs following a “licensing” process during
which self-tolerance is acquired and functional activation of mature peripheral NK cells is
determined by a threshold, or “rheostat” adapted to the host's MHC phenotype (Brodin et al.,
2009a). In the current study it was shown that both CD62L and CD27 are almost exclusively
expressed on NKp46™ cells. In particular, the NKp46"CD62L*CD27" subphenotype was barely
detectable, with a mean of 0.37% and a range of 0% to 1.8%. NK cells with full cytolytic
potential are considered to be educated NK cells with a wide range of surface receptors able
to regulate NK cell responses to antigen. Taken that both CD27 and CD62L receptors were
only expressed only on NKp46* cells and CD56""CD16"¢ NK cells can undergo further
development and maturation as well as a licensing process, the phenotyping data presented
in this chapter suggests that expression of CD27 and CD62L receptors is specifically acquired
during the maturation and developmental stages of NKp46™ NK cells and are therefore either

76
CHAPTER 4: Flow cytometric phenotyping of CD56"CD16"¢ NK subset



CHAPTER 4: _
Flow cytometric phenotyping of the CD56°"¢" CD16"® NK subset
a requirement for this process or their surface expression is a consequence of NKp46

education.

Only three receptors were included in the Boolean gating strategy and as NKp46 was
expressed at high frequency with less inter-individual variance (thereby limiting the diversity
score), gated NKp46, CD62L and CD27 subphenotypes were surprisingly diverse amongst
participants. The extreme variances in both CD27 and CD62L frequencies were clearly
reflected in all combinations of NKp46® subphenotypes, indicating that NKp46
immunophenotype diversity for the CD56°"9"CD16" subset is attributable to variances in
CD27 and CD62L expression. NKp46 directly recognises influenza HA and variations could
be explained within the context of an individual’s unique exposure to viral antigens and NKp46
interactions with these ligands. Indeed, the extreme heterogeneity of healthy human NK cells
is due to genetic and epigenetic factors and surface expression of activating receptors is
determined by environment with NK cell responses to transformed cells and pathogens
mediated by adaptable expression of activating and co-stimulatory molecules (Horowitz et al.,
2013). As the observed diversity of CD27 and CD62L could be a consequence of antigen
encounters unique to each individual, the heterogeneity of expression of these surface
receptors on NKp46 subphenotypes could be a reflection of epigenetic influences on
developing and maturing NKp46*CD56"™" NK cells, with the impact on individual immune

responses to future antigen encounters, remaining to be explored.

The data, however, revealed that CD27 expression on NKp46™ cells remains remarkably
stable over time, whether co-expressed with the CD62L lymph homing molecule or likely to
remain within the peripheral circulation. Whether these two subphenotypes represent CD27*
cells recirculating between the periphery and lymph nodes or two separate subphenotypes
that are replenished to maintain a stable population, remains to be elucidated. These data are
novel but only represent a time frame of a year for a cohort of healthy individuals and it is not
known if the proportions of CD27" cells increase or decline over a period of years. Further
studies that investigate NKp46 CD27" cells are warranted to better understand the basic
biology of this receptor, given its role in various pathological disorders in humans (Ballas et
al., 2013; Hayakawa et al., 2011; Kaczmarek et al., 2017).

Various murine and human studies also provide evidence that CD27 and CD62L may be
critical for NKp46 function. Murine models indicate that CD62L NK cells are important for the
accumulation of mature hepatic NK cells in response to adenovirus infection (Peng et al.,
2013b) and the recruitment of NK cells in the control of B16 melanoma LN metastases (Chen
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et al., 2005). Data from human NK cells are not as well described, but CD27 defines a
functionally different NK subset (Vossen et al., 2008) and CD62L is instrumental in the
trafficking of CD56"" NK cells to SLOs (Frey et al., 1998) where NK cells are involved in
antigen presentation. Furthermore, a role for CD27 and CD62L has also been shown in human
viral infections with a reduction in CD27 and CD62L NK cells in patients chronically co-infected
with HIV and HCV (Kaczmarek et al., 2017), yet HIV positive patients with a higher frequency
of CD27 NK cells can clear acute HCV infection (Eisenhardt et al., 2014). Interactions of virally
infected and transformed cells would require activation of NK cells through an activation
receptor, but NK cells are heterogeneous with a repertoire of multiple receptors for tight
regulation of NK function and activation. The aforementioned murine and human studies
indicated a requirement for both CD27 and CD62L in NK responses to transformed and virus
infected cells yet neither is an activating receptor. Human CD56"CD16"¢ NK cells are
enriched for CD27 and CD62L cells and as shown in the current study, are not expressed in
the absence of NKp46, it can therefore be deduced that the data presented in the
aforementioned studies are a reflection of CD27 and CD62L mediated changes in virus/NKp46

interactions.

NKp46 cell surface density is important for triggering of NK cell activation (Sivori et al., 1999)
forming micro-clusters at the immune synapse thereby lowering the threshold for NK cell
activation (Hadad et al., 2015). In mice, CD27" NK cells have a lower activation threshold
(Hayakawa and Smyth, 2006) and functionally, CD27* NK cells produce more IFNy than
CD27° NK cells (Fu et al., 2011). In the current study, without exception for any participant,
NKp46 cell surface density was increased for both lymph homing and peripheral cells with
CD27 co-expression. NK cells are recruited to the LNs where they provide IFNy for T cell
priming (Martin-Fontecha et al., 2004) and interestingly, surface density of NKp46 was greater
on IhNKp46CD27 cells compared to pNKp46CD27" cells, indicating an influence of CD62L on
NKp46 surface density which is independent of CD27 surface expression. This suggests an
additional requirement for increased NKp46 cell surface expression within the lymph nodes
as overall, NKp46 cell surface density on IhnNKp46 CD27" cells is greatest and cell surface
density on pNKp46CD27" cells the least, creating a hierarchical pattern of NKp46 surface
density. These novel data suggest a coordinated influence of CD27 and CD62L on NKp46 cell
surface density based on lymph homing capacity and surface expression of CD27. Whether
this is a consequence of a sequential gain or loss in receptors on NKp46 cells, or if this reflects
an education process rather than stages in cell maturation remains to be elucidated. Yet CD27
proportions remained constant for both CD27" subphenotypes for at least a year, which is
extremely interesting within the context of wide variances between individuals, as this

78
CHAPTER 4: Flow cytometric phenotyping of CD56"CD16"¢ NK subset



CHAPTER 4: _
Flow cytometric phenotyping of the CD56°"¢" CD16"® NK subset
suggests that each individual maintains a stable pool of CD27* NK cells that may mediate NK
function through increasing NKp46 cell surface density and thereby lowering the activation
threshold for NKp46 cells.

Microenvironment plays a crucial role in the differentiation and development of NK cells (Fu et
al., 2014). Peripheral LNs are critical for induction of memory responses and following
vaccination, mature CD27"9" cells are the predominant NK phenotype recruited to the lymph
nodes in an IFNy dependent manner (Watt et al., 2008) whilst in humans, CD56"""CD16"¢
cells are the predominant NK subset within the lymph nodes where they act as a link between
adaptive and innate arms of the immune system (Fehniger et al., 2003). In the current study,
NKp46™ cells comprised both CD27" (lower activation threshold) and CD27- (higher activation
threshold) subphenotypes, with differing migratory capacities mediated by CD62L expression
so could either represent heterogeneous NKp46 phenotypes undergoing separate
developmental pathways or a continuum of a single developmental pathway requiring
circulation through the lymph nodes and periphery with concomitant loss of CD27. However,
the possibility exists that both CD27* and CD27- subphenotypes could be involved in NK cell
recall responses if they are able to migrate to lymph nodes, the site of antigen presentation
and interactions between NK cells and dendritic cells (Bajenoff et al., 2006; Ferlazzo et al.,
2004; Gonzalez et al., 2010; Moretta, 2002) and where CD56"""CD16"* cells are responsible
for cell proliferation (Vitale et al., 2004b).

In conclusion, CD62L and CD27 phenotyping revealed valuable data not previously or widely
described in the literature for the CD56""CD16"¢ NK subset. Importantly it was shown, not
only that CD27 and CD62L surface expression is confined to NKp46™ cells, but that these
receptors also associate with an increase in NKp46 surface density. Based on these
characteristics and by applying Boolean statistics to the CD56°"9"CD16"° subset, NKp46*
cells are delineated into lymph homing and peripheral blood subphenotypes, thereby providing
a framework within which to analyse phenotypic and functional responses to influenza

vaccination and ex vivo flu-stimulation.
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5.1 Introduction

Influenza infection remains a major public health concern and several studies indicate the
critical role of NK cells in the early control and protection against influenza infection (Achdout
et al., 2003; Du et al., 2010; Gazit et al., 2006). Inactivated influenza trivalent vaccination has
been shown to induce NK cell activity (Long et al., 2008; Schapiro et al., 1990), but human
studies investigating NK phenotypes implicated in influenza vaccination responses are limited
(He et al., 2006; Jegaskanda et al., 2013; Jost et al., 2011; Kay et al., 2014; Long et al., 2008;
Schapiro et al., 1990).

NK cells are highly cytolytic and can mediate killing of target cells via a granule dependent
pathway which does not require de novo synthesis of proteins (Peters et al., 1991). Lung
damage caused by rapid destruction of the respiratory epithelium (Taubenberger and Morens,
2006) is believed to have been a significant cause of death during the 1918-1919 H1N1
influenza pandemic, which in certain individuals, may have been due to increased host
immune response (Kash et al., 2006) caused by excess NK cell degranulation (Scharenberg
et al., 2019). NKp46 is critical for the lysis of influenza-infected cells (Arnon et al., 2004;
Mandelboim et al., 2001), but the activation of NK cells is tightly regulated and co-receptors
such as 2B4 are thought to mediate the effects of NKp46 (Bryceson et al., 2006a, b; Chuang
et al., 2000; Sivori et al., 2000). CD27 plays a critical role in the accumulation of influenza virus
specific T cells in the lung (site of infection) and the lung draining LNs by stimulating the
survival of activated T cells (Hendriks et al., 2003) indicating a role for this receptor in T cell
immune responses to influenza. Differences in receptor expression and cytotoxic responses
between human CD27" and CD27° NK cells have been shown. CD27" NK cells produce a
greater magnitude of IFNy and TNFa inflammatory cytokines compared to CD27- NK cells (Fu
et al., 2011; Silva et al., 2008) suggesting that CD27 can be used as a marker to differentiate
functionally different NK subsets in humans (Silva et al., 2008). Furthermore, in vivo studies
show that CD27*CD56°"9" NK cells may be involved in the clearance of hepatitis C in HIV-
infected patients (Eisenhardt et al., 2014) and HIV/HCV co-infected patients have reduced
frequencies of CD56"9" NK cells co-expressing CD27 (Kaczmarek et al., 2017).

Peripheral LNs are critical for the induction of memory responses against antigen that is
introduced via the skin and in L-selectin (CD62L) deficient mice the development of antigen
specific T cells is impaired (Catalina et al., 1996) . Lymph nodes are believed to be the site of
sensitization of NK cells responsible for RAG independent CHS responses, as blocking of

CD62L ablates CHS responses in sensitized mice (Catalina et al., 1996; Catalina et al., 1999;
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Diacovo et al., 1998) and although the role of CD27 in human NK cell recall responses is not
clear, specific CD27" liver resident NK subsets have been implicated in RAG-independent
CHS responses in mice (O'Leary et al., 2006). Intramuscularly administered vaccines drain
into regional LNs (Gretz et al., 1997), arriving at specific antigen collection sites within minutes
of vaccination (Woodruff et al., 2014). Following influenza vaccination, NK cells are recruited
to the LNs, accumulating in the interfollicular area (Farsakoglu et al., 2019) where they are
involved in complex cross-talk with DC’s (Cooper et al., 2004; Farsakoglu et al., 2019;
Ferlazzo and Morandi, 2014; Ferlazzo et al., 2004; Fernandez et al., 1999; Zitvogel, 2002).
CD56""" NK cells are enriched for CD62L expression, which mediates entry to LNs by binding
with high efficiency to HEVs (Frey et al., 1998). Upon arrival in the LNs, CD56°"9" NK cells are
able to proliferate and produce abundant IFNy (Vitale et al., 2004b) which in turn, influences
adaptive immune responses (Bajenoff et al., 2006; Martin-Fontecha et al., 2004; Scharton and
Scott, 1993).

As T and B cells can undergo somatic rearrangement which allows for specific recognition of
a previously encountered antigen, classical memory immune responses are confined to cells
of the adaptive immune system. These memory cells are epigenetically and phenotypically
distinct from their naive counterparts, are long-lived and able to mount a rapid and more robust
secondary response. NK cells cannot undergo somatic rearrangement and are therefore
unable to mount “classical” memory responses. However, evidence of NK memory-like or
recall responses is continually emerging, which includes antigen-specific, cytokine induced or
memory-like responses ((Cooper et al., 2009; Newhook et al., 2017; O'Leary et al., 2006; Sun
et al., 2009) and reviewed in (Paust et al., 2017)). “Memory” NK cells are able to self-renew,
undergo immense expansion and contraction, are long-lived and can mount a secondary
response to specific antigens (Cooper et al., 2009; Dokun et al., 2001; O'Leary et al., 2006;
Sun et al., 2009). Recently, changes of responding NK phenotypes to modified vaccinia virus
Ankara (MVA) vaccination have been shown that leads to long term “imprinting” of NK cells,
such that, cells responding to a second boost are functionally and phenotypically different from

those responding to a priming event (Palgen et al., 2019).

Mounting evidence indicates that NK cells are able to develop virus-induced memory
responses and studies, although limited, have also shown that vaccination induces phenotypic
and functional NK cell changes both in humans (Costanzo et al., 2018; Jost et al., 2011;

Palgen et al., 2019) and macaques (Vargas-Inchaustegui et al., 2016).

Virus-induced (antigen-specific) NK recall responses have been described in mice. Murine NK
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cells express the Ly49H receptor which directly recognises the m157 protein of MCMV and
following the adoptive transfer of Ly49H" cells into mice lacking this receptor a secondary
expansion occurs that is antigen-specific, as MCMV lacking the m157 protein do not induce
Ly49H NK proliferation (Sun et al., 2009). Similar to murine Ly49H NK cell recognition of the
viral m157 protein, NKp46 directly recognises the influenza haemagglutinin and mediates
killing of infected cells (Mandelboim et al., 2001) providing a body of evidence on which to
model a NK recall response that is based on viral antigen-induced proliferation through specific

receptor/ligand interactions.

Earlier analysis (Table 4.3 in Chapter 4, section 4.2.4) revealed that CD27 and CD62L are
almost exclusively expressed on NKp46 cells and that CD27, in particular, could act as a co-
receptor for NKp46, as CD27 co-expression associated with a higher NKp46 surface density
and despite wide variances between individuals, surface expression within individuals
remained remarkably stable over time. Therefore, the main aim of this chapter was to explore
functional and phenotypic differences between lymph homing and peripheral NKp46*
subphenotypes of CD56°"9"CD 16 NK cells responding to influenza vaccination and monitor
post-vaccination “imprinting” of NK cells which may be suggestive of long term “memory-like”

or recall responses.

5.2. Materials and Methods
5.2.1. Influenza vaccine participants
Venous blood was collected from twelve vaccinated participants (described in Chapter 2,

section 2.1.1).

5.2.2 Cryopreservation and thawing of samples
Aliquots of stored PBMC from participants (Chapter 2, section 2.3.1) were thawed and rested
as required (Chapter 2, section 2.5).

5.2.3 Ex vivo flu-stimulations
Ex vivo flu-stimulations were carried out as described in Chapter 2, section 2.6.1 on pre- and

post- vaccination samples.

5.2.4 Staining protocols

Cells were prepared for staining as described in Chapter 2, section 2.7. Briefly, cells were
stained to eliminate dead cells (Chapter 2, section 2.8.1) as well as for the expression of
surface receptors (Chapter 2, section 2.8.2) in addition to being stained intracellularly (Chapter
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2, section 2.8.3) for detection of IFNy and CD3 (which can be downregulated upon antigen
stimulation). Degranulation was detected by staining for CD107a (Chapter 2, section 2.8.4).

Single staining of compensation beads was performed as describe in Chapter 2, section 2.8.5.

5.2.5 Acquisition of cells and data collection
Stained cells for flow cytometry analysis were acquired and data collected as described in
Chapter 2, section 3.2.6.

5.2.6 Statistical analysis

The proportion of gated cells were calculated as a percent (%) of the parent population using
FlowJo™ Software for Mac (version 9.9.4), Ashland and Prism (version 5) software to
calculate medians and interquartile ranges. The nonparametric Wilcoxin signed rank test was
applied to determine differences between matched samples using Prism (version 5). P<0.05

was considered significant.

5.3 Results

5.3.1 Influenza vaccination induces long lived changes in NKp46 subphenotype
proportions

Twelve healthy subjects were vaccinated with the trivalent inactivated influenza vaccine
(2009) and the dynamics of NK cell responses over time was investigated upon re-stimulation
of PBMCs with the vaccine antigen. Pie charts were generated of the percentage of the
Boolean CD56°"9"CD16"° subphenotypes for the controls and in response to flu re-
stimulation, and examined at the following timepoints - pre-vaccination, and 3 days, 6 months

and 1 year post-vaccination (Figure 5.1).

Expansions and contractions occurred over time in the lymph-homing (Ih)NKp46CD27
subphenotype and in both peripheral subphenotypes (pNKp46CD27" and pNKp46CD27") in
the control cultures. In response to flu-stimulation however, the proportion of both lymph
homing subphenotypes increased whereas both peripheral subphenotypes decreased post-
vaccination. Expansions and contractions were prevalent only for NKp46™ cells that co-
expressed CD27 and/or CD62L for both controls and flu-stimulated cells as the small
proportion of NKp46 CD62L"CD27- CD56""CD16™¢ cells remained unchanged at all
timepoints compared to pre-vaccination frequencies for controls and flu-stimulated cells
(P>0.05). Similarly, NKp46 cells that co-expressed either CD27 or CD62L or both CD27 and
CD62L (combined into a single set) remained unchanged at all post-vaccination timepoints

when compared to pre-vaccination (P>0.05).
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Figure 5.1: Boolean gated CD56°""CD16™¢ lymph homing and peripheral NKp46*
subphenotypes. CD56°"9"CD16"9 cells positive for surface expression of NKp46, CD62L and
CD27 were gated and the subphenotype combinations and relative proportions determined by
applying a Boolean gated algorithm (FlowJo™ software for Mac version 9.9.4, Ashland.) for
controls (left panel) and flu-stimulated (right panel) CD56°"9"CD16"* cells.
*NKp46°CD27*/CD62L* = CD56""CD16"9 cells that do not express NKp46, but express
CD62L, or CD27, or both. Data from these 3 subphenotypes were combined into a single set
for graphical display purposes due to small population sizes of individual sets.

Since complex differences were apparent in the dynamic response over time of the 4 NKp46*
subphenotypes in both control and flu-stimulated cells (Figure 5.1), the individual NKp46*
subphenotype longitudinal responses between control and flu-stimulated cultures were

84
CHAPTER 5: CD56""CD16" responses to influenza vaccination



_ CHAPTER 5:
CD56""9" CD16"*? NK cell responses to influenza vaccination
compared to gain insights into subphenotype expansions and contractions attributable to in

vivo influenza vaccination.

5.3.1.1 Influenza vaccination changes in lymph homing NKp46CD27* proportions
IhNKp46CD27" responses did not differ significantly (P=0.91) between controls and flu-
stimulated cells before vaccination however significantly more (P=0.049) IhnNKp46CD27" cells
responded to flu re-stimulation 6 months post-vaccination and this was maintained up to 1
year (P=0.047) (Figure 5.2).
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Figure 5.2: The effect of influenza vaccination on the distribution of InNNKp46CD27" cells.
Proportions of InNKp46CD27" cells were compared between control (no flu) and flu-stimulated
PBMCs prior to vaccination (pre-) and at 3 days, 6 months and 1 year post-vaccination. Paired
comparisons were performed using Wilcoxon signed rank test and P-values of <0.05 were
considered significant. Error bars represent medians with interquartile ranges. Open symbols
represent controls (no flu) and closed symbols represent flu-stimulated cells.

The significant increase in IhnNKp46CD27" proportions 6 months after vaccination (P=0.012),
suggested not only an increased magnitude of vaccine-responsive cells, but also the presence
of a pool of long lived cells. This was not observed in co-stimulated cells (P=0.64, 3 days and
P=0.23, 6 months post-vaccination). These data highlight the antigen-specific nature and the
longevity of the influenza vaccine response, and support the concept of long-lived functional
reprogramming of NK cells as a consequence of influenza vaccination. The relative dynamics
between InNKp46CD27" pre- and 6 months post-vaccination co-stimulated (controls) and flu-

stimulated cells, are graphically depicted in Figure 5.3.
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Figure 5.3: lllustration summarizing InNKp46CD27" subphenotype distributions before and 6
months after influenza vaccination. Prior to vaccination, there was no change in cells
responding to responding to flu compared to co-stimulated controls. At 6 months post-
vaccination, co-stimulated cells remained at pre-vaccination levels, whereas the proportion of
IhNKp46CD27" cells responding to flu re-challenge was greater than pre-vaccination levels.

These unique results indicate potentially an important role for InNKp46CD27" cells and
therefore the CD56°""™CD16™° subset in a trained memory or NK recall response.
Furthermore, this minor NK subset may not necessarily be a less mature subset but rather a
distinct NK subphenotype that can undergo an education process mediated by encounters
with a specific antigen and that vaccination induces long term phenotypic “training” of this
CD56""CD16™¢ NK subset.

5.3.1.2 Influenza vaccination changes in lymph homing NKp46CD27" proportions

As for INNKp46CD27" cells there were no marked differences InNKp46CD27- cells before
vaccination between control and flu-stimulated cells (P=0.15). Interestingly following
vaccination, this subphenotype increased over 6 months, but to a greater extent in the controls
compared to flu-stimulated cultures (P=0.021 and P=0.027 at 3 days and 6 months,
respectively) (Figure 5.4). These findings suggest an expansion of IhnNKp46CD27" cells
responsive to co-stimulation by CD28 and/or CD49d antibodies (as is given as a cocktail of
both antibodies), but an inhibition of this response in the presence of flu as a stimulus (as cells

are costimulated with CD28 andCD49d antibodies together with the flu preparation).

86
CHAPTER 5: CD56""CD16" responses to influenza vaccination



_ CHAPTER 5:
CD56""9" CD16"*? NK cell responses to influenza vaccination

[ P=0.014 !
80- [ P=0.01 |
Fp=0.0211 I p=0.027
P=0.006 |

Ppbitied

O T T T T T T T T
Pre- | 3days 6 months 1year
vaccination Y

Post-vaccination

CD569"CD16me9
IhNKp46CD27-
B D
e 3

N
2

Figure 5.4 The effect of influenza vaccination on the distribution of InNKp46CD27" responding
cells. Proportions of InNKp46CD27" cells were compared between control (no flu) and flu-
stimulated PBMCs prior to vaccination (pre-) and at 3 days, 6 months and 1 year post-
vaccination. Paired comparisons were performed using Wilcoxon signed rank test and P-
values of <0.05 were considered significant. Error bars represent medians with interquartile
ranges. Open symbols represent controls (no flu) and closed symbols represent flu-stimulated
cells.

