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Abstract

Natural killer (NK) cells constitute the frontline immune defence against infections and
malignant transformation. NK cells develop from committed precursors (NKPs) in the bone
marrow and undergo subsequent maturation in peripheral tissues. Murine NK cells are
delineated into distinct maturation stages based on differential CD27 and CD11b
expression. The maturation pathway of NK cells is a 4 step process that involves the
transition of double negative CD11b"CD27- cells to CD11b"CD27" cells, which then mature
into CD27*CD11b* cells that finally undergo terminal differentiation into CD27-CD11b" cells.
During NK cell development, this pathway is thought to occur in a linear fashion with the
generation of each subset arising from its direct precursor. Analysis of the NK cell
developmental pathway has shown the importance of transcription factors in this setting and
results from these studies have largely supported the linear development pathway. Using
genetically manipulated mice, this study sought to investigate the importance of the Nuclear
Factor of Kappa B (NF-kB) family of transcription factors in NK cell development and
maturation. The development of NK cells was shown to be independent of individual c-Rel
and NF-kB1/p50 proteins whereas maturation of peripheral NK cells required RelA. The
absence of RelA was characterized by a significant reduction in peripheral NK cells
expressing CD27 but was also associated with normal numbers of terminally differentiated
NK cells. Using confocal microscopy, two distinct populations of NK cells with and without
nuclear translocated RelA were identified, suggesting RelA dependent and independent
mechanisms may control NK cell development. Collectively, this study demonstrates the
importance of RelA during the generation of peripheral NK cells and should prompt further

investigation of the role of RelA in NK cell-dependent control of disease
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Chapter 1

Literature Review
Transcriptional regulation of Natural Killer Cell Development

and Maturation



1.1 Introduction

The immune system is comprised of a pool of cells that originate from bone marrow (BM)
resident hematopoietic stem cells (HSCs). These hematopoietic cells are separated into two
major lineages: the lymphoid lineage, which include the T, B and natural killer (NK) cells, or
the myeloid lineage, composed of monocyte/macrophage, erythrocytes, megakaryocytes
and granulocytes. Another cell of hematopoietic origin are termed dendritic cells (DCs),
however, which lineage they belong to is unclear 2. In addition to this, a group of innate
lymphoid cells (ILCs) derived from common lymphoid progenitor (CLP) have been identified
3. Based on their phenotype and cytokine secretion profile, ILCs are divided into three
subsets: group 1 ILCs, group 2 ILCs and group 3 ILCs *. The main function of the immune
system is to protect the body from pathogenic microbes, including viruses and bacteria, and
to eliminate tumour cells, as well as toxins and other foreign substances that threaten normal
homeostasis 8. To do this, the immune system employs an elegant mechanism that relies
on the distinction of detecting structural features specific to disease-causing agents. In other
words, the immune system has the ability to distinguish “self” from “non-self’, avoiding
excessive damage to host cells and tissues °. While there are many cells that form part of
the immune response, they can be classified into two major branches, based on the kinetics
with which they respond to insult. These are termed innate and adaptive immunity, which
although separated by the time it takes them to become fully active, interweave with each

other to ensure the survival of the host 8.

1.1.1 The innate immune system

The innate immune system provides a first-line of defense against pathogenic agents, and
is characterized by the speed in which it generates a productive immune response, within
minute to hours of exposure to the disease-causing agent®’. The cells of the innate immune

system are comprised of mast cells (MCs), macrophages, neutrophils, eosinophils and NK
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cells &, and mostly rely on germline encoded receptors for the recognition of molecular
patterns that are not present in the host °. Moreover, innate immunity is characterized by
speed in which it generates a productive immune response, usually within minutes of
exposure to the disease-causing agent 67. In addition to the initial response, the innate
immune system has a role in activating the adaptive immune response ’. In cases where
the innate immune response is not successful in eliminating the potential threat, the adaptive
immune system can be activated to help eliminate the danger. This response is delayed,
taking days or weeks to be established, however it is more specific to each unique pathogen
and can form memory, meaning, the immune reaction is improved with repeated exposure

to the same pathogenic agent 891°,

1.1.2 The adaptive immune system

The adaptive immune system can be divided into humoral and cellular immunity and is
carried out by different classes of lymphocytes, called B- and T-cells. Humoral immunity
refers to the recognition of foreign antigens by B-cells, which secrete immunoglobulin
proteins called antibodies. These circulate in the bloodstream and bind specifically, and with
great sensitivity, to the foreign antigen that triggered its production. It is the binding of
antibody that inactivates viruses and microbial toxins by blocking their binding to host cells
and opsonizing the pathogen for phagocytic cells to ingest %''. On the other hand, cellular
immunity is meditated by CD4" T-cells (T helper cells) and CD8" T-cells (cytotoxic T-
lymphocytes (CTL) 2°. Armed CTLs target intracellular pathogens, such as cells infected
with viruses or certain bacteria, with specificity dictated by an interaction between the T-cell
receptor (TCR) and the class | major histocompatibility complex (MHC) 2. In contrast to
innate immunity, the capacity of CD8" T-cells to recognize MHC is not germline encoded but
involves genetic recombination of the TCR. This process occurs via the recombinase
activating gene (RAG), which works to generate an extraordinarily large range of CD8" T-
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cells with differing TCR specificities. From this pool of almost 108 unique CD8* T-cells, it is
highly likely that at least one will demonstrate exquisite specificity for the pathogen. During
the primary infection, this cell expands to control the disease but, more importantly,
generates a pool of long lived cells that provide secondary control. It is this process, termed
immunological memory, that prevents re-infection and is the basis for vaccination. In an
analogous fashion, although with distinctions, pathogenic antigens derived from ingested
extracellular bacteria and toxins, are carried to the cell surface and presented to CD4* T-
cells. These cells provide signals to activate antigen specific B-cells, a process that shares

the principal of immunological memory, albeit generated by contrasting mechanisms 3.

1.2 Natural killer cells in the immune system

Natural killer cells are an important member of the innate immune system, and were first
discovered in 1974 and described as being “spontaneous killer cells” '*'7. These cells were
identified as “large, granular” lymphocytes with the ability to exert a cytotoxic effect against
certain mouse lymphoma cells in vitro '8, Since their discovery over 40 years ago, much
has been learned about their cellular lineage development and function. Functionally, NK
cells have been shown to have a significant role in the elimination of infected cells, or those

that have undergone malignant transformation 920,

As alluded to earlier, the function of NK cells in innate defense is regulated by a series of
germ-line encoded receptors. Significantly, these can be activating or inhibitory, providing
the balance mechanism by which NK cells recognize “self’ and “non-self’. Without prior
sensitization 2, the outcome of NK cell recognition of “non-self’ is the release of
chemokines, pro-inflammatory cytokines and contact-dependent killing of target cells
through the release of the pore-forming molecule perforin, and apoptosis-inducing proteases

22,23
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1.2.1 Natural killer receptors

The germ-line encoded receptors on the NK cells of mice includes the C-type lectin-like
Ly49 NK cell receptor family 24. In contrast, humans express a structurally distinct but
functionally similar receptor family termed the killer-cell immunoglobulin-like receptors (KIR).
Both Ly49 and KIR are specific for polymorphic class | MHC, being H-2°%! in mice and
Human leukocyte antigen (HLA)-A, -B and -C molecules in humans (see Table 1) ?°. The
activation of NK cells is regulated by a balance between activation and inhibition signals
transduced upon the interaction between NK cell receptors and their respective ligands on
the target cell surface. In this regard, target cell lysis will take place when the activation
signals outweigh the inhibition signals 25" (Figure 1). However, to prevent damage to
healthy cells, NK activation is tightly regulated through the “missing-self’ or the “induced
self’ theory, which is commonly used as a guiding principle for understanding target cell

recognition by NK cells 28,

Table 1. NK cell Ly49 and KIR receptors

Receptor family | Species Ligands Activation/Inhibition
Ly49 Mouse MHC class | Activation / Inhibition
Ly49A H-2DkP Inhibition

Ly49C H-2KP® H-2D>?* | Inhibition

Ly49D H-2D° Activation

Ly49H m157 Activation

Ly49l H-2K/DPds:av Inhibition

Ly49P H-2D¢ Inhibition

KIR Human HLA-A/-B/-C Activation / Inhibition
KIR2DLA1 HLA-C2 Inhibition

KIR2DL2/3 HLA-C1 Inhibition

KIR2DL4 HLA-G Activation

KIR3DLA1 HLA-Bw4 Inhibition

KIR3DL2 HLA-A3, -A11 Inhibition

KIR2DS1 HLA-C2 Activation

KIR2DS2 HLA-C1 Activation

KIR3DS1 HLA-Bw4 Activation

Adapted from Pegram, Andrews et al.2011 25
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sta 12

NK cell activation NK cell inhibition

Figure 1. The activation of NK cells is regulated through a balance between activation
and inhibition signals. NK cells use their inhibitory receptors to detect the absence of self-
molecules on potential target cells, and their activating receptors to detect danger, or stress
signals. When activation signals outweigh the inhibition signals, NK cells become activated
and endeavour to Kkill the target cell. Similarly, NK cell activation is inhibited when the
inhibition signals outweigh the activation. Figure adapted from Vivier, Ugolini et al %°.

1.3. NK cells acquire self-tolerance during development

In an early study, all mature NK cells were reported to express at least one inhibitory receptor
(Ly49 in mice and KIR in humans) that recognizes self MHC class | protein 3931, This
interaction is required for NK cells to achieve functional maturation and self-tolerance via a
process termed “licensing”. This process prevents NK cells from attacking healthy self-cells
by ensuring that mature NK cells can be inhibited by the presence of self MHC, and therefore
allows them to distinguish infected cells or tumor cells from normal self-cells 3233, The
importance of this interaction is seen during NK cell development, in which the absence of
inhibitory receptors specific for self-MHC class | results in the development of NK cells that
lack the ability to recognize and kill MHC class I-deficient tumor cells in vitro, and MHC class

| deficient BM in vivo 24:30.34,

Two self-tolerance mechanisms have been proposed to explain the “licensing” of NK cells
by inhibitory receptors. The first hypothesis, termed the “arming” model, claims NK cells are
initially hyporesponsive during development until the engagement of an inhibitory receptor

with its corresponding self-MHC class | protein subsequently “arms” the NK to acquire
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functional competence 3. Alternatively, the “disarming” hypothesis suggests that all NK
cells are initially responsive and that NK cells are persistently stimulated in vivo by
stimulatory ligands expressed on normal self-cells in the body. However, hyporesponsive
NK cells arise if the stimulatory signals are not counteracted by inhibitory signals from MHC
class |-specific receptors 243235 Therefore, in either model, expression of inhibitory
receptors for self-MHC class | is required for functional maturation of NK cells via an MHC
class I-dependent ‘licensing’ 334, Once licensed, NK cells are equipped with the ability to
regulate NK cell activation through the “missing self” or “induced-self” model of NK cell

activation.

1.3.1 The “missing-self” and “induced-self” theory of NK cell activation

The “missing self’ theory of NK cell activation is dependent on the recognition of MHC-I,
MHC-I-related molecules or HLA class | (expressed on healthy nucleated cells) by inhibitory
receptors on NK cells, which dampen NK cell activation 2838, For instance, a number of Ly49
receptors in mice 738 KIR receptors in human 3%4° and the heterodimeric CD94/NKG2A
lectin-like inhibitory receptor in both species recognize and attack cells that lack MHC-I
expression 28, Whereas, the presence of MHC | on target cells engage with inhibitory
receptors on NK cells and inhibits NK cell activation and thus blocks target cell killing 252841,
In regards to their role in diseases, viral infection and malignancies, pathogens have evolved
ways to manipulate the immune system to inhibit cytotoxic T-lymphocytes (CTLSs)
responses, including down-regulation or complete loss of MHC-I expression, thereby
rendering antigen-specific T-cell responses unresponsive, but increasing susceptibility to