The relative dynamics of InNKp46CD27 cells pre- and 6 months post-vaccination for flu-

stimulated and control cells, are graphically depicted in Figure 5.5.
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Figure 5.5: lllustration summarizing IhnNKp46CD27" subphenotype distributions before and 6
months after influenza vaccination. Prior to vaccination there was no change in cells
responding to flu compared to co-stimulated controls. At 6 months post-vaccination this
subphenotype increased but co-stimulated control cells increased to a greater extent
compared to flu-stimulated cells.
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5.3.1.3 Influenza vaccination changes in peripheral NKp46CD27* proportions

Prior to vaccination proportions of pNKp46CD27" cells did not differ significantly between
control and flu-stimulated cultures, although the latter appear elevated. The apparent outlier
at the pre-vaccination timepoint, was the same individual whose CD27 proportions made up
47.7% of CD56”""CD16"¢ NK cells (Table 4.1). However, a greater proportion of cells
responded to flu-stimulation compared to controls at 3 days post-vaccination (P=0.0005) and
this difference was maintained up to 6 months (P=0.02) (Figure 5.6). Compared to the pre-
vaccination timepoint the proportions of pPNKp46CD27" cells were significantly decreased in
both controls and flu-stimulated cultures by 6 months, (P=0.02 and P=0.03, respectively)

compared to pre-vaccination (graphically depicted in Figure 5.7).
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Figure 5.6: The effect of influenza vaccination on the distribution of pPNKp46CD27" responding
cells. Proportions of pNKp46CD27" cells were compared between control (no flu) and flu-
stimulated PBMCs prior to vaccination (pre-) and at 3 days, 6 months and 1 year post-
vaccination. Paired comparisons were performed using Wilcoxon signed rank test and P-
values of <0.05 were considered significant. Error bars represent medians with interquartile
ranges. Open symbols represent controls (no flu) and closed symbols represent flu- stimulated
cells.

Therefore, unlike the InNKp46CD27" cells which increased in proportion by 6 months post-
vaccination in response flu (but with no change in co-stimulated proportions), pPNKp46CD27*
cells decreased in co-stimulated and flu-stimulated cultures, indicating either a reduced
response by NKp46® cells or changes in co-expression of CD62L and/or CD27 post-
vaccination. The relative dynamics of IhLNKp46CD27" cells pre- and 6 months post-vaccination

for flu-stimulated and control cells, are graphically depicted in Figure 5.7.
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Figure 5.7: lllustration summarizing pNKp46CD27" subphenotype distributions before and 6
months after influenza vaccination. Prior to vaccination there was no change in cells
responding to flu compared to co-stimulated controls. At 6 months post-vaccination, At 6
months post-vaccination this subphenotype decreased but co-stimulated control cells to a
greater extent than flu-stimulated cells.

5.3.1.4 Influenza vaccination changes in peripheral NKp46CD27" proportions

Examination of pNKp46CD27  cell proportions revealed that these reflected those of
pNKp46CD27* cells and although 2009- influenza vaccine antigen stimulated cells did not
significantly increase in comparison to co-stimulated cells by 3 days post-vaccination they did
show an increased trend which by 6 months was significant (P=0.049) (Figure 5.8). Similar to
pNKp46CD27* cells, by 6 months post-vaccination, a significantly lower proportion of
pNKp46CD27" cells, were able to respond to either flu-stimulation or CD28/CD49d co-
stimulation (P=0.014 and P=0.03, respectively) (graphically depicted in Figure 5.9).
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Figure 5.8: The effect of influenza vaccination on the distribution of pPNKp46CD27 responding
cells. Proportions of pNKp46CD27" cells were compared between control (no flu) and flu-
stimulated PBMCs prior to vaccination (pre-) and at 3 days, 6 months and 1 year post-
vaccination. Paired comparisons were performed using Wilcoxon signed rank test and P-
values of <0.05 were considered significant. Error bars represent medians with interquartile
ranges. Open symbols represent controls (no flu) and closed symbols represent flu-stimulated
cells.

Co-stim Flu-stim

e £ o £

Key:
~Z*7 Fluantigen

CD28&CD49d co-
stimulatory antibodies

O Responding cells

Non-responding cells

Pre-vaccination 6 months post-vaccination

Figure 5.9: lllustration summarizing pNKp46CD27" subphenotype distributions before and 6
months after influenza vaccination. Prior to vaccination there was no change in cells
responding to flu compared to co-stimulated controls. At 6 months post-vaccination this
subphenotype decreased but co-stimulated control cells to a greater extent than flu-stimulated
cells.

Overall, these data demonstrate that the peripheral and lymph homing NKp46 subphenotypes
(pPNKp46CD277, pNKp46CD27°, InNKp46CD27" and IhNKp46CD27°) show no changes in

proportion prior to vaccination with flu-stimulation, but following vaccination, peripheral and
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lymph homing NK proportions differed. Peripheral subphenotypes responded with similar
dynamics (Figures 5.7 and 5.9) and indicated that they were independent of CD27 co-
expression, whereas, lymph homing NKp46 cells (Figures 5.3 and 5.5) responded with

different dynamics according to CD27 expression.

5.3.2. Lymph homing and peripheral NKp46* subphenotype degranulation (CD107a)
responses

Since recognition and elimination of influenza infected cells is mediated by direct binding of
NKp46 a-2,6 sialic acid residues to influenza HA protein (Arnon et al., 2004) and by activating
lysis of virus infected cells (Mandelboim et al., 2001), longitudinal vaccine-induced
degranulation (CD107a) responses were next investigated (Figure 5.10). CD107a expression
was significantly increased in flu-stimulated Ih- and pNKp46CD27" cells as well as |Ih- and
pNKp46CD27" cells prior to vaccination and for all post-vaccination timepoints (except P>0.05
in INNKp46CD27 cells at 1 year post-vaccination) compared to co-stimulated cells (Figures
5.10A, B, C and D).
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Figure 5.10: Lymph-homing and peripheral NKp46 subphenotype CD107a* degranulation
responses to flu-stimulation. Comparisons are shown between co-stimulated cells (open
symbols) and flu-stimulated cells (solid symbols) and for IhnNKp46CD27* (A), InLNKp46CD27"
(B), pPNKp46CD27* (C) and pNKp46CD27-(D) subphenotypes. Error bars indicate medians
with interquartile ranges. Paired comparisons were performed using Wilcoxon signed rank and
P-values of <0.05 were considered significant. Error bars represent medians with interquartile
ranges.
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These findings suggest that degranulation occurs de novo as a direct consequence of in vitro
flu-stimulation, and displayed broad variability in response between different individuals. Given
that the flu stimulus was a very potent inducer of degranulation, any subtle differences in
cytolytic capability following influenza vaccination may not be evident. Vaccine primed
degranulation may also have occurred very early following vaccination (before 3 days) as there
was a trend to a greater degranulation response for CD27" cells, particularly for the
IhNKp46*CD27* subphenotype (P=0.052), yet, if this is indeed the case, then these responses

are short lived.

5.3.2.1 Influence of CD27 co-expression on magnitude of NKp46* degranulating cells
Cell surface expression of CD27 influences NK cell function (Fu et al., 2011; Vossen et al.,
2008) and CD56°™" or CD27* NK cells are considered to define an NK regulatory subset
which target cells that express inflammatory molecules (Fu et al., 2014). To understand if
CD27 preferentially influenced the cytolytic function of NKp46 subphenotypes differences in
degranulation responses to flu-stimulation between CD27* and CD27- NKp46 subphenotypes
were directly compared by correcting for background responses (determined by subtracting
co-stimulated CD107a responses from flu-stimulated responses). Comparing lymph homing
subphenotypes, while CD27" cells were significantly more cytolytic than CD27" cells only at 1
year post-vaccination (p=0.016), a pattern of increased CD107a expression on CD27" cells
relative to CD27" cells was evident (Figure 5.11A). These results would need to be verified
with larger sample numbers, however the consistent pattern across all timepoints of higher
CD107a expression on CD27+ versus CD27- cells suggests that CD27 co-expression is very
likely associated with enhanced cytolytic capability. A role for CD27 was very convincingly
evident for the peripheral subphenotypes which are prevalent at much higher frequencies than
lymph homing subsets. Peripheral NKp46CD27" cells were significantly more cytolytic than
pNKp46CD27" cells prior to influenza vaccination (P=0.016) and at 3 days (P=0.003), 6 months
(P=0.027) and 1 year (P=0.016) post-vaccination (Figure 5.11B).
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Figure 5.11: Effect of CD27 co-expression on magnitude of pPNKp46™* degranulating responses
to flu-stimulation. To determine if CD27 co-expression on NKp46™ subphenotypes influences
magnitude of responding degranulating cells, comparisons were made between NKp46CD27*
and NKp46CD27" subphenotypes after adjusting for background responses (determined by
subtracting co-stimulated frequencies from flu-stimulated frequencies). Paired comparisons
were performed using Wilcoxon signed rank test and P-values of <0.05 were considered
significant. Error bars represent medians with interquartile ranges.

Taken together, these findings provide novel insights into cytolytic capability of lymph homing
NKp46™ cells able to migrate to SLO’s and NKp46™ cells within the peripheral circulation and
reveals a role for CD27 co-expression in peripheral NKp46 mediated cytolytic responses with

the pNKp46CD27* subphenotype proving to be the most cytolytic (Figure 5.12).
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Figure 5.12: Differences in the magnitude of degranulating (CD107a") cells between lymph
homing and peripheral NKp46* subphenotypes. Medians were calculated following corrections
for background CD107a responses and P-values represent comparisons between
pNKp46CD27" cells and pNKp46CD27-, IhnNKp46CD27* and IhNKp46CD27- subphenotypes.
Paired comparisons were performed using Wilcoxon signed rank test and P-values of <0.05
were considered significant.
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5.3.3. Lymph homing and peripheral NKp46* subphenotype cytokine (IFNy*) responses
NK cells provide an early source of IFNy in the lungs contributing to both innate and adaptive
antiviral responses, as shown for vaccinia virus infection (Abboud et al., 2016) and are
essential for Th1 polarization of naive CD4 T cells within the LN (Martin-Fontecha et al., 2004).
The capacity of NKp46 subphenotypes to produce IFNy in response to influenza vaccination

was next analysed. (Figure 5.13).

(B)

2

8_
87 P=0002' (P=0008 P=0.016
-
@ 2 61
g 6 o 8
UZTF\ ° E R [ 1]
N i
=a o £0 4
$Q 4 joge)
% °3F
5o o Ipgo1! & x
o X =
z £ o4
< 2 [e] ) =

0-L@iee—este—aapo o aaip 015 55 LS =2
Pre- 3 days 6 months 1 year vacsi;eation 3days 6 months 1 year
vaccination . Post-vaccination
Post-vaccination
(©) (D) P=0.037
357 351 pooo08 o007 'P0004" P=0076
|
30+ 301
£ 254 . 3 257 .
o > ©
2 201 £ 5 201
£y P=0.007 1 TP=0.0021 ' P=0.011 Ip=0031) =
= .
a oax
ax 104 o . Z 10
2 o a ic g
- o
o 5 D i
D . S i O- T
Pre- 3 days 6 months 1 year Pre 3 days 6 months 1 year
inati . d vaccination
vaccination Post-vaccination Post-vaceination

Figure 5.13: Lymph homing and peripheral NKp46 subphenotype cytokine (IFNy*) responses
to ex vivo flu-stimulation. Comparisons are shown between co-stimulated cells (open symbols)
and flu-stimulated cells (solid symbols) for IhNKp46CD27* (A), IhNKp46CD27- (B),
pNKp46CD27* (C) and pNKp46CD27- (D) subphenotypes. Error bars indicate medians with
interquartile ranges. Paired comparisons were performed using Wilcoxon signed rank test and
P-values of <0.05 were considered significant. Error bars represent medians with interquartile
ranges.

Flu-stimulated InNKp46CD27* cells produced more IFNy than co-stimulated cells (P=0.01) at
3 days post-vaccination (Figure 5.13A). On the other hand, flu-stimulated IhNKp46CD27" cells
responded with a greater frequency than in co-stimulated cells, at pre-vaccination, and at 3
days and 1 year post-vaccination (P=0.002; P=0.005; P=0.016, respectively) (Figure 5.13B).

In contrast to lymph homing NKp46 subphenotypes, frequencies of both IFNy-producing

peripheral NKp46 subphenotypes were significantly increased in response to ex vivo flu-
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stimulation compared with co-stimulated cells for all timepoints, (P<0.05) (Figures 5.13C and
D). In vivo vaccination influenced post-vaccination responses as the frequency of IFNy*
responding cells for both pPNKp46CD27" and pNKp46CD27 subphenotypes decreased post-
vaccination. This was particularly noticeable for the pNKp46CD27" subphenotype, as the
frequency of cells responding to flu-stimulation with intracellular IFNy production, started
decreasing within 3 days after vaccination, which by 6 months was significant (P=0.037)
(Figure 5.12D). Murine models have shown that the phenotype of murine lung NK cells
comprises approximately 70% CD27 cells and that NK cells are rapidly recruited to the lungs
from other sites following influenza infection (Wang et al., 2012), therefore it could be
postulated that the reduction in pNKp46CD27" IFNy™ cells may be a consequence of antigen

responding IFNy™ cells being recruited to the lungs following vaccination.

5.3.3.1. Influence of CD27 co-expression on magnitude of NKp46* IFNy producing cells
NK cells are able to rapidly secrete IFNy upon cell activation (De Maria and Moretta, 2011)
and differences between lymph homing and peripheral NKp46 IFNy responses according to
CD27 co-expression were next assessed. After adjusting for background IFNy responses, the
frequency of IhNKp46CD27" cells responding to flu-stimulation was greater than the frequency
of hNKp46CD27" cells at 6 months (P=0.006) and at 1 year (P=0.03) (Figure 5.14A), whereas
before vaccination, pNKp46CD27" cells produced more IFNy than pNKp46CD27" cells
(P=0.0005). The frequency of IFNy-expressing pNKp46CD27 cells declined within 3 days of

vaccination and differences were lost, but recovered by 1 year (P=0.016) (Figure 5.14B).
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Figure 5.14: Influence of CD27 co-expression on magnitude of pNKp46™ cytokine (IFNy)
responses. Comparisons were made between NKp46CD27° and NKp46CD27
subphenotypes after adjusting for background responses (determined by subtracting co-
stimulated from flu-stimulated IFNy* cell frequencies). Paired comparisons were performed
using Wilcoxon signed rank test and P-values of <0.05 were considered significant. Error bars
represent medians with interquartile ranges.
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Similar to degranulating cells, peripheral NKp46 IFNy responses were greater in magnitude
than those of lymph homing cells but in contrast to CD107a" degranulating cells, the
magnitude of IFNy response was greater for CD27 cells and pNKp46CD27" cells were the

most abundant producers of intracellular IFNy (Figure 5.15).
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Figure 5.15: Differences in the magnitude of IFNy producing cells between lymph homing and
peripheral NKp46® subphenotypes. Medians were calculated following corrections for
background IFNy responses and P-values represent comparisons between pNKp46CD27
cells and pNKp46CD27*, IhNKp46CD27- and IhNKp46CD27* subphenotypes. Paired
comparisons were performed using Wilcoxon signed rank test and P-values of <0.05 were
considered significant.

Taken together, peripheral NKp46 cells respond to influenza vaccine with enhanced IFNy
cytokine and CD107a degranulation responses compared to lymph homing cells. Importantly,
CD27 co-expression functionally delineates peripheral NKp46 subphenotypes, as CD27 co-
expression was associated with enhanced CD107a degranulation responses. Although the
data was not as compelling for IFNy responses, the lack of CD27 co-expression was largely

associated with enhanced IFNy responses.

5.3.4 CD56""9"'CD16"¢ NK cells are not polyfunctional

Polyfunctionality (ability to produce two or more cytokines/functions) is a feature of potent T
cell responses to infection (Almeida et al., 2007; Betts et al., 2005; Bihl et al., 2009; Ciuffreda
et al., 2008). To investigate if CD56"""CD16"¢ subsets are polyfunctional, quadrant gates
were applied to CD27* and CD27" subphenotypes to determine levels of CD107a and IFNy

co-expression (Figure 5.16).
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Figure 5.16: CD107a and IFNy co-expression on CD56"9"CD16™Y NK cells. To assess if
CD56°™"CD16"™ NK cells are polyfunctional, co-expression frequencies of CD107a and IFNy
responding cells were determined by applying quadrant gates to CD56*"9"CD16"® CD27* (top
row) and CD27" (bottom row) flu-stimulated cells. Dot plots are representative examples of 3
participants with low, medium and high frequencies of IFNy and CD107a responses. Numbers
in dot plots represent percent expression for each quadrant as calculated by FlowJo™
Software for Mac (version 9.9.4), Ashland.

No CD27* or CD27- CD56°™"CD16"™¢ NK cells capable of co-expressing CD107a and IFNy
were evident, in agreement with findings published by Juelke et al., (2010), who showed that
unlike CD56%™ cells, CD56°""CD16%™" cells, are not polyfunctional (at least for the markers

tested).

5.3.5 Influence of ex vivo flu-stimulation on NKp46 cell surface density

Since influenza vaccine driven changes in NKp46 and CD244 (2B4) expression, with
accompanying functional responses, have been observed in human NK subsets following
influenza vaccination (Jost et al., 2011), changes in NKp46 cell surface density were next
investigated, by comparing NKp46 MFI of flu-stimulated cells with that of co-stimulated cells
(Figure 5.17).
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Figure 5.17: Effect of ex vivo flu-stimulation on NKp46 cell surface density. Median fluorescent
intensities (MFI) of flu-stimulated cells were compared to co-stimulated cells for
IhNKp46CD27* (A); IhNKp46CD27- (B); pNKp46CD27* (C) and pNKp46CD27 (D)
subphenotypes. Paired comparisons were performed using Wilcoxon signed rank test and P-
values of <0.05 were considered significant. Error bars represent medians with interquartile
ranges.

In general, NKp46 cell surface density was significantly increased in response to ex vivo flu-
stimulation compared to co-stimulated controls. This was significant prior to vaccination and
up to 6 months post-vaccination for both InNKp46CD27" (Figure 5.17A) and IhnNKp46CD27-
(Figure 5.17B) subphenotypes (P<0.05). Therefore, upregulated NKp46 surface expression
occurred independently of CD27 co-expression, although to a greater extent on CD27" cells.
A similar significant upregulation of NKp46 surface density was observed on pNKp46CD27*
cells up to 6 months (Figure 5.17C). In contrast however, NKp46 surface density on
pNKp46CD27 cells was only upregulated pre-vaccination and 1 year post-vaccination (Figure
5.17D), which intriguingly coincided with the 2 time-points where the frequency of
pNKp46CD27" IFNy producing cells was significantly greater than those of pNKp46CD27*

cells.
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Changes attributed to in vivo vaccination were apparent for hNKp46CD27" and pNKp46CD27-
cells, as following vaccination, an enhanced upregulation of NKp46 surface expression was
observed with flu re-challenge by 6 months post-vaccination for IhNKp46CD27" cells
(P=0.014) (Figure 5.17A) as well as pNKp46CD27" cells (Figure 5.17D) compared with pre-
vaccination flu-stimulated cells. This points to the existence of a pool of expanding vaccination
primed or “trained” NKp46 cells within these 2 NKp46™ subphenotypes that by 6 months was

larger than the pool of cells able to respond to flu-stimulation before vaccination.

5.4 Discussion

In the current study, CD56°"9"CD16™ lymph homing (CD62L*) and peripheral (CD62L")
NKp46 subphenotype responses to 2009-influenza vaccination were longitudinally
investigated over a year, in order to establish if vaccination induced long term functional
reprogramming of any CD56""CD16"9 NK subphenotypes. Associations between CD27
expression and NKp46 surface density were investigated, and subphenotype cytolytic and
intracellular cytokine response was assessed by measuring CD107a degranulation and

intracellular IFNy production, respectively.

Accumulating evidence, suggests that NK cells have features characteristic of adaptive
immunity. There are reports in mice of enhanced secondary responses by NK cells to MCMV
(Sun et al., 2009) and in humans, evidence of adaptive NK memory-like recall responses to
viruses includes specificity to antigen (Hammer et al., 2018; Nikzad et al., 2019), the presence
of long lived memory cells (Geary and Sun, 2017; Hammer et al., 2018; Nikzad et al., 2019),
the expansion of specific memory responses (Guma et al., 2006; Lopez-Verges et al., 2011)
and enhanced functional responses (Foley et al., 2012). Vaccination of macaques with
modified MVA vaccination leads to long term “imprinting” of NK cells with subsequent changes
in NK phenotype, homing characteristics, cell adhesion and cytolytic responses (Palgen et al.,
2019), yet, murine NK cells can also exhibit a “trained immunity” response as they produce
higher amounts of IFNy upon re-exposure to cytokines (Cooper et al., 2009; Keppel et al.,
2013; Ni et al., 2012; Romee et al., 2012) which does not require antigen specificity. The fact
that NK cells exhibit elements of adaptive recall responses, trained responses and long term
vaccination induced functional reprogramming, reveals a potential role for NK cells in the

development of improved vaccines.

In the current study, complex post-vaccination increases and decreases in proportions of
NKp46 subphenotypes in response to ex vivo 2009-vaccine challenge, and which persisted
for up 6 months post-vaccination, were observed for all NKp46 subphenotypes. These data
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indicated long term vaccination induced functional reprogramming on NKp46 subphenotypes
of which the IhnNKp46CD27" subphenotype showed four elements of an adaptive recall
response.

1. As there was no pre-vaccination expansion of |hNKp46CD27* subphenotype
proportions in response to ex vivo flu-stimulation compared to co-stimulated cells, this
indicated that changes in post-vaccination responses were due to in vivo vaccination.

2. The proportion of IhLNKp46CD27" cells increased significantly (P=0.012) in magnitude
in response to influenza vaccine antigen re-challenge 6 months post-vaccination. This
suggests the presence of a pool of specific cells that had undergone epigenetic
changes and that expanded rapidly (within an in vitro setting) upon antigen re-
challenge.

3. Responses were specific. There was no change in the proportion of post-vaccination
co-stimulated cells indicating that changes in subphenotype proportions were not a
reflection of nonspecific co-stimulation, but rather specific cells responding to antigen.

4. Responses were long lived. Although at 3 days post-vaccination there was no
significant increase in 2009- influenza vaccine antigen responding cells, by 6 months
the proportions of InNKp46CD27" cells were significantly greater than prior to
vaccination, indicative of the presence of long-lived cells able to respond to antigen re-

exposure.

It is known that during viral infection there can be a cytokine-mediated activation of NK cells,
however MCMV-memory NK cells become less responsive to bystander cytokine NK cell
activation and more antigen specific, which is dependent on the Ly49H receptor (Min-Oo and
Lanier, 2014). Also, MCMV memory NK cells generated by Ly49H activation and expansion
in response to MCMV is dependent on specific recognition of the m157 antigen and it has
been suggested that one of the underlying mechanisms of MCMV induced memory NK cells
involves an increase in Ly49H surface density (Min-Oo and Lanier, 2014). Following
vaccination, IhNKp46CD27* cells, with the highest NKp46 surface density (Figure 4.9 in
section 4.2.5 of Chapter 4) was the only subset that responded with an increase in proportion
to ex vivo flu-stimulation but remained unchanged with co-stimulation. It is therefore
conceivable that hnNKp46CD27* cells are responding to influenza antigen in a manner similar
to MCMV m157 antigen interactions with Ly49H as described by Min-Oo and Lanier (2014),
hence an enhanced 2009- influenza vaccine antigen induced response and lack of response
to CD28/CD49d co-stimulation.
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In contrast, following vaccination, changes in proportions were observed in both control (co-
stimulated) as well as flu-stimulated cells for IhNKp46CD27- (which increased in proportion)
and peripheral NKp46 subphenotypes (which decreased in poportion). Integrating and
interpreting the data between ex vivo flu-stimulations and vaccination induced responses is
complex with the data either being i) a reflection of up- and downregulation of CD27 and
CD62L on the same subset and therefore either representing different stages of a trained
recall response, or post-vaccination “imprinting” on CD62L" cells as described by (Palgen et
al., 2019) or ii) a reflection of differential responses to stimulatory influences by four distinct
subphenotypes or iii) those of two subphenotypes, i.e. lymph homing and peripheral. But the
varying influences driving the dynamics of response is beyond the scope of the current study.
What the results from this study have established though, is that in vivo 2009- influenza
vaccination “trained” (or sensitised) specific CD56°"9"CD 16" subphenotypes sufficiently that
they are able to respond to both 2009-influenza vaccine antigen and CD28/CD49d co-

stimulation.