NK cell-mediated killing 4244,
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In contrast, the “induced-self” model of NK cell activation describes NK cell recognition of
ligands that are upregulated upon cellular stress, malignant transformation or viral invasion
45 For example, the NK cell activating receptor, NKG2D recognizes the “induced-self”
ligands expressed upon cellular stress, these include MHC class | chain-related
gene MICA/MICB and UL16 binding proteins (ULBP 1-6) in humans, and mouse UL16-
binding protein-like Transcript 1 (MULT1), Retinoic acid early inducible 1 (RAE-10-¢), and
the minor histocompatibility (H) antigen (H60a—c) expressed in BALB.B mice 254547, Thus,
NK cell recognition mechanisms are crucial for immediate defense against tumor cells,

virally infected cells, stressed cells and T-cell elusive diseases 26:42:44.48,

1.4 Natural killer cell development

The stages of NK cell development have been distinguished based on phenotypic and
functional differences (Figure 1.2A). First, the CLP differentiates into pre-NK cell precursors
(pre-NKP), which can be distinguished by the increased expression of CD27 and CD244
and decreased expression of c-kit (CD117), however at this stage they still lack common
lineage markers (CD3, CD4-, CD8", CD19, Ter119°, GR-1-and NK1.1°). Subsequently, pre-
NKP cells differentiate into an NKP population, defined by the expression the IL-15 receptor
(IL-15R) beta chain (CD122) and differential expression of IL-7Ra (CD127). Similar to pre-
NKP these cells continue to lack NK cell specific markers. From the NKP stage, cells develop
into immature NK cells (iNK), which is coupled with the loss of IL-7Ra expression but the
gain of the inhibitory receptor CD161, which belongs to the C-type lectin family and is
recognized by the NK1.1 antibody in C57BL/6 and C57BI/10 mouse strains 4°5°. However,
the expression of CD161 is not NK cell-specific as it is expressed by 15-25% of peripheral
blood T-cells, activated CD8* T-cells and NKT cells 3. Therefore, iNK cells express the NK
cell marker NKp46, which belongs to a family of natural cytotoxicity receptors (NCRs) that
is highly specific for NK cells. These iNK cells express low levels of CD11b (also known as

integrin aM) and members of the Ly49 family of receptors %23, In order to be functionally
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competent in regards to cytotoxicity and production of interferon (IFN)-y, the iNK cell
population undergoes a linear maturation process in which the expression of Ly49
molecules, CD27 and CD11b are sequentially regulated % (Figure 1.2). The development
of NK cells rely heavily on specific cytokines and transcription factors at each stage of

development, which will be explored in Section 1.4.1.1.

A
immature
N
Phenotype: cp27
| IL-7R >
I c-kit >
| IL-15R >
[ CD244 >
| D161 >
[ NKp46 >
Cytotoxicity: ‘

C-@-=-o
R |3

Figure 1.2. Schematic representation of NK cell developmental and maturation in the
bone marrow and peripheral organs: A. Mouse NK cell development in the BM follows a
linear pathway from the CLP to mature NK cells, which correlates with increased cytotoxicity.
The stages of development can be identified by the pattern of surface antigen expression.
B. Mature NK cells leave the BM and undergo further maturation in peripheral tissues, such
as the spleen and liver. NK cell maturation in the periphery follows a linear model of
differentiation on the basis of CD27 and CD11b expression. In A and B, the levels of
cytotoxicity within populations is marked by the size of the triangle.
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1.4.1. NK cell development into NK cell committed precursors

The acquisition of the IL-15R beta chain (CD122) at the NKP stage marks an important step
of NK cell differentiation as IL15 promotes NK cell differentiation, functional maturation and
survival in both mouse and human 2'5%56_ The IL-15R complex is composed of the unique
IL-15Ra chain, the shared IL-2R (common) y (yc) and IL-15R[3 chains, which is used by both
the IL-2R and IL-15R complex 257 (Figure 1.3). Due to the cytokine-receptor subunits being
shared between IL-2 and IL-15, signal-transduction pathways are also shared. These
include the Janus kinase 1 (JAK1), Janus kinase 3 (JAK3) and Signal transducer and
activator of transcription 5 (STAT-5) signaling pathways, ultimately leading to gene
transcription and initiation of the NK cell developmental program. Mice lacking a functional
IL-15 receptor (IL-15RBR) exhibit a significant reduction of NK cells in the BM and spleen,
indicating that IL-15 is essential for NK cell development 58, In further support of this,
targeted mutations the IL-15R complex components IL-15Ra and IL-2R[3, which forms part
of the IL-15R complex, results in NK cell deficiency, whereas the absence of IL-2Ra does
not affect NK cell development 2'%8. In addition, mouse NK cells have been shown to develop
from BM-derived NKPs when cultured with the cytokines, IL-15, IL-7 and the factors, c-kit
ligand (CD117) and flt3 ligand (FL); however, IL-15 alone had no effect on the development
of mature NK cells 2", suggesting that IL-15 promotes the survival and differentiation of

the developing NK cell but not lineage commitment.

The IL-15R and IL-7R complex share a structural similarity (Figure 1.3), prompting
speculation that IL-7 played an important role in NK cell development and survival. However,
surprisingly results have shown that the expression of IL-7Ra isn’t essential for the
development of NK cells in the BM 898" In fact, a decrease in IL-7Ra expression is observed
in NKPs in the BM, which is followed by complete loss of expression in circulating mature

NK cells in the spleen 26! . However, the IL-7Ra subunit is critical for the development of B
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and T-cells %283, suggesting the down-regulation and subsequent loss in NKPs is required
to push the CLP towards an NK cell lineage. Interestingly, however, there is a population of
IL-7Ra expressing NK cells that is thought to develop in the thymus, and the genetic deletion
of IL-7 results in a significant reduction of these thymic NK cells 834, This suggests that IL-
7R plays opposing roles in NK cell homeostasis, dependent on the organ in which they are
generated. In support of this, it has been confirmed that IL-7Ra* thymic NK cells are a true
NK cell population and not derived from the T-cell precursors . In contract, BM-derived
NKPs only mature in peripheral tissues, such as the thymus %6 which may explain the

difference in IL-7Ra expression between thymic and BM-derived NK cells.