The unexpected expansions in proportion of CD28/CD49d co-stimulated (Ih)NKp46CD27-NK
cells could be attributed to bystander activation by T cells, but would need to be confirmed
with T cell depletion experiments. The costimulatory requirements of CMV-specific memory
CD4 T cells vary, are heterogeneous in their activation thresholds for antigen induced cytokine
production and the costimulatory pathways (CD28, CD49d and CD5) can affect
memory/effector T cell responses (Waldrop et al., 1998). During viral infection in mice, cell
surface expression of CD49d (and CD11a) is upregulated on murine antigen specific CD4 T
cells (McDermott and Varga, 2011) while in humans the frequency of CD49d* (and CD11a)
antigen-specific CD4 and CD8 T cells increases for up to 6 months following vaccination with
Leishmania vaccine (Christiaansen et al., 2017). The o431 integrin (CD49d) is also expressed
on NK cells (Gandoglia et al., 2017; Macias et al., 2000) and on innate memory NK-like CD8*
T cells (Barbarin et al., 2017). Similarly then, CD49d may play a role in trained immunity of
NK cells, but synergy between co-receptors on resting NK cells is required for cell activation
(Bryceson et al., 2006b) and whether mutual co-operation exists between CD49d and NKp46
is not known. It would therefore need to be ascertained if direct engagement of CD49d

accounts for the observed responses.

As blocking CD80 and CD86 (the ligands for CD28) inhibits expansion of NK cells, a role for
CDB80/86 co-stimulation in IL-12 dependant lipopolysaccharide (LPS) expansion of NK cells
has been suggested (Goodier and Londei, 2000) but this may be a consequence of T and
dendritic cell blockade rather than a direct effect on NK cells per se (Goodier and Londei,
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2004), as there is little evidence that CD28 is expressed on NK cells (Goodier and Londei,
2004; Lang et al., 1998; Wilson et al., 1999). Yet, even though there is no evidence of CD28
surface expression on NK cells, an unidentified CD28 homolog has been found to be a potent
activator of NK cells as shown by their lytic response to B7H7* tumour cells (Zhuang and Long,
2019). Thus, the role, if any, of CD28 and/or CD49d in changes of subphenotype proportions
therefore remains unclear. Although a possible role of CD28 and CD49d in the observed
changes in post-vaccination responses cannot be discounted, recognition of 2009- H1N1 by
NKp46 leads to the direct killing of 2009- H1N1 influenza infected cells both in vitro and in vivo
(Achdout et al., 2010). Importantly, in the current study, CD56°™9"CD16™¢ cells that did not
express NKp46 remained unchanged following vaccination and did not respond to stimulation
with flu antigen. This indicated that the observed responses (whether flu-stimulated or co-

stimulated) were mediated by changes in NKp46™ cells following vaccination.

Although all NKp46™ subphenotypes responded to flu-stimulation with an increase in suface
density, both lymph homing and peripheral subhenotypes that co-expressed CD27 responded
with a greater increase in NKp46 MFI (P<0.05). These findings are significant, given the
critical role of NKp46 in protection against influenza infection, for which influenza virus has
developed an evasion mechanism that involves NA mediated removal of NKp46 sialic acid
residues (Bar-On et al., 2013). By increasing the number of NKp46 receptors on the NK cell
surface, CD27 may provide a mechanism to help counteract the NA mediated removal of
NKp46 sialic acid residues which are so essential for NK cell interactions with influenza HA

and furthermore, may lower the stimulation threshold for these cells.

CD56°™ and CD56""9" NK cells have different functional capacities (Cooper et al., 2001b; Frey
et al., 1998; Sedimayr et al., 1996) and in their resting state, CD56°™ NK cells are more
cytotolytic against NK sensitive targets than the CD56"" subset (Nagler et al., 1989), but
following activation with IL-12 or IL-2, CD56"9" NK cells acquire similar cytolytic ability (Ellis
and Fisher, 1989; Nagler et al., 1989). A role for CD27 as a co-activator for NKp46 function is
also suggested, as NKp46 surface density is heterogeneous requiring a threshold for
activation which impacts on NK cell function (Sivori et al., 1999) and in vitro blocking of CD27
with an anti-CD27 mAb inhibits cytolytic activity of IL-2 activated NK cells (Sugita et al., 1992).
Peripheral NK cells that express CD27 are mostly of a CD56""" phenotype (Vossen et al.,
2008) and differences in receptor expression and cytotoxic responses between human
CD27"9" and CD27"°" NK cells have been shown (Fu et al., 2011; Silva et al., 2008). In the
current study all NKp46™ subphenotypes responded to 2009- influenza vaccine antigen
stimulation with degranulation, but following vaccination, there was no increase in CD107a
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degranulation with re-challenge. Thus, CD56"""CD16"¢ NK cell cytolytic activity remained
unaffected by vaccination which indicated that responding cells showed no further enhanced
cytolytic activity when re-challenged with 2009- influenza vaccine antigen. NK activation
responses to 2009- H1N1 are reduced compared to those triggered by H5N1 and 1918-H1N1
pseudotyped particles (Du et al., 2010), which is consistent with a milder pathogenesis of the
2009- H1N1 influenza pandemic compared to the H5N1 and 1918-H1N1 pandemics, that were
associated with a more severe pathogenesis caused by enhanced inflammation and cell death
(Kash et al., 2006; Katz et al., 2000). Furthermore, evidence of enhanced degranulation
responses of “memory-like” NK cells remains controversial. Increased secondary CD107a
degranulation responses have been shown in Ly49H" memory-like NK cells in response to
MCMV re-challenge (Sun et al., 2009), however there was no difference between control and
cytokine induced memory-like recall responses in a Rag-1"- mouse model (Keppel et al., 2013)
and hepatic resident CD49'DX5 cells, which have hapten specific CHS responses produce
less CD107a than CD49DX5" cells (Peng et al., 2013b). Taken together these studies suggest
that enhanced CD107a degranulation during secondary NK responses is subject to
stimulation, cell type and phenotype and could explain the degranulation responses observed
in this study as subtle recall responses may have been masked by the innate degranulation

activity of NK cells with flu antigen.

Despite the fact that cells degranulated above background there was no difference (P>0.05)
in CD107a expression between |hNKp46CD27- and |hNKp46CD27* subphenotypes after
adjustments were made for background responses, unlike pNKp46CD27* cells, which
degranulated, at all time-points (P<0.05), with a greater magnitude than the CD27" pNKp46
subphenotype and both lymph homing NKp6 subphenotypes. The data from the current study
therefore indicates that cytolytic responses of peripheral NKp46 subphenotypes could be
delineated by CD27 expression but does not play a role as a marker of enhanced cytolytic
responses for lymph homing NKp46 subphenotypes. This supports the idea that CD27 co-
regulates NKp46 cytolytic responses to influenza antigen on activated peripheral NK cells and
also reveals previously unreported differences of NKp46 mediated degranulation responses,

based on NK homing capability and CD27 co-expression.

Enhanced vaccine induced IFNy NK responses to influenza (Long et al., 2008) as well as other
pathogens (White et al., 2014) have been shown, however conflicting data on IFNy production
by NK cells in human responses to influenza vaccination is also reported (He et al., 2006;
Long et al., 2008). In the current study, distinct differences in IFNy production between lymph
homing and peripheral NKp46™ subphenotypes was observed. Lymph homing NKp46+ cells
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produced very little IFNy with InNKp46CD27" cells in particular, only reaching levels above
background 3 days after vaccination. Although IhNKp46CD27" cells responded above
background for most time-points, the magnitude of response was subdued compared to those
observed for peripheral NKp46 cells. Following migration to the LNs CD56°"9" NK cells
provide an early source of IFNy which is essential for Th1 polarization of naive CD4 T cells
(Martin-Fontecha et al., 2004). Complex cellular interactions and local microenvironment
modify NK cells (Mamessier et al., 2011; Mavilio et al., 2005) and the requirement for
additional signals, such as priming by LN resident dendritic cells (Lucas et al., 2007), could
explain why IhNKp46 cells isolated from the peripheral circulation produced low frequencies
of IFNy. Indeed, lymph homing IFNy producing cells may have started migrating to the LNs
following sensitisation at vaccination, as the proportion of IFNy producing cells responding to

ex vivo stimulation was reduced thereafter.

Although both peripheral NKp46 subphenotypes produced significant IFNy (P<0.05) in
response to flu-stimulation for all time-points, pNKp46CD27" cells in particular, proved to
produce more IFNy than the other NKp46 subphenotypes. But following vaccination, there
was a decline in the number pNKp46CD27  IFNy responding cells and by 6 months
significantly fewer cells responded to re-challenge. These data are in contrast to results from
other studies which have found that CD27" NK cells are able to produce IFNy with a greater
magnitude than CD27" cells (Fu et al., 2011; Silva et al., 2008), but it could be speculated that
following vaccination, reduced pNKp46CD27- IFNy responding cells was a consequence of
migration to the lungs. Murine lungs comprise of mainly CD27- NK cells and following influenza
infection, murine NK cells are rapidly recruited to the lungs from other sites (Stein-Streilein et
al., 1988; Wang et al., 2012). Also, NK cells isolated from lung pleural effusion of patients
infected with Mycobacterium tuberculosis are of a CD56°"9"CD16"? phenotype and although
they have low degranulation capability, they are able to produce abundant IFNy (Schierloh et
al., 2005).

Overall, flu-stimulated peripheral NKp46™ cells elicited significant CD107a degranulation and
IFNy cytokine responses which remained robust for up to a year but wide differences in the
frequency of CD107a and IFNy producing cells were observed between individuals. As with
other studies there was no apparent correlation to age or gender (Schapiro et al., 1990) and
differences in functional responses most likely reflect previous immune activity unique to each
individual which in turn shapes NK heterogeneity (Horowitz et al., 2013). In this study it was
shown that neither CD27* nor CD27- CD56"""CD16"¢ NK cells were polyfunctional in their
response to flu-antigen and this pertained to individuals with robust responses as well as to
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those with a low frequency of responsive cells. This is in contrast to a study (Pelletier et al.,
2010) that reported co-expression of IFNy and CD107a on CD56°™"CD 16" NK cells isolated
from PBMCs from HCV patients (acute, chronic and exposed uninfected) and healthy controls
and co-cultured with K562 cells. The contrasting results could be attributable to the difference
in activation methods used by the studies. Also, K562 cells do not express human leukocyte
antigen (HLA) class I and II (MHC antigens) (Klein et al., 1976; Lozzio and Lozzio, 1975) and
are not able to engage NK cell inhibitory KIRs, thus the stimulatory potential and responses to
K562 cells is determined by expression of ligands for activating NK cell receptors including
NKp46 (Tremblay-McLean et al., 2019). Even though CD56°™9" NK cells do not express
inhibitory KIRs (Michel et al., 2016), NKp46 directly recognizes and engages with 2009-H1N1
and H5 influenza antigens (Achdout et al., 2010). Recognition and interactions of NKp46 with
2009- H1N1 leads to direct killing of virus whereas NKp46 interactions with 2009- H5 are
mediated via a different binding site which does not elicit direct killing of virally infected cells
(Achdout et al., 2010). The stimulatory signals received by NK cells and downstream
responses are therefore dependent on the nature of NKp46 binding to target cells. The
differences between this study and that of Pelletier et. al. (2010) could be explained by the
different functional profiles induced in NK cells by K562 stimulation and NK cell response to
stimulation by a subunit 2009-influenza vaccine antigen since K562 cell lines represent
transformed cells targeted for destruction by NK cells via unknown ligands. It cannot be ruled
out that a) similar to T cells (Han et al., 2012) CD56"""CD16%™" cells are polyfunctional, but
release different cytokines in a sequential manner, or b) represent the same cell which at the
time of stimulation, are responding to different microenvironment signals. These data however
provide further evidence that as with mice, human NK cells can be functionally differentiated
by CD27" and CD27" phenotypes (Fu et al., 2011; Silva et al., 2008; Vossen et al., 2008).

In conclusion, vaccination with 2009-influenza vaccine induced long term “training” of NKp46*
subphenotypes and these data reveal a complex scenario that contributes to emerging
insights into NK heterogeneity and indicate that peripheral and lymph homing

CD56™9"CD16"™¢ NKp46 subphenotypes respond differentially to vaccination.
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6.1 Introduction

NK cells play a pivotal role in the initiation and regulation of immune defense against viral
infections via reciprocal interactions with endogenous T-cell derived IL-2 (Fehniger et al.,
2003) which include vaccination induced responses to influenza A (He et al., 2004), malaria
and rabies (Horowitz et al., 2010a; Horowitz et al., 2012; Horowitz et al., 2010b; McCall et al.,
2010). In mice, two subpopulations of CD8" cytotoxic T lymphocyte (CTL) are generated
against influenza A virus (Braciale, 1977a, b) following immunization, viz. a virus specific
population and a cross reactive population able to recognise other influenza A subtypes. NK
cells are required to generate virus specific CD8" T cell responses to influenza infection (Kos
and Engleman, 1996), mediated by IFNy and perforin-dependant recruitment of CD8" T cells
(and dendritic cells) to the lymph nodes (Ge et al., 2012). Initial viral clearance by CTLs is
mediated through degranulation (Topham et al., 1997) but CTL recall responses to a
previously encountered antigen requires CD4 T cell help during priming for the development
of memory responses (Shedlock and Shen, 2003; Sun and Bevan, 2003) and the presence of
CD4 T cells are required for recruitment of influenza specific CD8 T cells to the lungs (Riberdy
et al., 2000). T cell derived IL-21 cytokines play a role in the generation of B cell memory
responses to H1N1 influenza vaccine (Pallikkuth et al., 2011b) and T cell help is critical in
shaping B cell responses through secretion of IFNy and IL-4 (Snapper and Paul, 1987).
Following activation by T cells, mature B cells proliferate and develop into memory or Ig-
secreting cells (Parker, 1993) which are able to respond rapidly upon secondary encounter to

specific antigen.

The induction of strong neutralizing antibody responses is an important component of an
effective influenza vaccine (Gerhard et al., 1997). Following vaccination with inactivated
influenza vaccine, specific IgG antibodies are induced within 6 days of administration and up
to 90% of vaccinees show protective titres by 2 weeks post-vaccination (Cox et al., 1994).
Secreted IgM (slgM) is the earliest isotype to be expressed during the development of an
immune response. Natural IgM (secreted by B-1 cells) is the predominant IgM within the
circulation and does not require antigen stimulation (Casali and Schettino, 1996; Coutinho et
al., 1995) whereas IgM produced by B-2 cells is antigen specific (Baumgarth et al., 1999). As
both natural IgM and antigen specific IgM are polymeric, they are able to be transported via
the poly-lg receptor to mucosal surfaces allowing both to provide protection against pathogens
(Gerhard et al., 1997). Furthermore, in mice, both B-1 and B-2 derived IgM have non-
redundant functions against influenza infection (Baumgarth et al., 2000) and are necessary

for induction of virus specific IgG responses. Soluble B cell-activating factor (BAFF) and “a
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proliferation-inducing ligand” (APRIL) are innate factors belonging to the tumour necrosis
factor family and are involved in B cell class switch recombination, survival and B-lineage
differentiation (Castigli et al., 2005; Mackay et al., 2010; Mackay et al., 2003; Martin-Fontecha
et al., 2004; Schiemann et al., 2001; Thompson et al., 2000). Serum BAFF and APRIL levels
are increased in healthy controls and HIV* 2009-H1N1 vaccine responders, whereas impaired
B cell responses to 2009-H1N1 vaccine are associated with deficiencies in serum BAFF and
APRIL plasma levels (Pallikkuth et al., 2011a) revealing a role for these two soluble factors in

effective anti-influenza vaccine responses.

Immune cell responses to influenza antigen are therefore dependant on multiple intrinsic and
extrinsic factors mediated via reciprocal cell/cell interactions and soluble factors. The main
aim of this chapter therefore, was to monitor the development of CD4 and CD8 T cell
responses and to investigate in vivo changes of circulating soluble factors by measuring
plasma cytokines, IgM, BAFF and APRIL responses, prior to and following influenza

vaccination.

6.2 Materials and methods

6.2.1. Influenza vaccination participants

Twelve participants were vaccinated and venous blood collected as described in Materials
and Methods (Chapter 2, section 2.1.1).

6.2.2 Cryopreservation and thawing of PBMCs
PBMCs from participants were isolated and cryopreserved as described in Chapter 2, section

2.3.1 and thawed and rested as described in Chapter 2, section 2.5.

6.2.3 Freezing of plasma samples
Plasma was collected and stored from pre-vaccination and 3 days, 6 months and 1 year post-

vaccination as described in Chapter 2, section 2.4.

6.2.4 Ex vivo flu-stimulations

Ex vivo flu-stimulations were performed as described in Chapter 2, section 2.6.1.

6.2.5 Staining protocols
Cells were prepared for staining as described in Chapter 2, section 2.7. The staining protocol
that was used is described in Chapter 2, section 2.8. Briefly, cells were stained to eliminate
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dead cells (Chapter 2, section 2.8.1), stained for expression of surface receptors (Chapter 2,
section 2.8.2) and for intracellular CD3 receptor expression to identify T cells (Chapter 2,

section 2.8.3) (CD3 can be downregulated upon antigen stimulation).

6.2.6 Acquisition of cells and statistical analysis

Stimulated and stained cells were acquired and data collected on an LSRFortessa. Data was
analysed by calculating proportions of gated cells as a percent (%) of the parent population
using FlowJo™ Software for Mac (version 9.9.4), Ashland. Prism software (version 5) was
used to calculate medians and interquartile ranges and nonparametric Wilcoxin signed rank

test to determine differences between matched samples. P<0.05 was considered significant.

6.2.7 Measurement of influenza-specific antibodies and proteins (ligands and
cytokines) by enzyme linked immunosorbent assay

6.2.7.1 Qualitative determination of anti-influenza virus A IgM

The qualitative measurement of anti-influenza virus A IgM antibodies was determined by
enzyme linked immunosorbent assay (ELISA; Abcam, United Kingdom, cat no ab108747).
The assay was performed as per manufacturer’s instructions. Briefly, thawed plasma samples
were diluted 1:100 in IgM sample diluent and run in duplicate. The substrate blank, negative
and cut-off controls were run in triplicate and the cut-off value calculated as per manufacturer’s
instructions (Calculation of Results: Appendix H). The sensitivity for this assay is >95% and
is defined as the probability of the assay scoring positive in the presence of the specific

analyte.

6.2.7.2 Quantitative determination of B-cell activating factor

B-cell activating factor (BAFF) measurement was performed using the human BAFF ELISA kit
(R&D Systems, USA, cat no DBLYSO0B) as per manufacturer’s instructions. Thawed plasma
samples were diluted 1:2 in sample diluent and run in duplicate. Standard curves were run in
duplicate and a standard curve generated. The minimum detectable dose of human BAFF

ranged from 1.01 - 6.44 pg/ml with a mean of 2.68 pg/ml.

6.2.7.3 Quantitative determination of A-proliferation inducing ligand

Measurement of A-proliferation inducing ligand (APRIL) was performed using the human
ELISA kit (R&D Systems, USA, cat no DAPRO00) as per manufacturer’s instructions without
any deviation from the protocol. Thawed plasma samples were diluted 1:2 in sample diluent
and run in duplicate. Standard curves were run in duplicate and a standard curve generated.
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The minimum detectable dose of human APRIL ranged from 0.003 - 0.015 ng/ml with a mean
of 0.007 ng/ml.

6.2.7.4 Cytometric Bead Array

A BD™ cytometric bead array (CBA) Th1/Th2/Th17 kit (Becton Dickinson Biosciences, San
Jose, cat no 560484 ) was used to quantitatively measure soluble levels of IL-2, IL-4, IL-6, IL-
10, IL17A, IFNy and TNF. Thawed plasma samples were run in duplicate and the assay
performed as per manufacturer’s instructions. Data were acquired on an LSRFortessa and
analysed using FCAP Array™ software (Becton Dickinson Biosciences, San Jose). The limits
of detection were as follows: IL-2, 2.6 pg/ml; IL-4, 4.9 pg/ml; IL-6, 2.4 pg/ml; IL-10, 4.5 pg/ml;
IL-17A, 18.9 pg/ml; IFNy, 3.7pg/ml and TNF, 3.8 pg/ml .

6.3 Results

6.3.1 IgM levels at baseline and post-influenza vaccination

Structurally IgM is the largest of the immunoglobulins and the first to be secreted in an immune
response. Monomers of IgM bind together to form a pentameric structure increasing its avidity
and since this antibody can be secreted at mucosal surfaces and interact with complement it
plays a key role in anti-influenza virus immunity. An anti-influenza IgM ELISA was used to
confirm that participants did not have an active influenza infection (IgM levels above the cut-
off; >10 SU) at baseline (pre-vaccination). In light of the fact that IgM (and IgG) influenza-
specific antibodies increase after vaccination in healthy controls (Skountzou et al., 2014) the
IgM levels measured after vaccination (3 days, 6 months and 1 year) were indicative of vaccine
specific IgM responses. With the exception of one participant, whose baseline IgM levels gave
an inconclusive result, falling slightly above the absorbance cut-off value, (10.9 SU), all other
participants at baseline, had IgM levels well below the cut-off of detection (Figure 6.1A).
Although a qualitative assay the unit measure was used to assess if any longitudinal
quantitative differences were evident as a result of vaccination, even though strictly below the
cut-off. Thus, when the baseline (pre-vaccination) plasma IgM levels were compared to time-
points post-vaccination a slight increase in IgM antibody levels was detected as early as 3
days after vaccination (median of 4.16 standard units pre-vaccination versus 5.09 3 days post-

vaccination) reaching a peak at 6 months post-vaccination (P=0.012) (Figure 6.1A).
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Figure 6.1: Circulating plasma IgM levels following influenza vaccination. Vaccination induced
anti-influenza A plasma IgM levels were measured using a commercially available anti-
influenza A IgM ELISA assay. Baseline pre-vaccination plasma IgM were compared to 3 days,
6 months and 1 year post-vaccination IgM levels (A). Anti-influenza A IgM plasma levels
increased in 10 of 12 participants by 6 months post-vaccination (B). Wilcoxon signed rank test
was used to compare paired samples and P-values of <0.05 were considered significant. Error
bars represent medians with interquartile ranges. Cut-off = 10 standard units (SU) and is
depicted by the dotted line in (A). Results are determined as: Positive: >11 SU; Negative <9
SU; Inconclusive: 9-11 SU. Abbreviations: Pre = Pre -vaccination.

Ten of the 12 participants showed an increase in circulating IgM (Figure 6.1B), and most
exhibited a decline to pre-vaccination levels by one year (Figure 6.1A). When the data from
the participant with the high baseline IgM level was excluded and the results re-analysed,
statistical significance was still maintained (P=0.024 pre- versus 6 months post-vaccination)
indicating that most participants had mounted IgM responses that persisted for at least 6

months post-vaccination.

6.3.2 Post-vaccination changes in plasma BAFF and APRIL levels

Concentrations of the soluble forms of the two ligands BAFF and APRIL, that comprise the
BAFF system molecules, and play a role in B-lineage class switch recombination (Castigli et
al., 2005) and lymphocyte activation (Schneider, 2005) were determined in plasma samples
from the pre-vaccination and 3 days post-vaccination time-points by ELISA. BAFF levels
increased significantly within 3 days of vaccination (P=0.045) (Figure 6.2A) in 9 of the 12
participants (Figure 6.2B).
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Figure 6.2: Circulating plasma BAFF levels following influenza vaccination. B cell activating
factor (BAFF) plasma levels were measured using a commercially available BAFF ELISA
assay and pre-vaccination levels compared to 3 days post-vaccination levels (A). BAFF
plasma levels increased in 9 of 12 participants 3 days after vaccination with influenza vaccine
(B). Wilcoxon signed rank test was used to compare related samples and P-values of <0.05
were considered significant. Error bars represent medians with interquartile ranges.
Abbreviations: Pre = Pre- vaccination.