[ ] ] | [ ]

Interleukin-inducible genes

Figure 1.3. Shared signaling pathways of the NK cell cytokine receptors IL-2, IL-15
and IL-7. IL-2, IL-15 and IL-7 share the common cytokine-receptor yc in their receptor
complexes, and IL-2 and IL-15 also share the IL-2/IL-15R[3 subunit. Upon binding, cytokines
interact with the alpha subunit within the complex. In the case of the IL-7R complex, the IL-
7 cytokine forms a dimeric complex, whereas the IL-2 and IL-15 cytokines form a trimeric
complex with its corresponding receptor. All three receptor complexes mediate signal
transduction via the kinases JAK-1 and JAK-3, which then activate the STAT-5 signaling
pathway, resulting in gene transcription which initiates the NK cell developmental program.
Figure adapted from Meazza et al .
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1.4.1.1 Transcriptional regulation of NK cell development

A complex network of transcription factors promote and control lineage commitment of
innate and adaptive lymphocytes from the CLP ©°. Although both innate and adaptive
lymphocytes share multiple transcription factors, it is the differential kinetics of expression
during lineage development that dictate cell fate. In NK cells, several transcription factors
play a significant role in development at distinct stages, including Notch1, Nuclear factor IL-
3 (Nfil3) and Inhibitor of DNA binding (ld) protein 2, T-box expressed in T cells (T-bet) and
the homolog of Blimp1 in T cells (Hobit). Interestingly, despite the similarities between the
group 1 ILCs and NK cells, they can be separated on the basis of transcription regulation
during development. For instance, the group 1 ILCs require T-bet and Hobbit, but not Eomes
and nfil3, which are important for NK cell development #¢7. However, the precise hierarchy
of the transcription factors required for NK cell development is still poorly understood, and
more research is needed to comprehensively identify the full repertoire of transcription

factors necessary for NK cell development.

1.4.1.1.1 Notch signaling pathway regulates early NK cell development

Notch1 belongs to the Notch family of proteins and plays an important role in NK cell and T-
cell ineage commitment by signaling through Jagged1, Jagged2 and delta-like ligands (DLL)
68 Signaling via Jagged1 and Jagged2 promote NK cell development, whereas signaling
through DLL favors T-cell development. The importance of Notch1 signaling in NK cell
development was shown via the deletion of the Notch1-dependent transcription factor, B-
Cell CLL/Lymphoma 11B (Bcl11b). Bcl11b is poorly expressed in immature NK cells and is
completely absent in precursor and mature NK cells, however it is highly specific for T-cell
lineage commitment, and its expression is maintained throughout development %79, In the
absence of Bcl11b, thymocytes from all stages of development are diverted into an NK cell-

like fate, characterized by NKp46 expression and the loss of CD3. In addition, these NK cell-
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like lymphocytes express a number of NK-associated transcription factors, including high
amounts of Nfil3 transcript °. Therefore, Notch1 signaling is thought to be very important
for early stages of NK cell development from hematopoietic stem cells (HSC), dictating the
transition of precursors to NK or T-cells ! (Figure 1.4A). This is supported by a complete
loss of NK cells when Notch-blocking antibodies are introduced during development 72,
However, whether Notch1 also plays a role in mature NK cell development and survival is

yet to be determined.

1.4.1.1.2. Nfil3 signaling required for late stage NK cell commitment

The basic leucine zipper (bZIP) transcription factor, Nfil3, also known as E4bp4, has a
variety of roles in the immune system. Nfil3-deficient mice have been used in a number of
studies to investigate its function in the development of NK cells. The deletion of the Nfil3
gene in mice revealed a significant reduction of NK cells in the spleen, liver and lungs,
however they did not display any deficiencies in lymphoid organ T-cell subsets 7374,
highlighting a critical role for Nfil3 in NK cell lineage commitment through to the NKP stage.
Considering that the BM is the main site of NK cell development 7°, this suggests that Nfil3
is a key regulator of the development of NK cells. In support of this, Nfil3-deficient mice
exhibit a developmental block at the immature and mature stage in BM, however, the NKP
cells are unaffected. The mature NK cell impairment is global, with markedly reduced
populations in the spleen, lung, and liver of Nfil3-deficient mice 7. Due to the unaffected
NKP cells, this reveals a critical role of Nfil3 in the later stages of NK cell development, more
specifically targeting the differentiation of NKP cells into immature and mature NK cells
(Figure 1.4A), which ultimately leads to a reduction in NK cell migration and localization
into peripheral tissue. Moreover, Nfil3 has been seen to regulate both the phenotypic and
functional maturation of NK cells in the BM and the spleen. In the spleen, this is
characterized by the reduction of activation receptors 2B4, Ly49D, Nkp46 and CD11Db,
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coinciding with a reduction of IFN-y production and cytolytic capacity in the Nfil3 deficient
mice, compared to WT 74. However, the function of NFil3 as a regulator of NK cell
development is still under investigation, with several groups attempting a targeted deletion

in NK cell precursors (Dan Andrews, Personal Communication).

1.4.1.1.3. 1d2 protein required for NK cell maturation

The Id protein belongs to a family of basic helix-loop-helix (bHLH) proteins, which can form
either a hetero- or homodimer with E-protein transcription factors via the HLH domain. These
subsequently bind to target DNA sequences through the basic DNA-binding region. Homo-
dimerization of the HLH proteins result in transcriptional activation, whereas hetero-
dimerization acts as either an activator or repressor of downstream gene transcription 6.
The Id proteins contain a HLH domain, but unlike E-proteins, they lack a basic DNA-binding
region 7. Id proteins negatively regulate the function of E-protein transcription factors
(encoded by the genes E2A (Tcf3), E2-2 (Tcf4), and HEB (Tcf12)) 78, by quenching them
through dimer formation and thereby preventing E-protein from binding with its target E-box
DNA sequence 7778, Interestingly, E-boxes have been identified in genes required for T and

B cell development and are thought to be key regulators of both B- and T-cell differentiation

76,79

Id2, a member of the Id family of proteins, is required for NK cell development in the bone
marrow and in the thymus 8. The role of 1d2 in NK cell lineage commitment has been
investigated using ld2-deficient mice, which reported an arrest at the iNK stage in d2-
deficient mice and no difference in the NKP population. This suggests that 1d2 is not
essential for NK cell lineage commitment, but is required for the transition from immature to

mature NK cell in adult BM (Figure 1.4A) 608081,
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1.5. NK cell maturation in the periphery

As previously discussed, the main site of NK cell development is in the BM, where they develop from
HSCs into NKPs that give rise to iINK and mature NK cells 8 (Figure 1.2). Mature NK cells egress
from the BM and take up residence in peripheral sites, mainly in the spleen, liver and lungs with
some residing in the lymph node (LN) and BM #9828% Peripheral NK cell maturation enables the
development of full effector function, demonstrated by functional capability and acquisition of certain

cell surface markers .