Soluble levels of APRIL on the other hand were barely measurable with optical density
readings not being measured above background at 3 days post-vaccination. Another study
showed an increase in plasma levels of APRIL at 28 days following vaccination with a
monovalent 2009- influenza vaccine (Pallikkuth et al., 2011a). It is therefore possible that an

increase in APRIL may have occurred later than 3 days post-vaccination.

6.3.3 Influence of vaccination on plasma cytokines

Cytokines are critical for defense against pathogens, mediate communication between various
arms of the immune system and early cytokine responses are responsible for local
inflammatory reactions as well as having systemic effects (Tisoncik et al., 2012). To ascertain
the effect of influenza vaccination on cytokine production, a Th1/Th2/Th17 CBA kit was used
to measure IL-2, IL-4, IL-6, IL-10, IL-17A, IFNy and TNFa concentrations in pre-vaccination

and 3 day post-vaccination plasma samples (Figure 6.3).
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Figure 6.3: Effect of influenza vaccination on secreted cytokines. Secreted cytokine plasma
levels were measured using a commercially available BD™ cytometric bead array (CBA)
Th1/Th2/Th17 cytokine kit (Becton Dickinson Biosciences San Jose). Pre-vaccination plasma
IL-2, IL-4*, IL-6, IL-10, IL-17A, IFNy and TNFa, concentrations were compared to 3 days post-
vaccination using Wilcoxon signed rank test. All P-values were not significant (P>0.05). Data
were acquired on an LSRFortessa and analysed using FCAP Array™ software (Becton
Dickinson Biosciences, San Jose). *Data for IL-4 are not shown as plasma levels were below
the detection limit. Abbreviations: Pre = Pre-vaccination.

At 3 days following vaccination, the levels of the pro-inflammatory cytokines TNFa, IL-6 or
IFNy, the anti-inflammatory cytokine IL-10 or the cytokines involved in adaptive immunity, IL-
2 or IL-17A, were not significantly different from pre-vaccination levels (P>0.05). However, IL-
2 concentrations decreased in 9 of 12 (75%) participants post-vaccination and IFNy levels
increased in 8 of the participants (67%), suggesting that these 8 participants responded to
vaccination, as activated T cells and NK cells produce IFNy in response to antigen. In contrast,
responses varied widely for TNFa, IL-6, IL-10 and IL-17, whereas IL-4 plasma levels were
undetectable (0 pg/ml) for the majority of participants and the data therefore not presented.
Overall, despite the trends for IL-2 and IFNy these results indicate that 3 days following

vaccination, circulating levels of the cytokines tested are not appreciably affected. As with
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APRIL, it cannot be ruled out that differences in cytokine levels may be more notable beyond
the timepoint tested.

6.3.4 CD45RO expression on memory T cell subsets in response to ex vivo flu-
stimulation

During development of the flow cytometry panel (Chapter 3), cells from a healthy donor buffy
coat (Chapter 2, section 2.1.2) were used to validate the panel. Following ex vivo flu-
stimulation, decreased proportions of CD45RO" cells were observed on CD4 and CD8 Tcm
and Tem memory subsets and in order to establish whether this was characteristic of all
participants, flu-stimulated cells were compared to co-stimulated cells at pre- and post-

vaccination time-points (Figure 6.4).
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Figure 6.4: Effect of vaccination on expression of CD45RO on memory CD4 T cell subsets.
CD4 naive (A) Tcm (B), Tem (C) and effector (D) subsets, in co-stimulated and flu-stimulated,
PBMCs were compared prior to vaccination and at 3 days, 6 months and 1 year post-
vaccination. Wilcoxon signed rank test was used to compare related samples and P-values
of <0.05 were considered significant. Error bars represent medians with interquartile ranges.
Open symbols represent co-stimulated cells and closed symbols represent flu-stimulated
cells. Abbreviations: Tcm = central memory; Tem = effector memory; Eff = effector cells; Pre
= Pre -vaccination.

The proportion of flu- stimulated CD4 Tcm (Figure 6.4B) and Tem (Figure 6.4C) subsets were
substantially decreased compared to co-stimulated cells which suggests that a universal
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downregulation of the CD45RO receptor had occurred upon engagement with influenza
antigen on these memory (CD45RO") cells. In contrast, as expected, CD45RO" effector
(Figure 6.4D) and naive (Figure 6.4A) subset proportions increased with stimulation, as this
does not represent a proliferation of cells following antigen recognition, but rather a
consequence of changing proportions of gated cells. Furthermore, following in vivo vaccination
there was no demonstrable expansion of any CD4 T cell subset, as the number of cells
responding to flu-stimulation at the pre-vaccination timepoint were similar to all post-

vaccination timepoints (P>0.05).

The downregulation of CD45R0O surface expression was also reflected in changes of CD8
subset proportions. Overall, ex vivo stimulated CD8 Tcm and Tem (CD45ROY) cells were
reduced in proportion compared to co-stimulated cells, whereas (CD45R0O") effector and naive

cell proportions were increased in comparison to co-stimulated cells (Figure 6.5).
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Figure 6.5: Effect of vaccination on expression of CD45R0O on memory CD8 T cell subsets.
CD8 naive (A) Tcm (B), Tem (C) and effector (D) subsets, in co-stimulated and flu-stimulated,
PBMCs were compared prior to vaccination and at 3 days, 6 months and 1 year post-
vaccination. Wilcoxon signed rank test was used to compare related samples and P-values
of <0.05 were considered significant. Error bars represent medians with interquartile ranges.
Open symbols represent co-stimulated cells and closed symbols represent flu-stimulated
cells. Abbreviations: Tcm = central memory; Tem = effector memory; Eff = effector cells; Pre
= Pre -vaccination

114
CHAPTER 6: Circulating soluble factors and T cell responses to influenza vaccination



CHAPTER 6:
Circulating soluble factors and T cell responses to influenza vaccination

In contrast to CD4 T cells, within 3 days of vaccination, changes in CD8 T cell subset
proportions were observed. Both flu-stimulated CD8 Tcm (Figure 6.5B) and CD8 Tem (Figure
6.5C) subsets increased with flu-antigen re-challenge (P=0.012 and P=0.009, respectively),
indicating that memory cells expanded in response to a previously encountered antigen
whereas effector (Figure 6.5D) and naive (Figure 6.5A) cells decreased (P=0.01 and
P=0.024, respectively).

6.3.5 CD4 and CD8 T cell cytokine (IFNy) responses to influenza vaccination

Murine virus specific CD4 T cells regulate the early innate response to influenza infection
through upregulation of various innate cytokines(Strutt et al., 2010), and play an important role
in heterosubtypic protection to influenza (Benton et al., 2001; Guo et al., 2011). To evaluate
peripheral CD4 T cell IFNy responses to ex vivo flu-stimulation, comparisons were made
between stimulated and co-stimulated cells (Figure 6.6).
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Figure 6.6: CD4 IFNy responses to vaccination and ex vivo flu-stimulation. Flu-stimulated
cells were compared to co-stimulated cells to determine intracellular IFNy responses for CD4
naive (A) Tcm (B), Tem (C) and effector (D) subsets. Wilcoxon signed rank test was used to
compare related samples and P-values of <0.05 were considered significant. Error bars
represent medians with interquartile ranges. Open symbols represent co-stimulated cells and
closed symbols represent flu-stimulated cells. Abbreviations: Tcm = central memory; Tem =
effector memory; Eff = effector cells; Pre = Pre -vaccination.
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CD4 subsets responded above background controls for all time-points (P<0.05) (Figure 6.6),
with the Tcm subset (Figure 6.6B) responding with a greater magnitude to flu-stimulation than
the other 3 subsets. Yet, overall, similar to another study (Jost et al., 2011), the frequency of
responding IFNy cells was relatively low for all subsets, particularly after adjustments were
made for background responses. Furthermore, IFNy responses did not increase with flu-

antigen re-challenge following vaccination (P>0.05).

IFNy-responding CD8 T cells were next investigated (Figure 6.7). Some variation in the
frequency of CD8 T cell IFNy responses was observed and at 6 months one participant in
particular, presented with an extremely high magnitude of IFNy-responding naive, Tem and
effector co-stimulated and flu-stimulated cells. Effector cells (Figure 6.7D) produced
significantly more IFNy than co-stimulated cells for all time-points whereas IFNy responses
varied for the naive, Tcm and Tem CD8 T cell subsets. However, similar to CD4 T cells, there
was no increase in post-vaccination IFNy responses for any CD8 subset with flu-antigen re-
challenge (P>0.05).
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Figure 6.7: CD8 IFNy responses to vaccination and ex vivo flu-stimulation. Flu-stimulated
cells were compared to co-stimulated cells to determine intracellular IFNy responses for CD8
naive (A) Tcm (B), Tem (C) and effector (D) subsets. Wilcoxon signed rank test was used to
compare related samples and P-values of <0.05 were considered significant. Error bars
represent medians with interquartile ranges. Open symbols represent co-stimulated cells and
closed symbols represent 2009- influenza vaccine antigen stimulated cells. Abbreviations:
Tcm = central memory; Tem = effector memory; Eff = effector cells; Pre = Pre -vaccination.
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6.3.6 Evaluation of CD4 and CD8 T cell cytolytic (CD107a) responses to influenza
vaccination

During antiviral responses, CD4 T cells are generally considered to perform a “helper” role
through enhancing CD8 T cell cytotoxic function. However, cytotoxic CD4 T cells have also
been described (reviewed in (Marshall and Swain, 2011) so CD4 T cell degranulation

responses (CD107a+) were investigated (Figure 6.8).
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Figure 6.8: CD4 degranulation (CD107a") responses to vaccination and ex vivo flu-
stimulation. Degranulation responses were determined by comparing flu-stimulated cells to
co-stimulated cells for CD4 naive (A) Tcm (B), Tem (C) and effector (D) subsets. Wilcoxon
signed rank test was used to compare related samples and P-values of <0.05 were considered
significant. Error bars represent medians with interquartile ranges. Open symbols represent
co-stimulated cells and closed symbols flu-stimulated cells. Abbreviations: Tcm = central
memory; Tem = effector memory; Eff = effector cells; Pre = Pre-vaccination.

CD4 CD107a" degranulation responses were more robust than IFNy responses and differed
between Tcm, Tem, effector, and naive subsets. Memory subsets (CD45R0O") responded in a
similar manner to ex vivo flu-stimulation, with CD4 Tcm (Figure 6.8B) and CD4 Tem (Figure
6.8C) memory subsets responding significantly above background, prior to and following
vaccination (P<0.05), however both naive (Figure 6.8A) and effector (Figure 6.8D) cells

degranulated with a similar magnitude to that of co-stimulated cells (P>0.05). In vivo
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vaccination had a significant influence on CD4 degranulation by 6 months post-vaccination,
with an increased magnitude of degranulation for naive cells (P=0.01) (Figure 6.8A) Tcm
(P=0.02); (Figure 6.8B); Tem (P=0.002) (Figure 6.8C) and effector cells (P=0.049) (Figure
6.8D) with antigen re-challenge. Degranulation responses were also significantly increased
in co-stimulated Tem (P=0.02) and effector cells (P=0.037) at 6 months, and in naive cells at
1 year (P=0.03).

Flu-stimulated CD107a CD8 memory subset responses were significantly above background
for all time-points, including at pre-vaccination (Figure 6.9B and 6C). In contrast, effector
cells (Figure 6.9D) were above background only at the pre-vaccination time-point (P=0.025)
whereas naive cells (Figure 6.9A) degranulated significantly above background for all time-

points except at 1 year (P>0.05)
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Figure 6.9: CD8 degranulation (CD107a") responses to vaccination and ex vivo flu-
stimulation. Degranulation responses were determined by comparing flu-stimulated cells to
co-stimulated cells for CD8 naive (A) Tcm (B), Tem (C) and effector (D) subsets. Wilcoxon
signed rank test was used to compare related samples and P-values of <0.05 were considered
significant. Error bars represent medians with interquartile ranges. Open symbols represent
co-stimulated cells and closed symbols flu-stimulated cells. Abbreviations: Tcm = central
memory; Tem = effector memory; Eff = effector cells; Pre = Pre-vaccination.
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With flu re-challenge, increased degranulation (P<0.05) occurred at all post-vaccination time-
points. At 3 days post-vaccination, Tcm (Figure 6.9B) and effector (Figure 6.9D) cells
degranulated significantly more than pre-vaccination cells, while naive, Tcm and Tem subsets
degranulated at 6 months and effector cells at 1 year. Co-stimulated cells also degranulated

at a greater magnitude than pre-vaccination at varying time-points for CD8 T cell subsets.

Finally, to assess which memory compartment degranulated with a greater magnitude,
adjustments were made for background responses and Tcm CD107a expression compared
to that of Tem for both CD4 and CD8 subsets. There were no differences between CD107
expression levels on CD4 Tcm and CD4 Tem cells (Figure 6.10A) but in contrast, CD107a
expression on CD8 Tcm cells was significantly greater than on CD8 Tem cells for up to 6
months post-vaccination (P=0.027; P=0.043 and P=0.01 for pre-, 3 days and 6 months post-
vaccination) (Figure 6.10B).
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Figure 6.10: Differences in CD107a expression between central and effector memory subsets
for CD4 and CD8 T cells. To determine which memory subset degranulated with a greater
magnitude, differences in CD107a expression for Tcm and Tem memory subsets were
assessed after adjustments were made for background responses for CD4 (A) and CD8 (B) T
cells. Wilcoxon signed rank test was used to compare related samples and P-values of <0.05
were considered significant. Error bars represent medians with interquartile ranges. Open
symbols represent co-stimulated cells and closed symbols represent flu-stimulated cells.
Abbreviations: Pre = Pre-vaccination.

Tcm responses were more varied between individuals, probably reflecting differences in

exposure to previously encountered flu antigens and despite the lack of definitive T cell
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phenotypic markers in the current panel that are used to define T cell memory, naive and

effector subsets, functional differences between various T cell subsets were apparent.

In summary, therefore, no post-vaccination increases in IFNy-producing cells were found for
CD4 and CD8 T cells. Furthermore, CD4 and CD8 T cell subsets were not polyfunctional for
IFNy production and CD107a" degranulation. Degranulation responses where however,
enhanced following vaccination, with CD4 T cells degranulating significantly more at 6 months
for all subsets and CD8 subsets responding at various time-points with flu re-stimulation. Data

are summarised in Table 6.1.

Table 6.1: Post-vaccination IFNy and CD107a responses for CD4 and CD8 T cells with flu re-
challenge

IFNy CD107a
3 days 6 months 1 year 3 days 6 months 1 year
CD4
Central memory - - - - n -
Effector memory - - - _ + _
Effector - - - - " N
Naive - - - - + N
CDs8
Central memory - - - + - N
Effector memory - - - _ + _
Effector - - - + - +
Naive - - - - + N

+ = Significant increase with flu re-challenge compared to pre-vaccination cells.
Central memory: CD27°CD45RO*CD62L*

Effector memory: CD27-CD45RO*CD62L"

Naive: CD27*CD45ROCD62L*

Effector: CD27°-CD45ROCD62L"

6.3.7 Comparison between post-vaccination soluble factors, T cell and
CD56"'9"'CD16"¢ NK cells responses

Within 3 days of vaccination BAFF plasma levels were elevated. Furthermore, at this time-
point, CD8 Tcm and Tem proportions increased, whereas CD8 naive and effector cells
decreased. Furthermore, CD8 T effector cells degranulated significantly more with flu antigen
re-challenge. However, 6 months after vaccination multiple responses by various arms of the
immune system occurred. With flu-antigen re-challenge, dynamic alterations of
CD56P™"CD16"™¢ NK cell subphenotype proportions were observed, with both lymph homing
subphenotypes increasing in proportion and peripheral subphenoytypes decreasing. There

was also a significant loss in the frequency of pNKp46CD27- IFNy* cells. Degranulation
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responses were greater for CD8 Tcm cells as well as for CD4 Tcem, Tem and effector cells and

plasma IgM levels were elevated. (Summarised in more detail in Figure 6.11).
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Figure 6.11 Key findings at 3 days and 6 months post-vaccination following intramuscular
influenza vaccination. Comparisons were made between flu-stimulated pre-vaccination and
post-vaccination cells using Wilcoxon signed rank test. Significant (P<0.05) post-vaccination
responses are indicated for CD56°™™CD16"9 NK cells and soluble factors (left panels) and
CD4 and CD8 T cells (right panels). The figure key shows the symbols used to illustrate
functional markers of cells (CD107a and IFNy), and significant changes observed as a
consequence of influenza vaccination: directional striated or solid coloured arrows for 3 days
and 6 months, respectively; green = increased, red = decreased.

6.4 Discussion

Influenza virus evades the immune system through multiple processes that include seasonal
mutations in the surface epitopes (antigenic drift) and gene segment re-assortment from
distinct strains (antigenic shift) (Webster and Govorkova, 2014). Despite the long history of
influenza research, key correlates of natural immune protection remain poorly understood
(Allen and Thomas, 2015). The current study analysed the CD56°"9"CD16"*¢ NK subset and
revealed multiple in vivo and ex vivo responses to flu vaccine antigen (Chapter 5). Since
reciprocal interactions take place between NK cells, B cells, CD4 and CD8 T cells, changes
in naive, effector and memory CD4 and CD8 T cell responses were evaluated and in vivo
responses assessed by measuring plasma concentrations of IFNy, IL-6, IL-2, IL-10, TNFa, IL-
17A and IL-4, BAFF, APRIL as well as anti-influenza virus A IgM antibody levels.
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The BAFF system molecules comprise of the ligands BAFF and APRIL, and three receptors
(BAFF receptor, calcium-modulating cyclophilin ligand interactor and B cell maturation
antigen). BAFF provides critical signals for the development, survival and maturation of B
cells (Mackay et al., 2010; Mackay et al., 2003; Schiemann et al., 2001) and the BAFF
receptor, which is expressed on B cells, transduce signals that result in isotype switching
(Castigli et al., 2005). Data from clinical studies has suggested that expression levels of the
BAFF system molecules correlate with B cell responses (Sakai and Akkoyunlu, 2017). In the
current study, BAFF plasma levels increased 3 days after vaccination in 75% (9/12) of the
participants and decreased in 25% of the participants. Although samples numbers are too
small for correlation studies, the 9 participants whose BAFF levels increased with vaccination,
also had increased IgM levels at 6 months, whereas of the 3 participants whose BAFF levels
had decreased after vaccination, 2 had reduced plasma IgM at 6 months. IgM antibodies are
required to provide optimal immune protection against influenza, through positive regulation
of the magnitude of IgG virus-specific responses (Baumgarth et al., 2000). Even though 1gG
levels were not measured in the current study these data suggests that the 9 participants with
increased BAFF and IgM levels are more responsive to the vaccine; a study has shown that
2009- influenza vaccine responders have increased frequencies of IgG memory cells, which
coincides with increased plasma BAFF levels, whereas vaccine non-responders have
deficiencies in plasma BAFF levels and B cell receptors (Pallikkuth et al., 2011a). Interestingly,
the one participant with decreased BAFF plasma levels was also the same participant who, at
6 months presented with an IgM value just above the cut-off (an outlier) for active infection,

although this individual did not present with clinical symptoms.

With 75% of the participants in the current study having increased BAFF and IgM levels, which
suggested that they were vaccine responders, it would therefore be expected that secreted
cytokines, which are implicated in immune cell interactions and responses to viral antigen,
would have been observed following vaccination. The commercial CBA kit used in the current
study included IL-2, IL-4, IL-6, IL-10, IFNy and TNFa, which are produced by various immune
cells during interactions with antigen (Biron, 1997; Biron et al., 1999; Cooper et al., 2001a;
Couper et al., 2008; Lauder et al., 2013; Schopf et al., 1998; Trinchieri, 1997). Although certain
trends were noted for IFNy and IL-2 responses, plasma cytokine concentrations did not
significantly increase or decrease by 3 days post-vaccination. Secretion of cytokines is
complex and tightly controlled and is dependent on cell type and the stimulus received by the
cell (Lacy and Stow, 2011). Since upregulation of innate cytokine mRNA can be rapid (Hoadley
and Hopkins, 2003) the lack of significant changes in cytokine responses in the current study

122
CHAPTER 6: Circulating soluble factors and T cell responses to influenza vaccination



CHAPTER 6:
Circulating soluble factors and T cell responses to influenza vaccination

could be a consequence of the time delay between vaccination and first post-vaccination time-
point. It would be interesting therefore to carry out studies that use alternate methods with
different sensitivities, as well as to investigate the kinetics of soluble cytokines after 2009-
influenza vaccination in order to understand if cytokines are secreted at an earlier time-point

or if the lack of responses are due to assay detection limits.

The downregulation of CD45RO in response to the flu stimulus was profound for both CD4
and CD8 T cell memory subsets which express this receptor. Downregulation of the TCR
occurs after engagement with MHC and activation of T cells (Krangel, 1987) and similarly
downregulation of the NK cell 2B4 co-activating receptor occurs following engagement with its
ligand CD48 (Mathew et al., 2007). Therefore in keeping with an activated cell, degranulation
responses by CD45R0O* CD4 and CD8 (memory) T cells were more robust than those of the
naive and effector subsets (without CD45RO expression) and although there were no
differences in CD107" cell frequencies between CD4 memory compartments, CD8 Tcm cells
degranulated with a greater frequency than CD8 Tem cells. Tcm cells provide better long term
protection and are able to proliferate rapidly (Wherry et al., 2003) but preferentially locate in
lymphoid tissue, whereas Tem cells are found in non-lymphoid tissue (Masopust et al., 2014).
Interpretation of T cell data however, is treated with caution with regards to assigning certain
characteristics to T cell subsets in the current study, as T cell phenotypes were not properly
characterized with a full panel of markers such as CCR7 which are required to accurately
identify Tcm (CD45RO*CCR7°CD62L") and Tem (CD45RO*CCR7°CD62L") cells (Sallusto

and Lanzavecchia, 2011).

Following vaccination, CD4 T cells and CD8 Tem cells degranulated significantly more than
pre-vaccination cells which is in keeping with a specific recall response that requires time to
develop. However increased CD8 degranulation responses occurred 3 days after vaccination.
Although the H1N1 component of the vaccine was novel, participants may have been
previously exposed to the H3N2 and subtype B antigens present in the formulation and
therefore had pre-existing immune memory at the time of vaccination, hence the early
response and even though influenza vaccination induced immunity wanes over time, data from
this study indicated that effector CD8 degranulation responses were significantly enhanced
for up to a year after vaccination. Degranulation responses were therefore relatively long-lived
and could be specific or heterosubtypic, as innate-like properties have been ascribed to CD8
T cells in humans (reviewed in Barbarin et al., 2017). Furthermore, cross reactivity as a feature
of T cells has been recognised for some time (Mason, 1998) and includes reactivity between
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viruses (Aslan et al., 2017; Selin et al., 1998; Welsh and Selin, 2002) as well as bacteria and
viruses ((Mathurin et al., 2009) and reviewed in (Welsh et al., 2010)) and cross reactive T cell
responses to H1N1 pandemic influenza have also been shown in nonhuman primates which

help mediate early clearance of virus (Weinfurter et al., 2011).