Mature murine NK cells express a range of markers, which include CD49b, CD122, CD161, NKG2D,
NKp46, Ly49 receptors, as well as high levels of CD11b. Murine and human NK cells can
be subdivided by CD27 and CD11b expression 538485 CD27 belongs to the TNF receptor
superfamily and can functionally separate murine and human NK cells into CD27"9" and
CD27"°" subsets. These two NK cell subsets differ in effector functions, proliferative
capacity, tissue organization and interaction with other immune cells 8%, Interestingly,
CD27 has different functions in human compared to mouse NK cells. In humans, the
majority of CD27- NK cells are more cytotoxic compared to the CD27" subsets, with an
associated increased expression of cytolytic proteins (perforin and granzyme B) and in-vitro,
show higher toxicity towards the NK cell-sensitive cell line K562 compared with their CD27*
counterparts &. In contrast, CD27* expressing NK cells in mice display enhanced effector
function, demonstrated by greater cytotoxic capacity compared to CD27 cells and greater
production of IFN-y 89 These findings demonstrate the major role of CD27 surface
expression in the regulation of NK cell effector function in both humans and mice, however,
they emphasize that NK cell populations within the mouse do not always directly reflect that
of humans. Moreover, two additional NK cell populations have been identified based on
CD11b expression. CD11b" NK cells are found mostly in bone marrow and LN and display
an “immature” phenotype, characterized by a high rate of homeostatic proliferation.

Whereas, CD11b* NK cells are predominant in peripheral sites, such as the spleen and
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peripheral blood mononuclear cells (PBMCs), and represent the main “mature” subset in
adult mice. CD11b* NK cells have high levels of Ly49 receptors and potent effector functions
compared to the “immature” CD11b- subset 938420 Unlike murine NK cells that do not
express the marker CD56, humans NK cells are comprised of a heterogeneous population
of CD56* NK cells °'. In addition, NK cell subpopulations can be defined on the basis of
relative CD56 expression. The CD569™ are more cytotoxic and mirror the murine CD27* NK
cells, whereas, the CD569" NK cells closely resemble the CD27- NK cells . Interesting,
however, brief priming of CD56""9" NK cells with IL-15 has been shown to enhanced their

anti-tumour response, including degranulation, cytotoxicity, and cytokine production 3.

A. NK cell development in the BM
HSC Precursor Immature  Mature
(NKP) (iNK)

o ~-0— @

Transcription
factors: m
[ NFIL3 >

o

B. Maturation in peripheral tissues

& ) o= €

Figure 1.4. Schematic representation of the transcription factors regulating the stages
of NK cell development in the BM and the mature subsets in the peripheral tissues.
A. In the BM, Notch1 is suggested to regulate the differentiation of the CLP to NKPs, while
Nfil3 controls the transition of NKPs to mature NK cells and Id2 is required for the final stage
of NK cell maturation. B. In the periphery, Eomes controls differentiation of CD27*CD11b"
cells to the CD27*CD11b* subset, and T-bet regulates the transition of CD27*CD11b* NK
cells to the terminally differentiated CD27-CD11b* NK cell subset.
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1.5.1 NK cell maturation is separated based on CD27 and CD11b surface

expression

Maturation of peripheral NK cells follow a linear model of differentiation on the basis of CD27
and CD11b expression. The pool of peripheral NK cells are subdivided into phenotypically
and functionally distinct stages of maturation from the most immature CD11b"CD27- (DN)
stage through CD11b-CD27* (CD27"), which then mature into CD27*CD11b* (DP) cells that
finally undergo differentiation into CD27-CD11b* (CD11b*) NK cells 489 (Figure 1.4B).
This model was proposed based upon results using an adoptive transfer method where the
injection of DN cells gave rise to CD27*, DP and CD11b* cells in a linear fashion®.
Interestingly, CD27* cells are mostly localized in the LN and BM, whereas CD11b* cells are
predominately in the blood, spleen and lungs 4°84, suggesting organs specific factors can

regulate NK cell maturation.

The CD27*CD11b* NK cell subset is considered “mature” and the most cytotoxic and potent
cytokine producers. In line with the observation that they are the last stage of NK cell
development, NK cells belonging to the CD27-CD11b* subset is classified “terminally
differentiated”. This is characterized by increased expression of KLRG1 (killer-cell lectin-like
receptor subfamily G, member 1) %, a marker associated with decreased proliferative

capacity, increased apoptosis, and reduced effector function of NK cells %4%.

1.5.1.1 Transcriptional regulation of NK cell maturation

A number of transcription factors regulate NK cell maturation, including T-bet and
Eomesodermin (Eomes), which belong to a phylogenetically related family of T-box
transcription factors that share a T-box DNA-binding domain °7:%, T—bet was first identified
in murine CD4* T-cells with a key role in regulating T helper 1 cell lineage commitment by

trans-activating the IFN-y gene and inducing IFN-y production %1% Eomes expression was
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first discovered in Xenopus gastrula embryos and was demonstrated to be involved in
embryogenesis of vertebrates %8101, Since then, Eomes and T-bet expression have also
been identified in major human and murine blood cell subsets, including NK cells, where
they play a significant role in NK cell maturation %’. In the absence of Eomes, NK cells arrest
at the CD27*CD11b" stage 92193 whereas, T-bet drives the terminal differentiation of NK
cells to the CD27-CD11b* cells %4195 (Figure 1.4), characterized by a decreased number in
the spleen, liver, and peripheral blood %, Forkhead box protein O1 (FOXO1) negatively
regulates NK cell maturation by acting upstream of the T-bet gene and suppressing T-bet
expression, and subsequent to a conditional deletion of FOXO1 from NK cells, there is an
observed loss of CD27 expression and an increased proportion of KLRG1* cells '°5. Overall,
this demonstrates the importance of the transcriptional regulators Eomes and T-bet in NK

cell maturation and thus function.

1.6. The role of Nuclear Factor-kB (NF-kB) in the immune response

A diverse family of transcription factors are modulated upon surface receptor signaling, in
turn, reprogramming gene transcription for cytokine and chemokine production '%. Many of
the transcription factors controlling cytokine production in NK cells have been inferred on
the basis of similarity to CD8" T-cells. Production of IFN-y by CD8" T-cells requires T-box
factors, STAT proteins and the NF-kB family members. In NK cells, IL-12 is required to
activate STAT4 and T-bet and lead to subsequent IFN-y production 197,19 However, these
pathways are not absolute and T-bet/STAT4 independent pathways to IFN-y production do
exist. In this regard, treatment of NK cells with the Th1 cytokines IL-18 and TNF-a can
activate NF-kB, which in conjunction with IL-12 enhances NK cell production of IFN-y 1%, In
addition, NF-kB signaling has been shown to have a profound role in T-cell survival,

activation, proliferation and cytokine secretion 91" Given the similarity between T- and
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NK cells in regards to transcription factor regulation, an investigation of the contribution of

individual NF-kB members in NK cell biology is warranted.

1.6.1 The NF-kB signalling pathway

NF-kB is a transcription factor first identified in 1986 as a nuclear factor associated with an
enhancer element of the immunoglobulin (Ig) k light chain genes in B cells 2. Since then,
a heterogeneous collection of NF-kB dimers has been identified in almost all cell types ''3.
The NF-kB family contains five mammalian members, NF-kB1 (encoding the precursor
molecule p105 and the processed form p50), NF-kB2 (encoding the precursor p100 and the
processed form p52), RelA (p65), RelB and c-Rel, which all recognize a common sequence
motif ''4. The three Rel proteins, RelA, RelB and c-Rel contain a nuclear localization
sequence (NLS) and share a conserved 300-amino-acid Rel homology region (RHR), made
up of two Ig-like domains. The RHR domain is responsible for interaction with |kB proteins,
dimerization and DNA binding '*3. In addition, NF-kB proteins differ the ability to activate
transcription, for instance, RelA, RelB and c-Rel, have a carboxy-terminal transactivation
domain (TAD) that initiates transcription from NF-kB-binding sites in target genes'3.115-117,
whereas, NF-kB proteins lack the transcriptional domain and function as transcriptional

repressors, such as homodimeric NF-kB1 (p50) and NF-kB2 (p52) 3.

RelA-deficient mice exhibit embryonic lethality at embryonic days 14-15 due to liver
degeneration via increased hepatocyte apoptosis, demonstrating the essential role of RelA
for survival '8, The RelA-p50 heterodimer is the most abundant NF-kB complex in most cell
types, but other homo- and heterodimeric complexes are possible depending on the cell
type and the activation signal 3119, Alternatively, RelB is a potent transcriptional activator
that dimerizes with only p50 or p52, with expression restricted to specific regions of the
lymphoid organs such as the thymic medulla, paracortex of lymph nodes and the

Page | 19



periarteriolar lymphatic sheaths (PALS) of the spleen '2°. Unlike RelA and c-Rel complexes
that are involved in an inducible kB-binding activity and gene activation, RelB-p50 and RelB-
p52 heterodimers are associated with basal kB-binding in thymus and spleen, indicating that
RelB controls the constitutive expression of kB-regulated genes in these tissues 22!, For
instance, relb gene disruption in the spleen results in reduced DC numbers, moreover, these
DCs have an impaired antigen presenting function 22123, Similar to the other Rel proteins,
c-Rel can form homo- or heterodimers with other NF-kB proteins, but unlike RelA and RelB
that are activated by immature lymphocytes, c-Rel is activate in mature lymphocytes 2. The
deletion of c-Rel interferes with a number of immune cell-specific functions, including
reduced B-cell proliferation, survival and antibody expression ''5, as well as reduced IL-2

production by T-cells and impaired T-cell proliferation and differentiation 24,

1.6.1.2 The canonical and non-canonical NF-kB activation pathway

Rel and NF-kB proteins become activated via a well characterized “canonical” or “non-
canonical” NF-kB activation signaling pathway '?° (Figure 1.5). The “canonical” pathway
regulates the activation of RelA, c-Rel and NF-kB1/p50 hetero or homodimers. As illustrated
in figure 1.5, the majority of the NF-kB dimers are retained in a resting state in the cytoplasm,
bound to the IkB subunits IkB-a, IkB-B, or IkB-e. This pathway becomes activated by a
diverse family of receptors, such as the tumor necrosis factor (TNF) and Toll-like receptors,
leading to the phosphorylation of IkB molecules by the IkB kinase (IKK) complex, composed
of IKK-a—IKK-B and the regulatory subunit, IKK-y (termed NEMO). As a result, the IkB
molecule undergoes proteasomal degradation and the NF-kB1 dimers are released into the
cytoplasm where they subsequently translocate into the nucleus to bind to the kB sequences
and initiate gene transcription 18126, For example, signaling through the TNF receptor
superfamily member CD27 results in activation of the RelA/p50 dimer through an IKK(3- and
IKKy-dependent IkBa degradation "7 128 In contrast to the “canonical” pathway, the “non-
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canonical” signaling pathway activates the RelB/p52 dimer complex through a mechanism
that involves processing of NF-kB2 precursors, p100 to p52, in an IKK-independent manner.
This pathway uses NF-kB-inducing kinase (NIK) to phosphorylate and activate an
IKKa complex, which then phosphorylates p100, leading to the release of RelB/p52
complex for subsequent entry into the nucleus, where it binds to the kB sequences for gene
transcription 16129130 This pathway is activated by specific receptors, such as a subset of
TNFR superfamily members, including B-cell-activating factor receptors (BAFF-R) 3!, CD40
132 and lymphotoxin B-receptor (LTBR) '33. The “non-canonical pathway” regulates a number
of immune responses, such as B-cell survival/maturation and DC activation. Additionally,
the absence of this pathway is associated with lymphoid malignancies '?°. Therefore, both
the “canonical” and “non-canonical’” NF-kB signaling pathway has a key role in immune

regulation.