An unexpected result in increased degranulation responses was observed for cells that were
only co-stimulated with CD28 and CD49d co-stimulatory molecules. These were added to
stimulation mixes to allow for optimal responses under experimental conditions (Udagawa et
al., 1996; Waldrop et al., 1998) but cytokine responses should not be detectable without co-
engagement of CD3 with antigen (Waldrop et al., 1998). In keeping with these studies, there
were no increases in IFNy cytokine responses with CD28/CD49d co-stimulation for either CD4
or CD8 T cells but CD107a degranulation responses were noted for CD8 in particular. CD107a
is a protein present in the lipid bilayer surrounding pre-formed cytolytic granules present in the
cytoplasm (Peters et al., 1991) and low levels of CD107a surface expression are detectable
on PBMCs, which is thought to enhance lymphocyte vascular adhesion (Kannan et al., 1996).
These preformed lysosomal granules cycle to the cell surface during cell activation and the
degranulation assay that was used in the current study measures the cumulative exposure of
CD107a on the cell surface (Betts et al., 2003). Increased expression of CD107a was
observed with CD28/CD49d co-stimulation for CD4 and CD8 T cells at various time-points
after vaccination, and as there would not have been any engagement of the T cell receptor,
this implies a non-specific response, possibly due to an increase in vaccine primed cells that

are more responsive to costimulatory signals.

In conclusion, it was shown (Chapter 5) that influenza vaccination induces innate and NK
trained immune responses as indicated by dynamic changes in CD56°"9"CD16"
subphenotype proportions and a loss in the frequency of IFNy* pNKp46CD27- cells. In this
chapter, following vaccination, BAFF and IgM plasma levels were elevated and with flu-antigen
re-challenge, proportions of CD8 memory cells increased and CD4 and CD8 T cells responded
by degranulating. Although some vaccination induced responses occurred 3 days after
vaccination, a co-ordinated response by multiple arms of the immune system occurred at 6
months. Together, these findings contribute to further understanding developing immune

responses in the context of influenza vaccination.
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7.1 Introduction

In contrast to peripheral blood, human hepatic derived lymphocytes can comprise 30-60% of
NK cells (Doherty and O'Farrelly, 2000) that preferentially reside within the hepatic sinusoids
(Hudspeth et al., 2016). Similar to conventional NK cells (cNK) human hepatic NK cells
(hpNK) can be distinguished into CD56”™CD16P°*™¢ and CD56%™CD16°%"¢ subsets,
however the liver is enriched for CD56°"9" NK cells (Carrega et al., 2014; Harmon et al., 2016;
Jonsson et al., 1997) which are phenotypically different from those in other tissues (Carrega
et al., 2014) and those isolated from peripheral blood (Cosgrove et al., 2014; Hudspeth et al.,
2016). It is generally accepted that CD56°"9" NK cells represent a precursor to more mature
CD16P°°CD16"9“™ NK cells (Caligiuri, 2008) however, there is evidence that they may arise

from separate lineages (Wu et al., 2014).

A high frequency of CD56°"" NK cells are present in various solid tissues (Carrega et al.,
2014) including the liver. With NK cells comprising heterogeneous populations and having
distinct tissue distribution, they also express a broad range of adhesion molecules that are
largely responsible for the redistribution of NK cells between organs and tissues enabling them
to exert their effector functions during infection or inflammation (Gregoire et al., 2007). Hepatic
CD56"" NK cells have been shown to express higher levels of the natural cytotoxicity
receptors NKG2D, NKp44 and NKp46 which recognise viral and tumour-associated antigens
and stress ligands (Harmon et al., 2016). Liver-resident CD56"™" NK cells also express the
C-type lectin CD161 (an activation and homing marker) (Podhorzer et al., 2018) and the tissue
residency marker CD69 known to inhibit surface expression of sphingosine-1-phosphate
receptor 1 (S1PR1) which promotes the movement of lymphocytes out of tissues (Shiow et
al., 2006). More recently, CD56"" NK cells that constitutively express markers of tissue
residency which include CD69, CCR5, and CXCR6 have been characterised making these
chemokine receptors functionally important for their migration to hepatic sinusoids (Hudspeth
et al., 2016). Emerging data from mouse studies suggests that there are 2 populations of liver
NK cells, distinguished by CD49a and DX5 expression. CD49a'DX5" are conventional
(circulating) NK cells that are of splenic origin and CD49a*DX5" liver resident NK cells that
have memory potential and appear to originate from hepatic progenitor cells (Peng et al.,
2013a). A further study proposes that murine tissue resident NK cells found in the liver have
a distinct lineage maturing independently from NK cells found in the spleen or thymus and as
they utilize different transcription factors, the authors suggest that they have tissue specific
homeostatic functions by providing innate defense different to that of conventional NK cells

(Sojka et al., 2014a).
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CD56™" NK cells play a unique role in innate responses and are the primary source of NK
cell derived immunoregulatory cytokines (Cooper et al., 2001b). Immune cells found in the
liver are exposed to a high antigen load and therefore need to maintain a fine balance between
tolerance and activation. Intriguingly, donor leucocytes can be detected in recipients’
peripheral blood early after transplant, but these leucocyte numbers vary (Lukomska et al.,
1997) and those recipients with a higher level of chimerism are less likely to acutely reject the
liver (Jonsson et al., 1997). Furthermore, recipients of other solid organ transplants are less
likely to reject these organs if co-transplanted with a liver allograft (Rasmussen et al., 1995),
highlighting the importance of understanding the CD56°™™ NK cell phenotype resident in
healthy liver. As mentioned in Chapter 3, polychromatic flow cytometry provides a powerful
tool to immunophenotype cell receptors at a single cell level however, when investigating rare
populations within phenotypic subsets large numbers of cells are required. Investigating the
liver-derived CD56"™" NK phenotype is difficult due to the small number of NK cells obtained
from biopsies of healthy human liver. In addition, digestion of tissue using collagenase has
been shown to downregulate CD56 expression and interfere with the surface expression of
receptors (Abuzakouk et al., 1996; Hudspeth et al., 2016). Before human orthotopic
transplantation, a donor liver is perfused to remove excess blood, with CD56" CD69P°s NK
cells comprising a large proportion of NK cells that detach from liver grafts during this process

(Moroso et al., 2010) making liver perfusate an ideal source of hepatic derived lymphocytes.

In Chapter 5 it was shown that CD27 is only expressed on NKp46* cells and represents a bi-
functional phenotype associated with a memory-like response to influenza vaccine antigen.
Additionally, the peripheral NKp46* cells showed increased cytolytic function (CD107a
degranulaton) and increased NKp46 cells surface density. In humans, CD27* CD56""" NK
cells are implicated in clearance of acute HCV infection in HIV-positive patients (Eisenhardt et
al., 2014) and HIV patients co-infected with HCV have a reduced frequency of CD56°"9" NK
cells co-expressing CD27 with impaired cytolytic and cytotoxic function (Doherty et al., 1999;
Kaczmarek et al., 2017; Norris et al., 1998). Given that CD56°"9" cells are the predominant
NK subset found in the liver and the importance of CD27 in hepatic pathology, surprisingly
little phenotyping information is available on co-expression patterns of CD27* with CD56°""
hepatic NK receptors under normal homeostatic conditions. To this end, CD27 co-expression
patterns of NKp46*, CD69" and CD161" liver perfusate-derived healthy NK cells as well as
those from a single acute liver failure (ALF) case were investigated in relation to circulating

(conventional) NK cells.
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Note: In Chapter 4, CD56""'CD16"*¢ NK cells isolated from venous blood were described as
either lymph homing (CD62L") or peripheral (CD62L") NK cells. In this Chapter, NK cells
isolated from blood circulating in the periphery will be described as conventional NK cells
(cNK) as they comprise both CD62L" and CD62L" subphenotypes and are cells that originate
in the bone marrow and move through the circulation to organs or tissues (Sojka et al., 2014b;
Yokoyama et al., 2013).

7.2 Materials and Methods
7.2.1 Liver transplant perfusate and isolation of mononuclear cells
Liver perfusate was collected (n=9 for flow cytometry panel 1 and n=8 for panel 2) as described

in Chapter 2, section 2.1.3 and processed as described in Chapter 2, section 2.3.

7.2.2 Thawing and resting of perfusate mononuclear cells
Aliquots of donor derived mononuclear cells were thawed and rested as described in Chapter

2, section 2.5.

7.2.3 Immunophenotyping of liver perfusate derived NK cells

7.2.3.1 Staining protocols

Cells were prepared for staining as described in Chapter 2, section 2.7 and stained to eliminate
dead cells (Chapter 2, section 2.8.1) and for surface (Chapter 2, section 2.8.2) and intracellular

(Chapter 2, section 2.8.3) expression of receptors.

7.2.3.2 Development of polychromatic flow cytometry panel for perfusate NK cells

The flow cytometric panel developed and described in detail in Chapter 3, sections 3.2.5.1 to
3.2.6 formed the backbone to the flow panels used for immunophenotyping liver perfusate with
a few minor modifications. Two 10 colour flow cytometry panels were developed to include a
dump channel comprising CD14 APC Cy7, CD19 APC Cy7 (BD Pharmingen) and a near infra-
red amine LIVE/DEAD® (Invitrogen Molecular Probes) discriminator with the anchor markers
CD3 PECy7, CD4 PECy5.5 and CD8 Birilliant Violet 705 (BioLegend), CD16 FITC and CD56
Brilliant Violet 605 (Biolegend), and the cell subset phenotypic markers, CD45RO ECD
(Beckman Coulter), with CD27 PECy5 (Biolegend), CD62L APC and NKp46 PE (BD
Pharmingen) comprising panel 1 and CD161PE and CD69 V450 (Biolegend) panel 2. Between
one and two million cells were stained, fixed and acquired within 24 hrs using a LSRFortessa

(Becton-Dickinson, La Jolla, CA, USA) flow cytometer.
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An “anchor” gating strategy was applied to exclude doublets. Singlets were selected by plotting
FSC-H against FSC-A and lymphocytes selected based on SSC-A and FSC-A parameters.
Monocytes (CD14%), B cells (CD19%) and dead cells were excluded in a dump channel. Live
CD3" cells defined 4 NK subsets based on CD56 and CD16 expression namely,
CD56"""CD16"9; CD56""CD16°%; CD56°™CD16°s and CD56“™CD16".

7.2.4 Statistical analysis

Proportions of gated cells were calculated as a percent (%) of the parent population using
FlowJo™ Software for Mac (version 9.9.4), Ashland and Mann Whitney U test (Prism, version
5) to compare differences between 2 independent groups. P<0.05 was considered significant.
50™ percentile, minimum, maximum, 25" and 75" percentiles were calculated using Prism

(version 5).

7.3 Results

7.3.1 Evaluation of hepatic perfusate derived and conventional CD56°"*"CD16" and
CD56"'9"CD16“™ NK subsets

With several studies reporting that the liver is enriched for lymphocytes compared to the
peripheral circulation (Doherty et al., 1999; Doherty and O'Farrelly, 2000; Norris et al., 1998)
the proportions of CD3" lymphocytes in hepatic perfusate were compared to PBMCs. When
hepatic perfusate derived cells and PBMCs were gated to define live CD3" lymphocytes
(Figure 7.1A) hepatic perfusate was found to be significantly enriched for CD3" lymphocytes
compared to PBMCs (median 32.3% vs 11.9%; P= 0.0003) (Figure 7.1B).
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Figure 7.1: Differences in CD3  lymphocyte proportions between PBMCs and hepatic
perfusate. PBMCs (A) and hepatic derived perfusate (B) were gated for singlets (i) and
lymphocytes (ii). Monocytes, B lymphocytes and dead cells were excluded in a dump channel
and live CD3" lymphocytes gated (iii). Liver derived perfusate is significantly enriched for CD3
lymphocytes (C). Mann Whitney U test was used to compare differences between 2
independent groups and P<0.05 was considered significant. Data are presented as box and
whiskers plots showing medians (50" percentile), minimum, maximum, 25" and 75"
percentiles.

Since NK cells are phenotyped based on bright or dim expression of CD56 with CD16 co-
expression, FMO experiments as described in Chapter 3, section 3.2.5.2 were performed for
CD56 and CD16 expression to differentiate between CD56°"9" (blue gates in Figures 7.2A
and 7.2B) and CD56%™ NK cells as well as establish the 4 NK subsets defined as
CD56""CD16"9; CD56°™"CD16%™, CD56%™CD16*"" and CD56%™CD16™° (red gates in
Figures 7.2A and 7.2B), but for the purposes of this study the focus is on CD56"""'CD16"*
NK subset.

As several other researchers (Carrega et al., 2014; Jonsson et al., 1997) have shown, it was
found that a greater proportion of hepatic-derived NK cells (hpNK) cells were CD56""
(median 34% hpNK cells vs 13.8% for cNK cells (P=0.0008) (Figure 7.2C). This held true for
both CD56""CD16"¢ and CD56°""CD16°™ subsets (P=0.038 and P=0.0008, respectively)
(Figure 7.2D).
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Figure 7.2: Differences in CD56"" subset proportions between circulating and hepatic-
derived NK cells. cNK (A) and hpNK (B) cells were gated for CD56°™9" cells (blue gates) based
on fluorescent intensity of CD56 and further defined (red gates) as CD56°"9"CD16"¢ and
CD56""CD16%™ based on co-expression of CD16. Comparisons were made between cNK
and hpNK CD56""9" subsets (C) and CD56°"9"CD16"™¢ and CD56"9"CD16%™ NK cells (D).
Mann Whitney U test was used to compare differences between the 2 independent groups
and P<0.05 was considered significant. Data are presented as box and whiskers plots showing
medians (50" percentile), minimum, maximum, 25" and 75™ percentiles.

7.3.2 Evaluation of CD56°"9"CD16"? liver-derived NK cells for the lymph homing
receptor CD62L

In the absence of a definitive marker for human liver resident NK cells in the flow cytometry
panel used in the current study, the proportion of CD62L expressing CD56*"9"CD 16" hpNK
cells was first examined as liver NK cells are not enriched for CD62L surface expression under
steady state conditions (Peng et al., 2013b) whereas peripheral CD56"""CD16"9 NK cells
are enriched for this homing receptor. Few hpNK cells expressed CD62L (median 2.73%) as
opposed to the high frequency of CD62L expression on cNK cells (median 66.2%; P=0.0006)
(Figure 7.3). Thus, hepatic-derived NK cells from healthy liver perfusate, which were enriched
for CD3" lymphocytes, a predominant CD56°"9" NK subset distribution and little expression of

CD62L therefore closely resembles the phenotypic profile of tissue resident NK cells,
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consistent with immunophenotyping data obtained from studies on intrahepatic lymphocytes
(Hudspeth et al., 2016; Tu et al., 2007).
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Figure 7.3: Differences in frequency distribution of CD62L proportions between circulating
and hepatic CD56"""CD16" subsets. CD56°"9"CD16"9 NK cells were gated for CD62L*
cells to determine differences in the proportions between CD56""CD16"™¢ cNK and hpNK
subsets. Mann Whitney U test was used to compare differences between the 2 independent
groups and P<0.05 was considered significant. Data are presented as box and whiskers plots
showing medians (50" percentile), minimum, maximum, 25" and 75" percentiles.

7.3.3 Phenotypic comparisons between cNK and hpNK CD56"'9"'CD16"™¢ and
CD56"'9"CD16%™ subsets

There are no published data investigating the phenotypic differences between cNK and hpNK
CD56""CD16™¢ and CD56°"9"CD16"** subsets, so the expression of CD27 (known to
distinguish human NK subsets) as well as the activating receptor NKp46, inhibitory receptor
CD161 and marker of early cell activation and tissue-resident marker CD69 (Figure 7.4) were

next investigated on these subsets.
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Figure 7.4: Differences in frequency distribution of CD27, CD161, CD69 and NKp46 between
CD56°™"CD16"¢ and CD56"""CD16%™ cNK and hpNK subsets. To determine the frequency
of the surface expression of receptors on cNK (A) and hpNK (B) cells, cells were gated for
CD27 (n=9), CD161 (n=8), CD69 (n=8) and NKp46 (n=9). CD56°"9"CD16"¢ data is
represented by solid symbols and CD56°"9"CD16%™ by open symbols. Mann Whitney U test
was used to compare differences between the 2 independent groups and P<0.05 was
considered significant and error bars represent medians with interquartile ranges.

Striking differences in receptor frequency distribution were observed between the
conventional and hepatic CD56°™™CD16"9 and CD56"""CD16“™ NK subsets. Although there
were differences in receptor magnitude in the cNK subsets, there were no differences in the
distribution frequency of the receptors between CD56°""CD16"™¢ and CD56"""CD16%™ cNK
subsets indicating that neither NK subset was enriched for any particular receptor (Figure
7.4A) suggesting that CD16 co-expression phenotypically distinguishes peripheral CD56°"9"

NK subsets more clearly than the other three receptors included in the flow panel.

In contrast, the CD56""CD16"¢ hpNK subset was highly enriched for CD27 (P<0.0001),
CD161 (P=0.014) and NKp46 (P=0.002) compared to the CD56°"¢"CD16%™ hpNK subset
(Figure 7.4B). Expression of the C-type lectin receptor CD69, induced by activation of NK
cells and tissue resident marker, was however not significantly different between the
CD56""CD16™¢ and CD56°"9"CD16%™ hpNK subsets (P=0.083). Although, some donors
expressed a higher CD69 frequency in the CD56°"9"CD16"¢ subset compared to the
CD56""CD16P°° subset there was no clear pattern of distribution between these subsets. As
CD69 is associated with tissue residency the CD69 findings therefore, suggest that both
CD56°""CD16"¢ and CD56°"9"CD16"* hpNK subsets have a similar capacity to be retained

within the liver.
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Overall, these data indicate that hpNK cells display frequency differences in CD27, CD161
and NKp46 distribution between CD56°"9"CD16"¢ and CD56”"9"CD16%™ subsets not
observed in cNK cells. Interestingly, the CD56"9"CD16%™ subset made up a larger proportion
of hpNK subsets, unlike that observed in conventional NK cell subsets where they only made
up a very small proportion of the NK subsets. Therefore, given the phenotypic differences
observed between the two CD56"" hpNK subsets, care should be taken in gating liver-
derived CD56""9" NK cells as a single subset, as they may more accurately represent two

functionally distinct subsets.

7.3.4 Differences in NKp46, CD27, CD69 and CD161 frequency distributions between
CD56"'9"CD16"¢ cNK and hpNK subsets

For this Chapter, 2 flow cytometry panels were used - the first, to determine NKp46 and CD27
co-expression and the second to determine CD27, CD69 and CD161 co-expression. Having
shown distinct differences between CD56°™™CD16"¢ and CD56°"¢"CD16°™ NK subsets for
each of the biological compartments, the frequency distribution of CD27, CD69, CD161 and
NKp46 receptors between cNK and hpNK CD56°™"CD16™¢ cells was firstly determined.
(Figure 7.5). Compared to cNK cells, the hpNK subset was significantly enriched for CD27
(P<0.0001), CD161 (P=0.003) and CD69 (P<0.0001) but both biological compartments were
equally enriched for the NK activating receptor NKp46. Although NKp46 was expressed on
the majority of both cNK and hpNK CD56"""CD16" cells, a large variance in the frequency
of expression of CD27, CD69 and CD161 was noted for both cNK and hpNK CD56°""'CD 16"
cells (summarised in Table 7.1). Similarities therefore existed in the frequency distributions of
CD27, CD69 and CD161 receptors in that both cNK and hpNK cells expressed all receptors
under investigation, however the CD56°"9"CD16"? hpNK subset is highly enriched for surface
expression of CD27, CD69 and CD161 receptors compared to the CD56°"CD16"¢ cNK

subset.
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Figure 7.5: Phenotypic comparisons between cNK and hpNKCD56°"9"CD16"° subsets.
Differences in the frequency and distribution of NKp46, CD27, CD69 and CD161 between
CD56""CD16™9 cNK and hpNK subsets. Data are presented as box and whiskers plots
showing medians, minimum, maximum, 25" and 75" percentiles. Mann Whitney U test was
used to compare differences between the 2 independent groups and P<0.05 was considered
significant.

Table 7.1: Median frequencies and distribution of NKp46, CD27, CD69 and CD161 receptors
for CD56°"9"CD16" cNK and hpNK subsets

NKp46 CD27 CD69 CD161

Median Range | Median Range Median | Range | Median | Range

cNK 83.3 78-92.1 224 11.4-36.9 | 11.4 0.87-23.9 | 10.6 6-57.8

hpNK | 85 71.4-94.7 | 53.9 35.1-76.6 | 67.2 27.9-97.7 | 61.25 | 31-921

Co-expression of CD27 with NKp46, CD69 and CD161 were next investigated. The
phenotyping data (Chapter 4, section 4.2.2) showed that CD27 is only expressed on NKp46*
cells of the CD56""CD16"° cNK subset. Similarly, in this chapter, but using perfusate from
liver transplants, very few CD56""9"CD16"™® hpNK cells expressed CD27 as a single
population with the majority of CD27" cells co-expressing NKp46 (median 96.4% for cNK cells
and 94.2% for hpNK cells (Figure 7.6), pointing to the importance of CD27 co-expression on
a subset of NKp46* CD56"""CD 16" cells for both biological compartments.
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Figure 7.6: NKp46 co-expression on CD27'CD56""CD16™9 cNK and hpNK cells. To
determine what proportion of CD27" cells co-express NKp46, CD27* CD56"9"CD16"%
subsets were gated for NKp46 co-expression on cNK (top panels) and pNK cells (bottom
panels). Percentages (median value) of CD27*NKp46* cells within the CD56°"9"CD16"°% cNK
and hpNK cells are shown within the dot plots.

The function of the C-type lectin-like receptor, CD161, on NK cells is still not completely
understood, although a study has shown that CD161 expression defines pro-inflammatory NK
cells with a high capacity to respond to cytokines (Kurioka et al., 2018). Both CD27 (Silva et
al., 2008) and CD161 (Kurioka et al., 2018) have been shown to define NK cells into 2
functionally distinct subsets however, to the best of our knowledge there are no published
immunophenotyping data comparing CD27/CD161 and CD27/CD69 co-expression patterns
between conventional and hepatic CD56°""CD16™¢ NK cells. To understand the
significance, if any, of CD69 and CD161 co-expression on CD27* CD56°™"CD16"9 cNK and
hpNK subsets, CD27" cells were gated for CD69 and CD161 co-expression. Only a minority
of CD27" cNK co-expressed CD69 and CD161 (median of 10.9% and 9.14%, respectively)
(Figure 7.7A) whereas CD27" hpNK cells were highly enriched for CD69 (median 80.3%) and
CD161 (75.1%) co-expression (Figure 7.7B). The proportion of CD56°""CD 16" hpNK cells
were therefore significantly enriched for CD27 cells co-expressing CD69 (P=0.0006) and
CD161 (P=0.002) compared to CD56""CD 16" cNK cells (Figure 7.7C).

135
CHAPTER 7: Phenotypic characterization of CD56°""'CD 16" hepatic NK cells



CHAPTER 7:
Phenotypic characterization of CD56""9"CD16"*? hepatic NK cells

(A)
CD565CD16M9 cNK 10.9%
T
2 CD69 V450
(7]
9.14% ©)
_ <100 P=0.0003 P=0.0006
S o oo
CD27 PE-Cy5 s § 0l 5 i
S
3
CD161 PE 9 60, .
(5]
S 404 o n -
27 . e
®) 0 a0 o T
CD56CD16"8 hpNK 80.3% 920 & R
> 0 e v ] . '
/' L ©NK  hpNK , (cNK  hpNK
S CD27+69+ CD274161+
2 CD69 V450
(2]
[72]
‘ 75.1%

CD27 PE-Cy5

CD161 PE

Figure 7.7: Representative dot plot of CD69 and CD161 co-expression on CD27" circulating
and hepatic CD56""CD16"¢ NK cells. CD27* cNK cells (A) and hpNK cells (B) were gated
for CD69 and CD161 co-expression to determine receptor expression. Differences between
biological compartments, were made by comparing CD27*CD69* and CD27*CD161* cNK and
hpNK subphenotypes (C). Mann Whitney U test was used to compare differences between
the 2 independent groups and P<0.05 was considered significant and error bars represent
medians with interquartile ranges.