Page | 21



Canonical pathway

Non-canonical pathway

N\

>

Coso 02

NEM NEMO

ol
DD o

Proteasomal
degradation

> ®
Seas
I
/ * Nucleus\
af{) [
| xB | |

p100
processing

/i Nucleus\
(b —=
| x8 | |

Figure 1.5. NF-kB signal transduction pathways. In the canonical NF-kB pathway (left),
the NF-kB dimers are sequestered in the cytoplasm bound to the IkB molecule (often IkBa).
Upon stimulation, the IKK complex (containing the a and (3 catalytic subunits and two
molecules of the regulatory IKKy (NEMO) are recruited to phosphorylate the IkB molecule.
This leads to the ubiquitination and subsequent proteasomal degradation of the IkB
molecule. The NF-kB dimers are released and enter the nucleus where they bind to the kB
element to initiate target gene transcription. In the non-canonical pathway (right), signaling
through specific receptor-ligand interactions leads to activation of the NF-kB-inducing kinase
NIK, which then phosphorylates and activates the IKKa complex to phosphorylate and
process p100 to P52. This pathway leads to the release of the p52/RelB complex into the
cytoplasm, before entering the nucleus and binding the kB element to initiate target gene
transcription. Figure taken from %0,
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1.6.3 The role of NF-kB in natural killer cells

Despite the in-depth characterization of the effect of NK-kB in most other cell types, there
has been very little research into the role it plays within NK cells. One study observed a
relationship between NK cell activity and NF-kB activation. For example, NF-kB1/p50 has
been associated with perforin production via IL-2RR signaling 134, and NF-kB1/p50 and RelA
are required for controlling Ly49 gene expression in vitro by binding to the Ly49 promoter,
Pro1 '35, Furthermore, NF-kB/p50 and c-Rel knock-out mice have addressed the role of NF-
kB in NK cell proliferation and IFN-y production. Interestingly, c-Rel behaves as an agonist,
whereas NF-kB/p50 plays an opposing role as an antagonist for NK cell proliferation and
IFN-y production '%°. These studies, however, have only scratched the surface of NK cell
biology in terms of NF-kB family members. Importantly, the role of individual NF-kB family
members in NK cell development was not delineated. Furthermore, the analysis of NK cell
activation was restricted only to IFN-y production without any functional data on NK cell
cytotoxicity. Moreover, paired engagement of DNAX Accessory Molecule 1 (DNAM-1) with
the coactivation receptor, 2B4 (CD244) was shown to be required for RelA activation 36,

however this was briefly explored in NK cells.

1.7 DNAM-1 is important for immune surveillance

DNAM-1 is a 65 kDa transmembrane glycoprotein consisting of two Ig-like domains in the
extracellular portion, and a cytoplasmic tail containing three phosphorylation sites for
intracellular kinases 137138 |t has been identified as an adhesion molecule that belongs to
the immunoglobulin (Ig) immunoreceptor superfamily and binds to the Nectin and Nectin-
like molecules, CD155 (Polivirus Receptor PVR; Necl5) and CD112 (Nectin-2, PRR2) %.137-
139, DNAM-1 is broadly expressed on human and murine lymphocytes. In humans, DNAM-
1 is expressed on all NK cells, T-cells and monocytes, whereas in mice, it is constitutively

expressed on all CD8" T-cells, activated CD4* T-cells, but only on 25-50% of splenic NK
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cells 140142

Upon binding to its ligands, DNAM-1 plays a predominant role in inducing cytotoxicity in NK
cells, demonstrated in monoclonal antibody (mAb)-dependent blocking experiments using
human NK cell lines, including the YT line that lacks CD16, NKp30, NKp46, NKp44, and
NKG2D, but expresses DNAM-1'38. Moreover, DNAM-1 has been implicated as a major
trigger for NK cell-mediated killing of tumors over-expressing CD155 and CD112 140,143,
characterized by the inhibition of NK-cell mediated lysis of cell transfectants and tumor cell
targets when DNAM-1 binding with either CD155 or CD112 is blocked ', and increased
tumor development in NK cells lacking the DNAM-1 surface receptor %44 Furthermore,
CD155 has been shown to be the key ligand for triggering NK-cell mediated tumor
suppression, which coincides with CD155 overexpression on tumor cells 142145146 gand may
be explained by different binding affinity seen between DNAM-1 and CD155 or CD112, with
CD122 binding less efficiently to DNAM-1 compared to CD115 39147 However, the role of
DNAM-1 in cytotoxicity and tumor elimination is redundant in the presence of the NKG2D-
ligand pathway '#2, thereby revealing a complex hierarchy among NK cell receptors.
Therefore, DNAM-1-CD155 interaction by NK cells is important for immune surveillance of
tumor development, in particular, tumors that are weakly immunogenic and do not interact

with the activating molecule, NKG2D.

1.7.1 DNAM-1 marks an alternative of NK cell maturation in peripheral sites

Recently, a new program of NK cell maturation has been proposed based on DNAM-1
expression %. In this model, DNAM-1-NK cell develop from DNAM-1* NK cells independent
of the CD27 and CD11b maturation scheme. DNAM-1*NK cells are more active and produce
larger amounts of pro-inflammatory cytokines IFN-y, IL-6 and Granulocyte-macrophage
colony-stimulating factor (GM-CSF), whereas DNAM-1- NK cells produce macrophage
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inflammatory protein-1 (MIP1) chemokines with phagocyte-stimulating and pro-inflammatory
properties °°. DNAM-1- NK cells express genes involved in NK cell receptor signaling as well
as certain cytokines and chemokines. In addition, a molecular network analysis revealed up-
regulation of nfkb1 in DNAM-1- NK cells. On the other hand, DNAM-1* NK cells overexpress
cytokine-related genes, consistent with their pro-inflammatory profile and a more activated
phenotype %. Considering DNAM-1 has a role in NK cell effector function, tumor elimination
and more recently represent a new pathway of peripheral NK cell maturation, an

investigation in the transcriptional control of this molecule is warranted.

1.8 Summary and thesis aims

NK cells play a pivotal role in providing rapid defense against pathogens and malignant cells.
They acquire cytotoxic and cytolytic potential throughout development, primarily in the BM,
and during subsequent maturation in peripheral tissues, such as the spleen. The main
regulators of NK cell development and function are a pool of transcription factors which
influence the stages of NK cell development, cytotoxicity and receptor expression. The NF-
kB family members are expressed in almost all cell types and known to regulate the
development and function of various lymphocytes, however, only little is known about the
role of NF-kB in NK cells. Therefore, in this thesis, | hypothesize that the NF-kB family

members regulate the development and maturation of NK cells.

In summary, this thesis aims to investigate the following:

1. Investigate the role of the canonical NF-kB family members in natural killer cell
development and maturation ex vivo (Chapter 3).