Despite the significant difference in proportions between cNK and hpNK CD27*
subphenotypes, the variance in CD27" cNK and CD27* hpNK cells that co-express CD69 or
CD161 was large, ranging from 1.77% to 39.7% and 24.5% to 99.4% for CD69 on CD27*
cNK and CD27" hpNK cells, respectively, and 4.09% to 9.14% and 34.8% to 96.3% for
CD161, respectively. Therefore, to appreciate the distribution differences between
CD56°™"CD16™9 cNK and hpNK subphenotypes at a multidimensional level and to determine
the predominant subphenotypes for each biological compartment, Boolean gates were applied
to CD27, CD69 and CD161 cells. This analysis resulted in 8 subphenotypes (shown as
different coloured in Figure 7.8) Striking differences in predominant subphenotyes were
apparent between cNK cells (Figure 7.8A) and hpNK cells (Figure 7.8B). Unlike cNK cells
with a mean of 0.89%, a large proportion (mean 29.6%) of CD56°"9"CD 16" hpNK cells co-
expressed all 3 receptors (Segment 1, Figure 7.8). CD27 was expressed on 57.2% of hpNK
Boolean defined subphenotypes compared to only 30.5% on cNK cells. Although 22.4% of
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cNK Boolean subpopulations expressed CD27" as a single population it can be assumed that
this CD27" subphenotype co-expressed NKp46, given that CD27 was shown to be almost
exclusively expressed on NKp46™ cells. In keeping with tissue residency, 62% of hpNK
Boolean defined subphenotypes expressed CD69 unlike cNK cells with only 14.7%.
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Figure 7.8: Differences between circulating and liver CD56""¢"CD16"9 Boolean calculated
CD27, CD69, CD161 NK subphenotypes. To determine differences between cNK (A) and
hpNK (B) subphenotypes, a Boolean algorithm was applied to gated CD27, CD69 and CD161
cells, using FlowJo™ software for Mac (version 9.9.4), Ashland. Charts were generated using
Excel, Windows 365. Proportions for CD56""CD16"9 NK subphenotype are presented within
each segment of the pie chart.
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Taken together, differences between conventional and hepatic perfusate derived
CD56°™"CD16™9 NK cells, were apparent not only in co-expression patterns of the receptors

under investigation, but also in the predominance of subphenotypes.

7.3.5 Influence of CD27 co-expression on NKp46* conventional and liver perfusate
derived NK CD56°"9"CD16"? subsets.

In vitro studies have shown that NKp46 expression on cNK cells correlates with anti-HCV
activity (Golden-Mason et al., 2012). It has also been shown that NK cells with high expression
of NK46 and that co-express CD27 play an important role not only in controlling HCV
replication but also modulate HCV associated liver damage (Kramer et al., 2012). Data
presented in Chapter 4, section 4.2.5, revealed how co-expression of CD27 on NKp46™ cells
influences NKp46 surface density and presents as a bi-functional phenotype impacting on the

frequency of degranulating and IFNy producing cells (Chapter 5, sections 5.3.2.1 and 5.3.3.1).

Cell surface density of NKp46 was significantly greater with CD27 co-expression for
CD56P™"CD16™9 cNK cells (P=0.004) (Figure 7.9A), and was consistently seen amongst all
individual participants (Figure 7.9B). This indicates that CD27 co-expression on NKp46*
delineates cNK cells into 2 sub-populations. However, this was not the case for
CD56""CD16™° hpNK cells where there was no difference (P=0.3) between CD27 co-
expression or lack thereof and NKp46 surface density and at an individual level there were
nominal differences in MFI between NKp46™ cells with or without CD27 co-expression (Figure
7.9C). Overall, these data indicate that there are substantial differences in the surface density
of activating receptors such as NKp46 on CD56""CD16"9 NK cells that co-express CD27
between the conventional and hepatic circulatory compartments. Notably, a study has shown
that after adoptive transfer splenic cells more closely resemble a liver NK phenotype and
become functionally hypo-responsive indicating that the liver can modify NK receptor
expression (Lassen et al., 2010). However, in vivo studies would need to be performed to

understand if this is true for receptors with CD27 co-expression.
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Figure 7.9: Influence of CD27 co-expression on NKp46 cell surface density for
CD56P™"CD16™¢ circulating and hepatic NK subsets. NKp46* cells were gated for CD27* and
CD27" cells and NKp46 cell surface density determined using MFI statistics (FlowJo™
software for Mac (version 9.9.4), Ashland. (A) The MFI of NKp46* cells that co-express CD27
(solid symbols) was compared to the MFI of NKp46™ cells that do not co-express CD27 (open
symbols) for cNK and hpNK cells. Paired comparisons were performed using Wilcoxon signed
rank t-test and P-values of <0.05 were considered significant. Error bars represent medians
with interquartile ranges. Graphs (B) and (C) depict comparisons between NKp46*CD27* and
NKp46°CD27" cells for individual data points for circulating cells and hepatic cells,
respectively. Bar charts of individual data was generated using Excel (Windows 365).

Finally, co-expression of CD27 on CD69 and CD161 cells was analysed to understand the
influence, if any, on receptor surface density for these 2 receptors. Although co-expression of
CD27 did not increase surface density of CD161" cells (P=0.23 for cNK and P=1 for hpNK) or
CD69" cells (P=1 for cNK and P=0.38 for hpNK), overall surface density of these 2 receptors
was significantly greater for hpNK cells compared to cNK cells (Figure 7.10; CD161: P=0.011
for CD161°CD27" and P=0.008 for CD161"CD27- and CD69: P=0.011 for CD69"CD27" and
P=0.008 for CD69"CD27" cells).
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Figure 7.10: Influence of CD27 co-expression on CD161 and CD69 cell surface density for
CD56P™"CD16™¢ circulating and hepatic perfusate derived NK subsets. To investigate the
influence of CD27 co-expression on receptor cell surface density, CD161" cells and CD69"
cells were gated for CD27* and CD27- cells and receptor cell surface density determined using
MFI statistics (FlowJo™ software for Mac (version 9.9.4), Ashland. The MFI of CD161" cells
that co-express CD27 (solid symbols) was compared to the MFI of CD161" cells that do not
co-express CD27 (open symbols) for CD56°™"CD16™¢ cNK and hpNK cells (A). The MFI of
CD69" cells that co-express CD27 (solid symbols) was compared to the MFI of CD69" cells
that do not co-express CD27 (open symbols) for CD56""CD16"¢ cNK and hpNK cells (B).
Mann Whitney U test was used to compare differences between the 2 independent groups
and P<0.05 was considered significant. Error bars represent medians with interquartile
ranges.

7.3.6 Acute liver failure case study

Hepatic perfusate from an ALF patient became available during the course of the study. The
46 year old female patient had no clinical history of liver problems or alcohol or drug abuse,
but started becoming ill a month after consuming a globally available weight loss herbal
supplement. Similar to other reported case studies (Chen et al., 2010), the patient’s condition
deteriorated into fulminant liver failure which is believed to have been a consequence of drug
induced liver injury caused by an ingredient of the supplement. CD56°"¢"CD16" hpNK cell
phenotypes from the ALF patient were therefore examined and compared to those of healthy

liver donors (Figure 7.11).

The proportion of ALF NKp46* CD56°"9"CD16"9 cells was in keeping with that observed in
healthy liver perfusate (93.1% versus a median of 85%) and similar to healthy liver perfusate,
the majority of CD27" cells also co-expressed NKp46 (95% versus a median of 94.2%). There
was however, a dramatic loss in the proportion of CD56"9"CD16"* cells that expressed CD27

(14.3%) in comparison to NK cells from healthy livers (median 53.9%) (Figure 7.11A) which
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was also reflected in the proportion of NKp46 cells that co-express CD27 (14.6% versus a
median of 57.2%).
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Figure 7.11: Differences in receptor expression between healthy liver and acute liver failure
CD56"9"CD16™¢ cells. Proportions of CD56°"9"CD16™¢ cells from healthy livers (black
symbols) and acute liver failure case (red symbols) expressing NKp46*, NKp46*CD27*, CD27*
CD27'NKp46™ cells (healthy livers: n=9) (A) and CD45R0O", CD69" and CD161" cells (healthy
livers: n=8) (B).

Furthermore, in contrast to NK cells from healthy donors, which had minimal surface
expression of CD45R0 (median of 2.32%), a large proportion of CD56°"9"CD 16" cells from
the ALF patient expressed this receptor (27.5%) (Figure 7.11B). CD56°"9"'CD 16" phenotypic
changes for the ALF patient were therefore marked by aberrant expression of CD45R0O and
under-expression of CD27. Surface expression of both CD69 and CD161 varied widely for the
healthy livers and although surface expression of these markers in the liver from the ALF
patient was low (21.2% versus a median of 67.2% for CD69 and 32.1% versus 61.25% for
CD161), proportions in the ALF patient were not dissimilar to the lowest value found in healthy
livers. However, when Boolean gated CD27, CD69 and CD161 subphenotypes were
examined, there was aberrant co-expression patterns for these receptors was also apparent
in comparison to healthy cells. As shown in Figure 7.8B, the largest proportion of Boolean
gated healthy NK cells expressed all 3 receptors (mean 29.6%) yet strikingly, the proportion
of cells from the ALF patient that co-expressed all 3 receptors was minimal (1.84%) (Figure
7.12) and the largest proportion of ALF cells were negative for all 3 receptors (38.2%)
compared to 16% for healthy CD56""CD16" cells. These novel findings are novel and
significant. As CD27" is only co-expressed on NKp46™ cells, this indicates that the ALF patient

lacks the largest NKp46™ subphenotype that is present in healthy donor livers.

141
CHAPTER 7: Phenotypic characterization of CD56°""'CD 16" hepatic NK cells



CHAPTER 7:
Phenotypic characterization of CD56""9"CD16"*? hepatic NK cells

CD27+CD69*CD161* s 29.6
CD27+CD69CD161" 1) 90 13
CD27*CD69-CD161" ——— 129
CD27+CD69 CD16] D ——— e 0.
) 13.8
CD27-CD69*CD161* mmq 42
CD27-CD69*CD161" 5§ 233 73
57
CD27-:CD69°CD161" mue—14.8
D2 70D 69 O L 6. e 35 2
0 5 10 15 20 25 30 35 40 45
hpNK ® ALF

Figure 7.12: Boolean gated CD27, CD69, CD161 subphenotypes of acute liver failure case
and healthy liver CD56""CD16™¢ NK cells. Differences between Boolean gated
CD56°™"CD16"9 ALF and healthy (n=8) NK subphenotype proportions were calculated using
FlowJo™ software for Mac (version 9.9.4), Ashland. The chart was generated in Excel,
Windows 365. Numbers in the chart represent the mean. ALF= acute liver failure cells (blue
bars), hpNK=hepatic perfusate NK cells (orange bars).

Furthermore, the proportion of ALF cells that expressed CD27 in the absence of CD69 and
CD161 represented the 2" largest Boolean population (30.1%), whereas an average of only
9.2% of healthy cells were CD27*CD69CD161", suggesting that a loss of receptors occurred
on NKp46 cells.

CD4 and CD8 T cells were next gated for CD27 and CD45RO surface expression to determine
if any surface receptor differences were obvious on these lymphocytes. Although the dot plots
(FlowJo™ software for Mac version 9.9.4, Ashland) indicated that there was no apparent
difference in surface expression of CD27 on ALF CD4 and CD8 T cells compared to healthy
liver T cells (data not shown), there were 2 clearly defined CD45RO populations on ALF CD4
and CD8 T cells not evident on healthy liver T cells with the one population expressed at a
similar level to that of healthy cells and a 2™ bright population not observed on healthy cells
(Figure 7.13). Furthermore, a small population of CD45RO* CD4 and CD8 T cells displayed

changes in granularity (evident by SSC on y-axis of dot plots ) not seen in healthy cells.
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Figure 7.13: CD45RO surface expression on healthy liver and acute liver failure CD4 and
CD8 T cells. CD4 (top panel) and CD8 (bottom panel) cells were gated for CD45RO to
compare surface expression between healthy (A) and (C) and acute liver failure cells (B) and
(D). Black arrows indicate bright expression of CD45RO on acute liver failure T cells not found
on healthy T cells.

Interestingly, although the NK cells from the ALF patient showed a substantial loss of CD27*
cells, CD27 and CD45RO expression on CD4 and CD8 T cells fell well within the ranges
determined for the healthy liver samples with CD27 expression falling in the upper limit of that
for healthy CD4 T cells (93.4% versus a median of 74.7%; range: 54.4% to 97.7%) but similar
to those of healthy CD8 T cells (64.3% versus a median of 66.35%). Similarly, despite the
bright expression of a 2" CD45R0 population, CD45RO" cell frequencies on CD4 and CD8 T
cells (although at the upper limit of healthy donor cells) were not much greater than healthy
cells (81.5% versus a median of 59.15%; upper limit of 78.1% for healthy donor CD4 T cells
and 52.9% versus a median of 35.85%; upper limit of 57.4% for healthy donor CD8 T cells)
(Figure 7.14A).
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Figure 7.14: Differences in CD27 and CD45RO receptor expression for healthy liver and acute
liver failure CD4 and CD8 T cells. Percentage of CD4 and CD8 T expressing CD27 or CD45RO
expression (A). Quadrant gates were applied to CD27 and CD45R0O and percentage of CD4
T cells (B) and CD8 T cells (C) singly or co-expressing CD27 and CD45RO determined.
Healthy livers (n=8; black symbols) and acute liver failure case (red symbols).

When CD27 and CD45RO were quadrant gated for co-expression strikingly there was a
skewing for ALF CD4 T cells (Figure 7.14B) towards a CD27*CD45RO" phenotype (78.2%
versus a median of 26.35% for healthy donors) and a loss of the CD27°CD45RO" phenotype
(15.3% versus a median of 42.6% for healthy donors) which suggested a loss of naive CD4 T
cells and a gain of CD4 Tcm cells. Although the CD8 T cells showed a similar trend (46%
versus 14% for healthy CD27"CD45RO" phenotype and 17.3% versus 38.4% for healthy
CD27°CD45R0O phenotype), the changes were not as substantial (Figure 7.14C) as those of
CD4 T cells. Intriguingly, factors inducing liver failure in this particular patient affected both the
CD4 T cells and the CD56°"9"CD16"*% hpNK cells characterized by a substantial loss of CD27

and overexpression of CD45RO0.
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7.4 Discussion

One of the key factors that determines the divergent and heterogeneous functions of NK cells
is their tissue residency and evolving knowledge on NK cells indicates that these cells not only
develop in the bone marrow but also develop and differentiate in tissues (Marquardt et al.,
2015; Sojka et al., 2014a; Victorino et al., 2015). Tissue-resident NK cells are not only
developmentally less mature but also express different surface markers (reviewed in (Peng
and Tian, 2017)). The phenotype, functions and transcription factor requirements of these NK
cells differ suggesting that complex interactions within the tissue microenvironment shape the
functional phenotype of tissue resident NK cells (Shi et al., 2011). This challenges the manner

in which we view and can study NK cells.

With this in mind, a secondary objective of the current study was to ascertain whether sufficient
numbers of NK cells could be isolated from hepatic perfusate and importantly if they were of
hepatic origin. Hepatic perfusate could therefore provide an alternative source of liver NK cells
for phenotyping and functional studies as human liver NK cells studies are limited by the
availability of suitable material. Unlike enzymatic digestion of liver biopsies, which alters
lymphocyte phenotype and function, liver associated leucocytes, predominantly located in the
hepatic sinusoids, can be isolated during donor liver harvesting when the organ is perfused
with HTK solution. This solution is physiologically not harmful to hepatic tissue, as integrity of
the liver cells is required for transplant purposes. A drawback though of this method is that the
liver is highly vascularized, receiving approximately 75% of its blood supply from the portal
vein and 25% from the hepatic artery, so not all blood collected during perfusion of the liver
will be of hepatic origin. Yet, the descriptive phenotyping data presented in this Chapter
indicated that there were sufficient differences between cNK and hpNK cells to imply the
presence of liver specific CD56°™9"CD16™¢ cells. Also, as a few litres of perfusate are
collected, sufficiently large numbers of cells can be isolated to allow for rare populations to be
phenotypically differentiated during flow cytometric data acquisition. Therefore, in principle,
the data generated in this Chapter provides proof that hepatic perfusate (which is discarded)

is an abundant source of lymphocytes and suitable for studying liver resident NK cells.

CD56™" human NK cells are broadly divided into two subsets based on their co-expression
of CD16, namely CD56°™"CD16™¢ and CD56"9"CD16°S. As reported in the literature, NK
cells isolated from hepatic perfusate were abundant in CD56""" cells and on average, hpNK
cells were highly enriched for the CD56"""CD16%™ subset (mean 25.3%) compared to the

CD56"""CD16" subset (mean 13.1%). This is distinct from peripheral cNK cells where the
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proportion of CD56""CD16%™ NK cells was less than that of the CD56""CD16"¢ NK cells
(4.6% versus 6.49%, respectively). Furthermore, cNK cells showed similar subphenotype
characteristics with no difference in proportions of the two CD56°™" subsets expressing
receptors CD27, CD69, CD161 and NKp46 between. This was in stark contrast to the
CD56""CD16"™¢ hpNK subset which was highly enriched for CD27, CD161 and NKp46
compared to the CD56°™"CD16%™ hpNK subset, but not for CD69 expression. Egress of
lymphocytes from secondary lymphoid organs is mediated by a sphingosine-1-phosphate
(SIP1) gradient at exit sites (Schwab and Cyster, 2007) and CD69 is known to prevent egress
from the tissue environment (Shiow et al., 2006). This is supported by a study reporting that
liver resident CD56°™" NK cells which express CD69, CCR5 and CXCR6 are retained within
the hepatic sinusoids (Hudspeth et al., 2016). As the phenotyping data showed that both
CD56""9" hpNK subsets were equally enriched for CD69" cells, this strongly suggests that
both subsets are equally retained in the hepatic environment. Further studies would however
need to be done to understand if the CD56""CD16%™ subset represents a group of cells still
undergoing differentiation within the hepatic environment, or whether they represent an
ontologically distinct subset as has been shown in clonal tracking studies in macaques (Wu et
al., 2014).

Although CD69 is considered a marker of tissue residency it is rapidly upregulated on most
lymphocytes (including NK cells) following activation, playing an important immune regulatory
role by controlling the inflammatory response through inhibition of CD4 Th17 differentiation
(Gonzalez-Amaro et al., 2013). The CD56*"9" CD16"¢ hpNK subset was enriched at high
frequencies for CD69 (median 67.2%), but with 80.3% (median) of CD56°"¢" CD16"¢ hpNK
cells expressing a CD27"CD69* subphenotype, this indicated that the majority of CD69" cells
were co-expressed with CD27, compared to cNK cells with a median of only 10.9%. These
results identify a preferential co-expression of CD69 and CD27 within the hepatic environment.
The significance of these findings is not clear, as the multiple roles of CD69 expression on
lymphocytes has not been studied, but as the liver is enriched for CD27" cells and a large
proportion of CD27" cells co-express CD69, CD27" cells are therefore likely to be retained in
the liver possibly mediated by CD69/SIP1 interactions (Shiow et al., 2006).

CD161" NK cells are highly responsive to pro-inflammatory cytokines (Kurioka et al., 2018)
and CD27* CD56"" NK cells produce high levels of pro-inflammatory IFNy and TNFa
cytokines suggesting that they could be an early source of NK cell derived cytokines able to

help modify the immune response. CD161 expression has been shown to define NK cells into
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2 functionally distinct subsets that are highly proliferative (Kurioka et al., 2018) and reduced
CD161" NK frequencies are found in viremic HIV patients (Alter et al., 2004) and peripheral
blood of patients able to clear acute HCV infection (Alter et al., 2011), implicating them in
control and clearance of viral infections. Many factors influence the human immune response
and following HCV infection, some patients develop chronic HCV whereas others are able to
clear the infection during the acute phase (Shepard et al., 2005), possibly mediated by innate
immune cells before the development of an adaptive immune response (Guidotti and Chisari,
2006). In the current study, the CD56°"9"CD16"¢ hpNK subset was significantly enriched for
CD161* cells compared to cNK, yet both hpNK and cNK CD56°™™"CD16"9 cells showed a
wide variation in CD161 expression which was also reflected in the CD27°CD161"
subphenotype proportions (range 4.1% to 52.5% for cNK cells and 34% to 96.3% for hpNK
cells) indicating that in some individuals a very high proportion of CD161 cells are co-
expressed with CD27. In Chapter 5 it was shown that CD56°"¢"CD 16" CD27* NK cells (which
are also NKp46™) are more cytolytic than CD27" NK cells, yet NK CD107a degranulation and
IFNy production is inhibited upon engagement of CD161 with its ligand (Rosen et al., 2008),
so it would be of interest to understand the functional response differences between CD161*
NK cells that co-express CD27 and CD161 cells without CD27 expression and to ascertain if
variations in CD27/CD161 co-expression play a role (if any) in the differential outcomes

observed in HCV infection.

The role of NK cells expressing CD27 has been investigated under various pathological
conditions (Eisenhardt et al., 2014; Kaczmarek et al., 2017; Viegas et al., 2013; Zhang et al.,
2017) and studies indicate that NK cell functional responses can be modulated via the co-
stimulatory effects of CD27 (De Colvenaer et al., 2010; Hayakawa and Smyth, 2006).
CD56"" NK cells that express CD27 are involved in spontaneous clearance of acute HCV in
HIV-infected patients (Eisenhardt et al., 2014) and reduced frequencies of CD27 in HIV/HCV
co-infected patients may be involved in the rapid progression of liver disease (Kaczmarek et
al., 2017). However, patients with chronic HCV infection have altered NK receptor expression
(Kaczmarek et al., 2017; Nattermann et al., 2006) suggesting that chronic HCV infection could
become established as a result of virus-induced changes of NK receptors. Importantly, in this
study it was found that a significant majority of CD27" cells for both cNK and hpNK
CD56°™9"CD16™¢ subsets, co-express NKp46 (median 96.4% for cNK cells and 94.2% for
hpNK cells) and that very few cells express CD27 in the absence of NKp46, which strongly
indicates that expression of CD27 may be dependent on NKp46. This suggests that CD27

plays a crucial role in NKp46 function given the importance of NKp46 in various pathological
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conditions. As not all CD56°"9"CD16"¢ NKp46* cells co-express CD27 it can be proposed that
the CD56""9"CD16"*9 subset comprises of 2 NKp46 populations and so studies that link CD27
to various pathological conditions most likely also reflect its co-stimulatory effects on NKp46

function.

NK cells require a balance of signals from various cell surface receptors to become activated
and as a major activating receptor, NKp46 is involved in natural cytotoxicity (Mandelboim et
al., 2001; Sivori et al., 1999), being expressed on both resting and activated NK cells (although
its cellular ligand has still not been identified), with differences in natural cytotoxicity against
target cells correlating with a high NKp46 surface density (Sivori et al., 1999). Critically, cell
surface density of NKp46 for the CD56°"9"'CD16"¢ pNK subset was significantly greater when
co-expressed with CD27 which held true for each participant. Interestingly, HIV-infected
patients, despite effective prolonged use of HAART, do not fully recover surface expression
of NKp46 (amongst other NK receptors) compared to healthy controls and undetectable viral
load has been associated with higher NKp46 expression (Frias et al., 2015). Yet the
percentage of CD27" cells is increased in patients chronically infected with HIV (Titanji 2007)
It would therefore be of interest to determine if the NKp46"CD27" subphenotype (as found in
healthy controls for this study) is present in HIV patients, or if the proportion of CD27" cells

that do not express NKp46 is increased.

There was however, no associaton of higher NKp46 cell surface density with CD27 co-
expression on CD56”"CD16™¢ hpNK cells. Although NK cells in the current study were
isolated from healthy hepatic tissue and represent cell phenotypes under normal homeostatic
conditions, venous blood circulates in a sterile environment, unlike that found in the liver, in
which large volumes of antigen are derived from the intestines and brought to the liver for
processing. A balance between activating and inhibitory receptors is required to reach a
threshold for NK cells to become activated (Narni-Mancinelli et al., 2013) and as NKp46 is an
activating receptor, its activation requirements in the liver therefore are likely to be more strictly
controlled, requiring additional co-stimulatory signals from co-receptors. Indeed, the largest
Boolean gated subphenotype from hepatic derived CD56*"9"CD16™¢ cells co-expressed
CD27, CD69 and CD161, with a mean of 29.6% as opposed to 0.89% for conventional NK
cells and given that 94.2% of CD27* hpNK cells co-expressed NKp46, it can be assumed that

this triple positive population also included NKp46 surface expression.
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This study is the first to present data on phenotypic alterations of the CD56°™"CD16"¢ NK
subset in a case of acute liver failure believed to be a consequence of consuming a herbal
weight loss product. NK cells are critical in maintaining homeostasis within the liver as
depletion of NK cells results in liver fibrosis (Radaeva et al., 2006; Robinson et al., 2016) and
drugs or their metabolites that are intrinsic hepatotoxins cause hepatocellular damage in a
dose dependant manner, whereas idiosyncratic hepatotoxicity is a hypersensitivity reaction to
the drug following a previous exposure. Idiosyncratic hepatotoxicity is accompanied by
inflammation, unlike intrinsic hepatotoxicity which manifests as hepatic necrosis with little
inflammation (Reviewed in (Ramachandran and Kakar, 2009)). Although NK cells have been
studied within the context of hepatocellular carcinoma, there appears to be little published data
on changes in NK cells phenotypes following drug induced acute liver damage (Liu et al.,
2018a). In the ALF case, proportions of NKp46-expressing cells were similar to those of
healthy cells (93.1% versus 85%, respectively) as were the proportion of CD27 cells that co-
express NKp46 (95.4% versus 94.2%, respectively). Yet, there was a general overall loss of
CD27 cells (14.3% versus a median of 53.9%) that was reflected by CD27 co-expression on
NKp46™ cells (14.6% versus a median of 57.2%) which points to a loss of CD27 on NKp46*
cells. This loss (or downregulation) was more apparent when co-expressed with other
receptors, as the ALF patient had a severe loss of the triple positive Boolean gated population
which comprised 1.84% of cells unlike healthy cells with a mean of 29.6%. These novel data
are significant given the importance of co-receptors for normal functioning of NK cells and as
CD69 is considered a marker of tissue residency, the loss of CD69" cells also suggest that

liver resident cells were severely depleted.

In addition to the loss of cells expressing NKp46 co-receptors, the ALF patient also had
aberrant expression of CD45R0 on CD56"CD16"¢ NK cells (27.5%), which was not found
on healthy donors. Although there are limited reports of CD45RO expression on NK cells, a
study has reported low levels of dim expression on both healthy CD56°™" and CD56%™ NK
cells (Lima et al., 2001). Furthermore, T cells and CD4 T cells in particular, reflected a skewing
towards a CD27*CD45RO" phenotype which may be suggestive of the acquisition of a
memory phenotype and loss of naive cells (CD27*CD45R0O"). Increases in T memory
phenotypes have been reported in various autoimmune conditions including multiple sclerosis
(Bhargava and Calabresi, 2015), type 1 diabetes (Matteucci et al., 2011), psoriasis (Hayashi
et al., 2013) and in the inflammatory conditions of lichen planus and lichenoid mucositis (Devi
et al.,, 2017). Yet, although CD4 T cells mediate hepatocellular damage in autoimmune

hepatitis (Rosen, 2003) and demonstrate antigen specific responses (Yoshizawa et al., 1999)
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to liver specific antigens (Vergani and Mieli-Vergani, 2004; Zachou et al., 2004), the exact
phenotypes (memory or otherwise) are not well described and the significance of the
alterations in T cell phenotypes observed in the ALF patient in the current study remains to be

established.

Limitations: Proportions of contaminating cNK cells likely differed between donors which would
affect data analysis of cell proportions. The hepatic perfusate was collected from patients who
up until the time of their demise (through a traumatic event) were healthy. Some of the donors
received no drugs or blood transfusions, whereas others received drugs such as low dose
adrenalin and vasodilators and/or packed blood cells during resuscitation attempts. The
presence of these drugs and cells, as well as the effects of traumatic death on NK cell and T

cell phenotypes are unknown and cannot be discounted.

In summary, advances in flow cytometry enable powerful multicolour approaches to be used
to investigate and characterize cell types and their subpopulations. The use of hepatic
perfusate provides an excellent source of liver NK cells which has enabled novel
characteristics to be identified. Ex vivo immunophenotyping data revealed that NK cells
derived from hepatic perfusate are significantly enriched for CD56""'CD16"¢ cells that co-
express CD27 with CD69 and CD161 and importantly, that CD27 is not expressed in the
absence of NKp46 for either cNK or hpNK cells. Although surface density of NKp46 remained
unchanged with CD27 co-expression for hpNK cells, the importance of CD27 surface
expression within the hepatic environment was indicated by an ALF patient, who had an
overall loss of CD27* cell frequencies and alterations in co-expression patterns with CD69 and
CD161.
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8.1 Discussion

CD56°™"CD16™¢ NK cells are major producers of cytokines, playing a functional role as an
innate immunoregulator in early immune responses to pathogens. Lymph nodes are the site
of developing adaptive immune responses, and high expression levels of L-selectin and CCR7
on CD56°""CD16™¢ NK cells, mediates their trafficking to the lymph nodes where they
interact dynamically with antigen presenting cells and T cells. Studies into this important NK
subset are limited and given the importance of CD56°"9"CD16"™9 NK cells not only as an
immunoregulator, but also in the maintenance of homeostasis in certain solid organs, further
studies are warranted. In this study, an influenza vaccination model was used to monitor
functional responses and developing alterations in CD56""CD16"¢ lymph homing and
peripheral subphenotypes in a cohort of healthy vaccinated individuals. Furthermore, liver-
derived NK cells were immunophenotypically characterized using a liver perfusate model, to
provide insights into tissue resident CD56"""CD16"*% NK cells.

A brief summary of the significant findings from each Chapter are as follows:
From Chapter 3:

1. A 12 colour polychromatic flow cytometry panel was developed to simultaneously
immunophenotype NK and T cells and measure intracellular IFNy responses and
CD107a expression. CV’s of the immunophenotyped control sample indicated that
data were consistent across experiments.

2. CD56 and CD16 NK cell subsets and subphenotypes were clearly distinguished on
flow cytometry dot plots as were CD4 and CD8 T memory cells.

3. The flow cytometry panel identified the 4 major NK subsets: CD56°"¢"CD16",
CD56""CD16"™"™, CD56Y™CD16”"" and CD56°"CD16"™¢ subsets and co-
expression analyses of NKp46, CD27 and CD62L identified NK subphenotypes.

4. Central memory (Tcm) (CD27°CD62L*CD45RQO"), effector memory (Tem) (CD27-
CD62L°CD45R0O"), effector cells (CD27'CD62L"CD45RO) and naive
(CD27°CD62L*"CD45R0O") CD4 and CD8 T cells could be phenotyped.

From Chapter 4:
1. Boolean gating of CD56°""CD16"™¢ cells for CD27, CD62L and NKp46 expression
defined 4 subphenotypes based on lymph homing capability and CD27 co-expression.
The 4 subphenotypes were described as |hNKp46CD27"; |hNKp46CD27;
pNKp46CD27* and pNKp46CD27-.
2. CD27 and CD62L proportions varied widely between individuals and was shown to be

almost exclusively expressed on NKp46™ cells.
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NKp46 cell surface density was shown to be increased with co-expression of CD27
and CD62L.

Although CD27 surface expression varied widely between individuals it remained
stable for up to 1 year suggesting that unique antigen interactions with NKp46

influences expression of this receptor.

From Chapter 5:

1.

Six months post-vaccination, lymph homing CD56°"CD16"™¢ subphenotypes
expanded in proportion to 2009- influenza antigen re-challenge whereas peripheral
CD56P™"CD 16" subphenotypes decreased.

Unexpected changes in proportions of CD28/CD49d co-stimulated cells occurred
following vaccination. Notably, an expansion of ILNKp46CD27 cells and decreases in
both pNKp46CD27-and pNKp46CD27" subphenotypes.

The IhNKp46CD27" subphenotype was putatively identified as providing an antigen
trained immune response as it expanded in proportion to antigen re-challenge 6
months post-vaccination but not to co-stimulatory signals.

Peripheral functional (IFNy and CD107a) responses were more robust than lymph
homing subphenotypes thereby functionally defining CD56""CD16" cells based on
migratory patterns.

Functionally responding CD56"9"CD16" cells were not polyfunctional (ie did not co-
express IFNy and CD107a) and CD27 broadly delineated NKp46 into 2 functional
phenotypes with CD27" cells producing more IFNy and CD27" cells being more
cytolytic.

There was a loss of IFNy-responding pNKp46CD27 cells following vaccination, which

might suggest a migration of these cells to the lungs.

From Chapter 6:

1.
2.

With flu-stimulation, CD45RO was downregulated on CD4 and CD8 memory cells.
CD4 and CD8 memory subsets and CD4 effector cells degranulated with a greater
frequency 6 months post-vaccination.

CD8 Tcm (CD45RO*CD62L*CD27") degranulated with a greater magnitude than CD8
Tem (CD45RO*CD62LCD27").

In general, BAFF plasma levels were increased by 3 days post-vaccination and
plasma IgM levels by 6 months. Elevated levels of BAFF and IgM in some participants
but reduced levels in others suggests there is an association between these plasma

proteins.
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From Chapter 7

1. Comparisons between hepatic perfusate derived and circulating lymphocytes indicated
that hepatic perfusate provides a suitable source of liver resident NK cells.

2. Unlike circulating NK CD56P™"CD16™¢ subset with similar receptor frequency
distributions to that of circulating CD56”"9"CD16%™ cells, hepatic perfusate derived
CD56P™"CD16™¢ cells were distinctly different in frequency distributions of CD27,
CD69 and CD161 compared to hepatic perfusate derived CD56°"9"CD16%™ cells.

3. CD27 surface expression was only evident on NKp46™ cells for both circulating and
hepatic CD56"""CD16™¢ subsets.

4. Boolean CD27/CD69/CD161 subphenotypes varied signficantly between hepatic and
circulating CD56"""CD16"*9 subsets.

5. Unlike circulating CD56""CD16"¢ NKp46* cells, co-expression of CD27 was not
associated with increased cell surface density of NKp46™ hepatic perfusate cells.

6. Altered co-expression patterns of Boolean CD27/CD69/CD161 subphenotypes was
observed in a single ALF case compared to healthy liver donor NK cells. Furthermore,
the ALF case was characterised by a striking reduction in CD27 surface expression
and aberrant expression of CD45R0 on CD56"""CD16"* cells (which was also noted

to a lesser extent on CD8 T memory phenotypes).

Overall, a number of in vivo immunological changes occurred 6 months following influenza
vaccination, indicative of a co-ordinated response by multiple arms of the immune system.
Plasma BAFF was elevated (P=0.045) by 3 days (the only time-point measured post-
vaccination) and by 6 months, plasma IgM was elevated (P=0.034) (although below the cut-
off for active infection in 11 participants, with 1 participant at the border of cut-off). This may
suggest that participants with elevated BAFF and IgM were more efficient vaccine responders
as both B-1 (natural) and B-2 (antigen specific) derived IgM have non-redundant functions
against influenza infection and are necessary for induction of virus specific IgG responses
(Baumgarth et al., 2000). Around the same time-point, all CD4 T cell subsets degranulated
significantly more than pre-vaccination cells (P<0.05) as did CD8 Tem (P=0.01) and naive
(P=0.027) subsets. It was also at this time-point that CD56°"9"CD16"¢ subphenotype
proportions were dynamically altered (P<0.05) and the number of pNKp46CD27" IFNy-
responding cells decreased (P=0.037).
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The current paradigm is that CD56""" NK cells represent an earlier stage of NK development
than CD56%™ cells and give rise to CD56°™ NK cells. NK cell functional responses to influenza
vaccination have therefore largely focused on the CD56°™ subset (Riese et al., 2020) or with
the exception of a single study (Jost et al., 2011), have not clearly delineated NK cells by
subset (Long et al., 2008; Schapiro et al., 1990). Yet there is gathering evidence challenging
the paradigm that CD56°™" NK cells are precursors to CD56%™ NK cells (Mace et al., 2013;
Parrish-Novak et al., 2000; Wu et al., 2014) and rather, that CD56*"9" NK cells represent a
functionally distinct mature NK phenotype with important immunoregulatory properties
(Cooper et al., 2001b). Data from the current study indicated that indeed, CD56"""'CD16"*
NK cells do respond to flu-stimulation and vaccination and collectively this study provides
novel insights into the functional and phenotypic alterations of CD56°™"CD16™¢ NK cells in

response to influenza antigen as well as vaccination.

In recent years a number of studies have provided evidence that immunological memory is
found not only in vertebrates (Gourbal et al., 2018; Hirano et al., 2011), but also in plants
(Reimer-Michalski and Conrath, 2016) and invertebrates (Melillo et al., 2018; Milutinovic and
Kurtz, 2016) and an initial infection can lead to a priming event of the immune system providing
protection against a secondary encounter (Conrath et al., 2015; Cooper and Alder, 2006).
Even though this response may not be specific, the principal function of immune protection is
similar, in that, an enhanced and more rapid response provides an improved chance of
survival for the host. Therefore the concept of “trained” immunity for innate cells has expanded
beyond that of vertebrates and is indicative of an evolutionary conserved mechanism involving
multiple organisms and cells. Data from this study could point to a “trained” response, as
witnessed by changes in subphenotype proportions and post-vaccination IFNy* cell
frequencies 6 months following vaccination. However, these post-vaccination alterations could
also represent cells undergoing an education process, as various studies reveal that NK cell
licensing is proving to be more fluid than previously thought (Elliott et al., 2010; Joncker et al.,
2010) and reviewed in (Orr and Lanier, 2010; Tu et al., 2016) and does not necessarily occur
only in the bone marrow. Although a deeper understanding of NK cell education is developing,
there are 3 different opposing models (licensing, disarming and rheostat) that currently prevail.
There is consensus however, on the requirement of inhibitory receptors during the education
process, so a limitation of this study is that expression levels of inhibitory receptors are
unknown, as no markers were included for these receptors. Furthermore, the methodology
used in this study does not allow for the differentiation between a “trained” NK cell that has
been altered through epigenetic influences and an NK cell that has undergone an education

process which would lead to an altered response to the same stimulus. But whether the
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alterations in CD56°"9"CD 16" NK cells following vaccination represent a “trained” response
or an education process, the data in this study is novel and adds further insight into the
CD56""CD16™¢ NK subset.

Using a Boolean gating strategy NKp46* CD56""CD16"¢ NK cells were defined as either
lymph homing or peripheral subphenotypes. Following vaccination and flu antigen re-
challenge, subphenotypes displayed time adjusted dynamics that were particularly evident 6
months after influenza vaccination. NKp46 directly recognises influenza HA (Mandelboim et
al., 2001) and the only changes in proportions were found among the NKp46* subphenotypes,
so it is likely these responses were mediated by interactions between NKp46 and the
haemagglutinin antigen present in the vaccine preparation. The proportion of lymph homing
CD56""CD16™¢ NK cells increased in response to ex vivo re-challenge with flu-antigen,
whereas proportions of peripheral subphenotypes decreased, following which, proportions
returned to levels similar to those of pre-vaccination responding cells. These dynamic changes
in proportions could be attributable to peripheral cells responding to vaccination by the
upregulation of CD62L surface expression, as both CD27* and CD27" (CD62L") peripheral
subphenotypes decreased in proportion whereas the proportion of CD27* and CD27" lymph
homing (CD62L") cells increased (Figure 8.1) These changes in subphenotype proportions

were therefore independent of CD27 co-expression.

Va

\ Lymph homing (CD62L"*)
\
V\
\ Peripheral (CD62L")

Pre-vaccination |3 days 6 months 1year |

Change in CD56"9"{CD16"¢9
subphenotype proportons

|
) Post-vaccination |

Y
Ex vivo stimulation with flu-antigen

Figure 8.1: Graph depicting dynamic changes of CD56°"9"CD16"* subphenotype proportions
following influenza vaccination. Changes in subphenotype proportions were determined by
comparing flu-stimulated pre-vaccination cells to post-vaccination cells. Proportions of lymph
homing (IhNKp46CD27* and I|hNKp46CD27") cells increase, whereas peripheral
(pPNKp46CD27* and pNKp46CD27°) cells decrease significantly by 6 months with re-challenge
and returning to pre-vaccination proportions by 1 year.
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With vaccination and flu re-challenge, there was a remarkable fluidity in the changes of IFNy*
cell frequencies. Prior to vaccination and compared to the other 3 subphenotypes,
pNKp46CD27" cells were the major producer of IFNy (P=0.0005), but following vaccination,
IFNy cell frequencies started declining and by 6 months were significantly less than pre-
vaccination levels. This coincided with a decrease in the overall proportion of pNKp46CD27"
cells, suggesting that the loss in frequency of IFNy™ cells did not necessarily reflect an altered
response to ex vivo flu-stimulation, but rather a loss in the proportion of IFNy* producing
pNKp46CD27 cells. Marquardt et al., (2017) have shown that the majority of NK cells move
dynamically between the lungs and blood and it has also been reported that NK cells are
rapidly recruited to the lungs from other sites following influenza infection (Wang et al., 2012).
Therefore it cannot be discounted that with vaccination, certain cells of the pNKp46CD27"
subphenotype were “trained” and IFNy producing cells had migrated to the lungs. However,
licensed IFNy producing NK cells have been shown to migrate to the lungs in a mouse model
(Zamora et al., 2017), so this could represent the migration of cells that, with vaccination, had
undergone an education process and moved from the periphery to the lungs rather than a

“trained” response.

The IhNKp46CD27- subphenotype represented the largest of the 8 Boolean CD56°"9"CD16"¢
subset populations, indicating that the predominant subphenotype has lymph node migratory
potential, the site of DC/NK interactions and development of T cell memory responses. Pre-
activation of NK cells by DCs is required for an efficient response against viral infections
(Andrews et al., 2003; Kassim et al., 2006; Lucas et al., 2007) and the SLOs are also the site
where DCs primarily interact with CD56""CD16" cells, promoting proliferation and IFNy
secretion by this NK subset (Vitale et al., 2004b). Lymph homing IFNy and CD107a cell
frequencies were less robust compared to those of peripheral cells and this could mean that
they require additional or unique signals within the LN environment to reach an activation
threshold, or require further signals (education) to acquire full functional maturation as
unlicensed NK cells are functionally hyporesponsive (Bix et al., 1991; Brodin et al., 2009b;
Joncker et al., 2009; Liao et al., 1991) and preferentially localise to the draining LNs (Zamora
etal., 2017).

Given that both lymph homing subphenotypes expanded in proportions whereas their
peripheral counterparts decreased, it could be postulated that with vaccination, specific cells
of CD56"™"CD16"9 subphenotypes are altered and characterised by an upregulation of
CD62L by NKp46 and following vaccination, a dynamic movement of cells between the
periphery, lungs and lymph nodes occurs (summarised below and depicted graphically in
Figure 8.2).
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Ag drains into draining lymph nodes
Vaccination mediated influenza priming event of licensed NK cells

CD62L is downregulated and a combination of licensed and
unlicensed peripheral NKp46* subphenotypes exit LNs  mssp

2 mlp- | icensed flu--primed pNKp46CD27- IFNy* cells migrate to the lungs

3 Antigen re-challenge

Simultaneous events occur with antigen re-challenge:

“3a Licensed flu-primed pNKp46CD27- CD107a* cells
& degranulate (effector)

Unlicensed IhNKp46CD27+ and IhNKp46CD27- subphenotypes migrate to the
LNs ==pp

3d Licensed (but not flu-primed) and unlicensed peripheral NKp46* subphenotypes recirculate ™

Figure 8.2: Schematic outline of proposed trafficking of CD56”""CD16"¢ lymph homing and
peripheral NKp46 cells following influenza. Numbers in red depict the sequence of immune
responses from time of vaccination. Coloured arrows depict trafficking of CD56""CD16"¢
subphenotypes. Abbreviation: Ag = antigen. Some elements of the schematic are created from
drawings available on Smart.servier.com

1. Following intramuscular vaccination, antigen drains into regional lymph nodes and acts
as an influenza antigen priming event for CD56""CD 16" cells mediated by NK/DC
cell interactions.

2. Similar to T cells in the lymph nodes, CD56°""CD16"9 NK cells lose CD62L surface
expression to allow egress from the LNs. CD62L" cells comprising both educated
(licensed) and uneducated (unlicensed) cells exit the LNs and licensed influenza primed
IFNy producing cells (now defined as pNKp46CD27°) move to reside in the lungs,
whereas influenza primed CD107a producing pNKp46CD27* cells recirculate (immune
surveillance).

3. Upon re-stimulation signals which are mediated by NKp46 interactions with influenza
antigen, simultaneous events occur:
3a. the influenza primed pNK46CD27" subset responds by degranulation (acting as
licensed effector cells).
3b. influenza primed licensed pNK46CD27" IFNy producing proportions are reduced as

responding cells migrate from the periphery to the lungs.
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3c. CD62L is upregulated and a subset of unlicensed |hNKp46CD27° and
IhNKp46CD27* migrate to the lymph nodes.
3d. Licensed (but not influenza antigen primed) and unlicensed peripheral NKp46

CD62L" cells continue recirculating through the lymph nodes and periphery.

Therefore, peripheral subphenotypes may represent a combination of licensed cells of which
some have been flu-antigen primed and unlicensed cells awaiting further priming/education.
Licensed flu-antigen primed peripheral cells degranulate and produce more IFNy and
unlicensed (or possibly licensed but not flu-antigen primed) peripheral cells upon receiving the
correct signals, upregulate CD62L, and migrate to the LNs where they either receive further
signals or education before returning to the periphery. Some of the cells that have migrated to
the LNs remain as mature fully functional cells able to participate in immunoregulatory
interactions with other cells of the immune system. The movement of CD56""CD16"¢
subphenotypes between the peripheral circulation, lungs and LNs is likely an ongoing dynamic
process, thereby providing continual immune surveillance and protection. Indeed, the data
from this study has similarities to that of the influenza infection mouse study by Zamora (2017).
In their study, unlicensed NK cells were functionally subdued and preferentially located to the
LNs (similar to the lymph homing subphenotypes in this study) and licensed IFNy producing
cells located to the lungs (similar to the IFNy* NKp46CD27- subphenotype in this study).

Although there is no evidence that CD28 is expressed on NK cells, it acts as a co-receptor for
T cells and is required for T cell receptor initiated recognition of antigen during memory
formation (Boomer and Green, 2010). CD49d however, is expressed on CD4 T and CD8 T
cells as well as NK cells and has recently been used to define innate-like CD8 T cells (Barbarin
etal., 2017). With the exception of hNKp46CD27" cells, for which proportions of co-stimulated
remained unchanged, most notably, cells from the other 3 subphenotypes exhibited dynamic
changes in proportion for CD28/CD49d co-stimulated proportions that mimicked the same
pattern as that of flu-stimulated cells. However, both degranulation and the frequency of IFNy
producing cells for flu-stimulated cells were consistently greater, particularly for the peripheral
subphenotypes, which indicated that the functional capacity of co-stimulated cells did not
match that of flu-stimulated cells. Changes in co-stimulated proportions (mediated by
alterations in CD62L expression), could therefore represent a heterologous immune response
(Selin et al., 2006; Welsh and Selin, 2002) by cells that had been sensitised prior to
vaccination, either through interactions with influenza antigens or unrelated pathogens, but

also require additional antigen mediated signals to respond in a fully functional manner.
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This study also highlighted a previously under-appreciated role for CD27 expression on human
CD56°™"CD16™¢ NK cells. Although NKp46 is constitutively expressed on most NK cells
(Sivori et al., 1997), it is expressed more brightly on CD56""" cells (Alter & Altfeld, 2009) and
NKp46 deficiency prevents migration of NK cells to the LNs in MCMV infected mice (Miletic et
al., 2017). The expression of CD27 (as well as CD62L) was almost exclusively confined to
NKp46* NK cells and that NKp46 surface density is greater when co-expressed with CD27,
suggesting that CD27 may act as a co-receptor or co-regulator for human NKp46 mediated
function, as increased NKp46 cell surface density correlates with NK cell cytotoxicity against
HLA-class | allogeneic or xenogeneic cells (Sivori et al., 1999). A study by Sugita et al., (1992)
found that with IL-2 stimulation, CD27 is upregulated on NK cells and that the cytolytic activity
of activated but not resting NK cells is inhibited by anti-CD27 mAb. There are only a few
studies that have investigated co-expression of CD27 on human NK cells and its impact on
functional responses (Fu et al., 2011; Silva et al., 2008), but they suggest that CD27
functionally delineates NK cells. This study showed that CD27" NK cells were more cytolytic
than CD27" cells, whether lymph homing or peripheral, whereas CD27" cells produced more
IFNy. Furthermore, there was no evidence of polyfunctionality by either CD27* or CD27" cells,
which may suggest that a differentiation in functional capacity of NKp46 takes place during
development and that function is related to a specific subphenotype or that function is
influenced by the antigenic signals that the cell receives. Similar to cNK cells, CD27
expression on CD56°"CD16"¢ hepatic NK cells was almost exclusively co-expressed on
NKp46™ cells. Although functional activity of hpNK cells wasn’t investigated in this study,
CD56"9"CD 169 NK cells isolated from hepatic perfusate of an ALF patient revealed a severe
loss of CD27 on NK cells suggesting that NKp46™ cells (for which proportions remained
unchanged) now comprised largely of CD27" IFNy producing cells. Depletion of NK cells in
hepatic models enhances liver fibrosis and the role of NK cells in liver homeostasis is mediated
by prevention of fibrosis development through killing of activated stellate cells (Radaeva et al.,
2006; Robinson et al., 2016), therefore the loss of CD27 on NKp46 cells implies a reduction
in NK cells involved in cytolytic activity necessary for direct killing of cells and a critical role for

expression of CD27 on NKp46™ cells.

Whether the CD56"""CD16"¢ subset represents developing NK cells or a functional subset
within their own right, an understanding of the normal homeostatic mechanisms and processes
are required, as aberrations or alterations in the CD56""'CD16"¢ subset would lead to
defective CD569™CD16*"" cells or impairment in CD56°™™CD16™¢ immunoregulatory
interactions with other cells of the immune system. In conclusion, this thesis has contributed

and expanded our knowledge of human CD56°"9"CD16™9 heterogeneity and NK
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subphenotypes found in the peripheral circulation. By characterising CD56"""CD16"*9 cells
based on lymph homing properties, this study has offered novel insights into NK
subphenotypes that respond to influenza vaccination, as well as functional differences

between subphenotypes which are characterised by CD27 expression.

8.2 Concluding remarks

Unfortunately, a limitation of this study was the availability of patient and participant samples.
Increasing the sample numbers could help confirm the multiple responses observed in this
study, particularly within the broader context of a universal vaccine which ultimately is
dependent on a better understanding of the complex elements of the immune system that

contribute towards heterologous immunity.

The methodology used in the current study was also not able to elucidate the dynamic
changes in CD56"9"CD16"¢ subphenotype proportions after vaccination, necessitating that
the inference be made that NKp46™ cells that do not express CD62L respond to ex vivo flu-
stimulation by upregulating CD62L and that the results represent a trafficking of specific cells.
The use of animal models would help to track the movement of cells and identify potential

sites of NK immune training.

Based on the data from this study the following warrant further investigation:

1. Further clonal tracking studies are required to understand if indeed CD56%™ are more
mature NK cells that have developed from CD56°™™CD16"™?, so as to provide a better
understanding of NK cell development pathways. Of interest, would be the
characterisation of the CD56"9"CD16°"9" subset (for which very little data are available),
to understand if it represents an intermediate stage between CD56°"9" and CD56%4™
cells.

2. The CD4, CD8 and NK cell phenotypes of cells showing expansions and contractions of
CD28/CD49d co-stimulated cells need to be ascertained to understand if these are
vaccination primed cells that are more responsive to co-stimulatory signals but require
specific antigen signals to become fully functional or may indeed be innate-like cells that
have yet to be defined.

3. A deeper understanding of what stimuli induce CD56°"9"CD16"¢ cells with lymph
homing potential to traffic from the periphery to the lymph nodes and other solid organs.

4. Studies on heathy human liver NK cells are limited by material availability. Hepatic
perfusate was found to provide an abundant source of NK cells and CD56°™"CD 16"

cells in particular, but sample collection took longer than anticipated, so time constraints
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did not allow for further flow cytometry panel development. Flow cytometry panels that
include markers for liver resident NK phenotypes, as well as functional markers would
be helpful in the further investigation differences between healthy liver resident and
peripheral NK cells.

5. Similar to healthy liver NK cells, CD27 surface expression was confined to NKp46™ NK
cells from the acute liver failure patient. Yet there was a severe loss of CD27 surface
expression, so the proportion of NKp46"CD27- NK cells was a predominant phenotypic
feature of the patient’s hepatic CD56”""CD16"% NK cells. Further studies are required
to understand if the loss of CD27 is a common feature of drug induced liver pathology
and if this differs from other liver pathologies, particularly as NK cells are critical in

maintaining homeostasis within the hepatic environment.

The findings from this study could be considered within the context of the global emergence
of respiratory viruses that are novel to humans since the role of NK cells during viral infection
of the lungs is still not well characterised. During vaccinia virus infection (VACV), NK cells
provide an early source of IFNy in the lungs contributing to both innate and adaptive VACV
antiviral responses (Abboud et al., 2016). Furthermore, not only does IFNy act as a pro-
inflammatory cytokine but also is important for regulation of neutrophil expansion and helps to
limit neutrophil mediated tissue injury as has been shown in tuberculous infected mice (Nandi
and Behar, 2011). A dual role for NK cells has been found in murine influenza infection models
and with a medium-dose influenza infection, depletion of either lung or systemic NK cells
during early infection increases mortality and morbidity (Nogusa et al., 2008; Stein-Streilein
and Guffee, 1986), whereas depletion of systemic NK cells in high-dose infection improves
mortality as a consequence in reduction of lung pathology (Abdul-Careem et al., 2012; Zhou
et al., 2013). The world is currently in the grips of a global pandemic which emerged in 2019
and is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Similar
to influenza viruses (Weinheimer et al., 2012), coronaviruses replicate in alveolar type 2 cells
of the lung (Mossel et al., 2008). During infection with SARS-CoV-2, most patients present
with mild to moderate symptoms but in some patients, pulmonary infiltration of immune cells
occurs following viral replication and may ultimately lead to death from acute respiratory failure
(Huang et al., 2020). The cause of death is believed to be the consequence of an uncontrolled
cytokine storm (Jose and Manuel, 2020; Mangalmurti and Hunter, 2020) resulting from severe

inflammation which leads to multi-organ failure.

There is an early increase in cytokines in all patients with COVID-19 infection (Lucas et al.,

2020) but dysregulation of the immune system occurs as clinical disease worsens in certain

161
CHAPTER 8: Discussion and concluding remarks



CHAPTER 8
Discussion and concluding remarks

patients. Patients with ongoing severe disease maintain a strong antiviral (type-1) cytokine
response whereas this subsides in patients with moderate clinical disease (Lucas et al., 2020).
The role of NK cells in the pathogenesis of COVID-19 is not known but using a vaccinated
macaque study (Manickam et al., 2020; Yu et al., 2020) it has been shown that NK cells not
only respond to COVID-19 infected cells but replication of COVID-19 in the lungs is similar to
that observed in the 2009- influenza H1N1 pandemic (Hui et al., 2020). NK cells may
contribute to the cytokine storm witnessed in some individuals during COVID-19 infection
since cNK cells have reduced expression of various cytokines including IFNy (Kuri-Cervantes
et al., 2020) and the spike proteins of SARS-CoV-2 mediates migration of NK cells, thereby
acting as a chemo-attractant as well as influencing IFNy secretion and modifying CD107a
expression when presented by lung epithelial (Bortolotti et al., 2020). Furthermore NK cell
proportions are reduced in COVID-19 patients (Giamarellos-Bourboulis et al., 2020; Wan et
al., 2020) including CD56"™" NK cells (Varchetta et al., 2020) which may suggest a migration
of NK cells out of the peripheral circulation occurs. Therefore a study on COVID patients,
defining CD56°"9"CD16"° subphenotypes based on lymph homing and CD27 properties,
could be relevant to understanding if the loss of CD56°™" NK cells witnessed in such patients
represents a loss of IFNy producing pNKp46CD27" cells, due to migration of these cells to the
lungs where they may contribute to a cytokine storm. Within the context of the findings from
the current study it can therefore be postulated that during ongoing COVID-19 infection, IFNy
producing pNKp46CD27- CD56""9"CD16" cells are constantly recruited to the lungs from the
periphery through signals received from other immune cells or as NK cells become exhausted
(Market et al., 2020) and are retained in the lungs through NKG2A interactions with HLA-E

expressed on lung epithelium (Bortolotti et al., 2020).

Most importantly, the novel findings in the current study, using a virus that infects the same
cells as those of other respiratory tract viruses, could contribute to a deeper understanding of
differential contributions of CD56""CD 16" subphenotypes to the immune dysfunction that
is mediated by such viral infections. This may be of significance particularly within the context
of heterologous immunity for the development not only of vaccines but also immunoregulatory

therapies.
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APPENDIX B
Influenza antigen titration

Doubling dilutions of Influvac® subunit inactivated influenza vaccine (Solvay
Pharmaceuticals), containing 15 ug each haemaglutinin and neuraminidase antigen of strains
A/California/7/2009(H1N1)-like virus; A/Perth/16/2009(H3N2)-like virus and
B/Brisbane/60/2008 virus) to give final concentrations of 0.5 pg; 1 ug and 2 ug per ml. 2 x 10°
PBMC aliquots were stimulated (Section 2.6.1) and stained as per the staining protocol used
for test samples (Sections 2.8.1; 2.8.2 and 2.8.3). The concentration of antigen giving the
best magnitude of degranulation response (CD107a*) for CD56"""CD16"%%, CD56%™CD1 6"

and CD8 T cells was deemed the optimal concentration.

24
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16
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costim 0,5ug 1ug 2ug

— CD56brightCD16dim
— CD564mCD16brisht
— CD8
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APPENDIX C
Antibody titrations

The purpose of an antibody titration is to a) determine the optimal concentration of antibody
that is required to give good separation between positive and negative populations and b)

determine the position of the negative population on the axis.

Commercially available fluorescently labeled antibodies generally suggest a recommended
volume for use in a flow cytometry panel, but as this may not be the optimum concentration
for each panel, antibody titrations were performed.to obtain the desired result. Starting with
the manufacturers recommended volume, doubling dilutions of fluorochrome conjugated
antibody were made in PBS and 2 x 10° PBMC aliquots stained as per the staining protocol
used for test samples. To ensure best separation between positive and negative populations

with minimal interference from negative populations, the peak signal-to-noise ratio was

positive MFI

calculated as negative MFI

and graphed against antibody concentrations. The point where the

minimum antibody volume gave the greatest signal to noise ratio was determined as the
optimal concentration point and used for all experimental protocols. A representative example

using CD27 PE Cy5 stained cells to determine optimal antibody concentration is given below.

CD27 PE Cys5 titration

Saturaton point

Me dian ratio

10ul Sul 2,5ul 1,25ul 0,625u

Ab volume

Monoclonal antibody titrations using anchor markers

Flow analysis software programs present data as a percentage of the gated parent population,
the interference of inherent background noise with measurement accuracies makes it difficult
to determine antibody saturation point when a cell population represents a small fraction of
the parent population. Therefore, anchor markers were included for titrations of CD56, CD16,

IFNy and CD107a antibodies (summarized below).
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APPENDIX C
Antibody titrations

Anchor marker Antibody for titration
CD56 brilliant violet 605
CD3 PE Cy7 (for negative gating) CD16 FITC
IFNy Alexa fluor 700
CD8 Qdot 705 CD107a Pacific blue

The same staining protocols that were used for test samples were followed. 2 x 10 PBMC
cell pellets were surface stained (Chapter 2, section 2.8.2) or stained intracellularly (Chapter
2, section 2.8.3) with pre-titrated anchor markers and aliquots of fluorochrome conjugated
monoclonal antibody dilutions. For detection of IFNy and CD107a, PBMCs were stimulated
with SEB (Chapter 2, section 2.6.2).

Anchor markers were gated and antibodies under titration were next gated off these
populations. A representative example using CD8 QDot 705 as an anchor marker for IFNy

and CD107a antibody titrations is depicted below.
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APPENDIX D
Determination of primary fluorecence

To achieve primary fluorescence, the voltage for a given detector was adjusted to a level
where the mean fluorescent intensity (MFI) of the fluorochrome specific for that detector, was
greater than that in secondary detectors and with minimal spillover fluorescence. The process
was repeated with each voltage adjustment in both primary and secondary detectors until
primary fluorescence was obtained. Primary fluorescence was determined as the lowest
voltage gain in which the MFI value was highest in the primary detector with the least spillover
into secondary detectors. An example of a primary fluorescence matrix for FITC (highlighted
in red box) is given below.
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APPENDIX E
List of fluorochrome conjugated antibodies

Laser | Wavelength | Detector Antigen Fluorochrome | Clone Company Rationale for inclusion in
panel
Blue 488 F CD16 FITC 3G8 Biolegend Identify/phenotype NK
cell subsets
E NKp46 PE 9E2 BD Identify activating
Pharmingen | receptor
D CD45R0O ECD UCHL1 | Beckman Phenotype memory T
Coulter cells
C CD27 PE-Cy5 0323 Biolegend Phenotype NK cell
subsets T cell memory
B CD4 PE-Cy5.5 RM4-5 | Biolegend Phenotype T cell subsets
A CD3 PE-Cy7 UCHT1 | Biolegend Identify T cells/ non NK
cell lineage exclusion
Red 640 D CD62L APC DREG- | BD Phenotype NK cell
56 Pharmingen | subsets/T cell memory
C
B IFNy Alexa fluor B27 BD Detection of cytokine
700 Pharmingen | responses
A CD14 APC-Cy7 or Md¢P9 | BD Non NK cell lineage
APC-H7 MdP9 | Pharmingen | exclusion
CD19 APC-Cy7 or SJ25C1 Non NK cell lineage
APC-H7 SJ25C1 exclusion
Near infra-red
amine LIVE/DEAD Exclusion of dead cells
discriminator
Violet | 405 F CD107a Pac Blue HAA3 Biolegend Marker of degranulation
E
D
C
B CD56 BV 605 NCAM | Biolegend Identify/phenotype NK
16.2 cell subsets
A CD8 QDot® 705 or | 3B5 Biolegend Phenotype T cell subsets
BV 711 RPA-T8
Ultra 355 B
Violet
A

APPENDIX E: List of fluorochromes
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APPENDIX F
Flow cytometer optimization

The quality of signals to detect photon emission by flow cytometers is reliant on laser
alignment, optical filters, fluidics and precision of fluorescent measurements. Efficiency of
detector sensitivity and reflection properties of optical filters and mirrors is of critical

importance for accuracy of polychromatic flow cytometry data.

Laser power was checked using a laser power meter before commencement of the study and
then reassessed 2 to 3 times year. Dichroic mirrors were checked to ensure that band-pass
and long-pass mirrors were in the correct positions for each laser, as per manufacturers
specifications and a cascade test as described by Perfetto et al., (2006) was performed to
determine photoelectron efficiency. Electronic noise (e noise) for each detector was

determined to ensure that values fell below 100 so as to reduce interference with true signal.
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APPENDIX G
Flow cytometer system calibration

Following system optimization, a voltage range was determined for each photomultiplier tube
(PMT). Voltages were set at 350 V and two single peaks (able to be detected over the voltage
series) gated on 8 peak rainbow beads (Spherotec). 10,000 beads were acquired and the
process repeated over a series of 50 V increments. The MFI of the lower bead peak was
defined as M1 and the upper bead as M2. PMT linearity was determined with the following
formula: (M1 - M2) / M1.

To determine background, 10,000 unstained compensation beads were collected over the
same voltage range. Signal to noise ratio was calculated as: M1 divided by background, for

each voltage series.

The co-efficient of variation (CV) for M1 was recorded over the voltage series and the CV,
signal to noise ratio (S:N ratio) and PMT linearity were plotted onto a graph. The voltage
range was deemed, as the voltage range for which the CV was lowest, with the highest signal
to noise ratio and with linearity over a range of voltages. The example below depicts the linear
PMT range for the APC channel of the red laser. Black vertical lines indicate the linear range
as defined by the range giving the best compromise between low CVs, best signal to noise

ratio and PMT linearity.
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Voltages obtained from primary fluorescence validation (Appendix D) were applied to each
PMT to ensure that they fell within the linear range and a tolerance range was determined for
MFls and CVs for each PMT from data collected over 30 daily readings. The target MFlIs were
calculated as the mean of 30 daily readings and a 10% greater or lesser variance than this
value was calculated as the tolerance range. The tolerance range for CVs was considered as

a value no greater than the mean of 30 daily readings.
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APPENDIX G
Flow cytometer system calibration

Standardisation

To ensure optimal signal synchronization, peak 3 midrange fluorescent beads (Spherotech)
were used to check the area scaling factor (ASF) and adjusted, if required, before each
experiment to ensure that the height MFI was equivalent to the area MFI for each laser. Laser

delay settings were tested to confirm peak signal location relative to the reference laser.

Performance was measured and monitored on a daily basis before each experiment was run,
by acquiring 10,000 peak 3 midrange fluorescent beads (Spherotech), to ensure that MFls
and CVs for each PMT were within the tolerance range. If daily readings fell outside of the
acceptable range, a troubleshooting procedure was followed, until MFIs and CVs fell within

the tolerance range.

Spectral compensation of fluorochrome labelled antibodies
The emission spectrum of a fluorochromes can be sufficiently broad enough to be detected in
more than one detector. Compensation is a mathematical process that corrects for this

overlap.

Polystyrene BD CompBeads™ were single stained for each fluorochrome by adding a drop of
CompBeads to 100ul of phosphate buffered saline (PBS) and the same volume fluorochrome
conjugated antibody as test samples. Tubes were incubated in the dark for 10 minutes and
then washed by adding 2.5ml PBS followed by centrifugation at 1000 rpm for 10 minutes. The
supernatant was discarded and tubes gently blotted on clean paper toweling. Beads were
resuspended in 300ul 1% paraformaldehyde and refridgerated at 4° C in the dark for no longer
than 24 hrs. Unstained BD CompBeads™ resuspended in 300ul 1% paraformaldehyde were

used as a negative.

Following acquisition of compensation beads, but before acquisition of test samples, the
compensation matrix electronically generated by FlowJo™ software for Mac (version 9.9.4)
was examined to ensure correct allocation of negative and positive populations to all
parameters. A representative example of a FlowJo “wizard” generated table showing correct

allocation of negative and positive populations is shown below.
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APPENDIX G

Flow cytometer system calibration

| he  Sample Name Primay Coler
v o Comperantion Contrals NG Adrxa Huwor 700 Stamed Control fcy willexy Flaer 700.A
|~ . Comperantion "I"'lh,l’("]l APC Stained Contral I wAPC A

|~ . Comperaation Contrals_Damp APC.CyT Stained Comrel 14 wAPC.CyT A

|- . Comperantion Connrals_COLE NITC Stamed Contronfcs wHTC.A

|v . Compendantion Conteals_COLE A Patific Blue Stained Contrel foy v Bhue-A
|>- . Companantion Contrals NVSAE BY Staned Contred 10y A

Iv . Companantion Contanly COY MO Stnad Comtrel f11 MO A

|~ . Companintion Contraly CDY M.Cy) Sined Commmnl 12 M .Cy A

|~ . Companintion Contanls COMSRO EC ML Tanar bad Stunad Comtred 111 M Tern BadA
|~ . Companantion Contrnls CDA M O S PrCiuCyt oS Stunad Comenl 10 e CP O SA
|v . Comparantion Contanly COSE BV EOS Qaer 108 Stamat Contred 11y wldor LO%.A

|v . Comperantion Contrals_CDB Br W 711 Vinler) Saained Contral fcs wWielet] A

Iv . Compenaation Conmmals_Usstained Conmnnl fies winitaned

Peaftive

v 54
s Sizelow APC.A
e Siaelow APC.Cyl A

aefow Adexcy Huwor T00.A

rSizeson _ITC.A

Szesom _Patifie Mae-A
Sizelow LA

Szelomw M.ChaA
Saesow MLCyl A
Saefow M Tecm RedA
Shaelom PP OS5 A
Siaefow G 054
Siaelom Vielet| A

Compensation matrices for each experiment were next analysed to ensure that compensation

for spectral spillover was not more than 100% for any parameter ie primary fluorescence was

maintained. Below is an example of a FlowJo generated compensation matrix.
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APPENDIX H
Anti-influenza virus A human IgM ELISA

Background

The anti-influenza virus A human in vitro ELISA kit (Abcam, United Kingdom, cat no ab108747)
qualitatively measures IgM antibodies against influenza A in human plasma and serum.

The ELISA kit uses a 96-well plate that has been pre-coated with influenza A antigens to bind
cognate antibodies. Controls or test samples are added to the wells and the plate incubated.
Following a wash step, horseradish peroxidase (HRP) labelled anti-human IgM conjugate is
added, which binds to the immobilized influenza virus-A specific antibodies. Following a further
incubation and wash step a substrate solution (TMB) is added to each well which is catalysed
by the bound HRP to produce a blue colour which changes to yellow on addition of an acidic
stop solution. The intensity (optical density) of the yellow colouration is directly proportional to

the amount of influenza virus A IgM captured on the plate.

Optical density determination

Plates were read at 450 nm using 620 nm as a reference wavelength using a Techkon plate
reader (Techkon, Germany). The mean optical density (OD) of the substrate blanks
(background blank) was subtracted from the mean of each sample reading and compared to

the mean cut-off control value.

Data analysis
Calculations

The following criteria must be met for the IgM assay to be considered valid:

e Substrate blank: Absorbance value < 0.100

e Negative control: Absorbance value < 0.200 and < cut-off
e Cut-off control: Absorbance value 0.150 - 1.300

e Positive control: Absorbance value > cut-off

[ )
Interpretation of results
Samples are considered to give a positive signal if the absorbance value is greater than 10%

over the cut-off value.

Samples with an absorbance value of less than 10% above or below the cut-off control value
should be considered inconclusive and be repeated. If the second test result is again less than
10% above or below the cut-off control value the sample must be considered negative.

Samples are considered negative if the absorbance value is lower than 10% below the cut-off

value.
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APPENDIX H
Anti-influenza virus A human IgM ELISA

Results in standard units

Standard units = Mean patient absorbance value x 10

Cut-off
Cut-off: 10 Standard units
Grey zone: 9 - 11 Standard units
Negative: < 9 Standard units
Positive: > 11 Standard units

APPENDIX H: Anti-influenza A IgM ELISA
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