2. Characterising the role of RelA in natural killer cell development and maturation ex
vivo (Chapter 4).

3. Investigate NF-kB activation during peripheral NK cell maturation (Chapter 5)
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Chapter 2

Materials and Methods
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2.1 General

All tissue culture experiments were undertaken in a certified PC2 facility following the guidelines set
out by the Office of the Gene Technology Regulator (OGTF) at the Monash University. All

mammalian cells were cultured at 37°C and 5% CO; in a Heracell 150i incubator (Thermo Fisher

Scientific).

All mouse experiments and procedures were conducted in accordance with the Australian code for
the care and use of animals for scientific purposes (National Health and Medical Research Council
of Australia, EA28). All experiments were approved by the AMREP Animal Ethics Committee. All

mice were house in a specific pathogen-free (SPF) facility in individually ventilated cages (IVS).

2.2 Mice

The NF-kB1/p50 null mice were generated and characterized by Sha et al. '*® and c-Rel null mice
were derived as described previously by Kontgen et al. in 1995 '*°. Green fluorescent protein (GFP)-
RelA knock-in mice were generated and characterized by De Lorenzi, R., et al. '. In these mice,
the RelA coding sequence is aligned in frame with a GFP reporter. This strain was provided by
Professor Manolis Pasparakis (EMBL, Germany). C57BL/6 mice were used as wild-type healthy
controls for all mutant strains and were purchased from AMREP Animal Services (AAS) (AMREP
Precinct, Melbourne, Australia). All mouse strains were maintained as a homozygous colony at the

Animal Resources Laboratory, Monash University, Clayton.

2.2.1 Generation of Rela-chimeric mice

C57BL/6-CD45.2 Rela-chimeric mice, were generated previously '°'. Fetal liver cells were harvested
from ED13.5 embryos and injected intravenously into an 6-week-old irradiated C57BL/6-CD45.1

male host mouse. Cells were harvested from these mice 4-6-weeks post cellular reconstitution.
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2.3 Cell Isolation and culture

2.3.1 Isolation of mouse leukocytes from spleen

Spleens were harvested and passed through a 40 um cell strainer before being centrifuged at 300
g for 10 min at 4 °C. To remove red blood cells (RBC), splenocytes were re-suspended in red blood
cell lysis buffer (150 mM NH4CL, 10 mM KHCO3, 0.1mM Na2 Ethylenediamine tetracetic acid (EDTA)
for 4 min at room temperature (RT), before the reaction was stopped by the addition of 40 mL

phosphate buffered saline (PBS) (Life Technologies) and centrifuged at 300 g for 10 min at 4 °C.

2.3.2 Isolation of leukocytes from mouse liver

Harvested mouse livers were passed through a metal sieve and washed with PBS. Cells were
transferred to a Falcon tube and centrifuged (300 g, 7 minutes, RT). The supernatant was aspirated
and resuspended with PBS and centrifuged (300 g, 7 minutes, RT). The cells were layered upon
37.5% Percoll (Sigma Aldrich, St. Louis, Missouri, USA) which was first made to 90% and then further
diluted to 37.5% in PBS, cells were then centrifuged (690 g, 12 minutes, RT), and the supernatant
was aspirated. To lyse RBCs, the cell pellet was re-suspended in RBC lysis buffer for 4-minutes at

RT. Cells were diluted with PBS and centrifuged (300 g, 10 minutes, 4 °C).

2.3.3 Isolation of leukocytes from mouse BM

Epiphyses of the bones (femur and tibia) were cut off the using clean scissors. A 27-gauge needle
and a 12 cc syringe filled with PBS was then used to flush the BM cells from both ends of the bone
shafts onto a 50 ml screw top Falcon tube fitted with 40 um filter followed by centrifugation (1,500
rpm, 5 minutes, 4 °C). To lyse RBCs, BM cells were re-suspended in RBC lysis buffer for 4 min at

room temperature. Cells were then diluted with PBS and centrifuged (300 g, 10 minutes, 4 °C).

2.3.4 Flow cytometry

Cells were pre-incubated with sterile PBS containing 5% goat serum (Life Technologies,

Carlsbad, CA, USA) for 30 minutes to prevent non-specific Fc binding. Cells were
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centrifuged (300 g, 10 minutes, 4 °C) and resuspended with FACS wash buffer containing
a combination of fluorescent-labelled mAbs (Table 2.1-2.3), incubated on ice for 30 minutes
and washed twice by centrifugation (300 g, 10 minutes, 4 °C). Cells were then resuspended
with FACS wash buffer and assayed using BD LSR Fortessa (BD Biosciences, San Jose,
CA, USA). Output files were analysed using FlowdJo software (Version 10) (LLC, Ashland,
OR, USA). Cell populations were determined as follows: splenic NK cells from WT, crel”
and nfkb17- (CD3'NK1.1* or CD3"NKp46™), reconstituted splenic NK cells from the foetal liver
RelA chimeric mice (CD45.2*CD45.1-CD3-NK1.1* or CD45.2*CD45.1-CD3'NKp46™), liver
NK cells from WT, crel”~ and nfkb1”- (B220-CD5Ly6G CD3 NKp46*Ly49a*), reconstituted
liver NK cells from the foetal liver RelA chimeric mice (B220-CD5Ly6G CD3'NKp46*Ly49a*),
BM NK cell precursors (CD3B220Ly6G CD122*NKp467) and mature BM NK cells (CD3"
B220Ly6G"CD122*NKp46*). Total numbers of individual cell populations were quantified by
multiplying total cell counts by frequencies obtained from flow cytometry. An example of the
typical gating strategy of cells using forward- and side-scatter (FSC, SSC) parameters is

shown in Figure 2.1.
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Table 2.1 Antibodies used for the detection of spleen NK cell subsets by flow cytometry.

Antibody Clone Company Dilution

o-mouse CD27-PE LG.7F9 eBioscience 1:100
a-mouse CD3-BV605 145-2C11 BioLegend 1:100
Anti-mouse CD45.1-BV711 A20 BioLegend 1:100
Anti-mouse CD45.2-BUV395 104 BD Pharmingen 1:100
Anti-mouse CD45.2-BV785 Ly-5.2 BioLegend 1:100
Anti-mouse CD94-PE 18d3 BioLegend 1:100
Anti-mouse CD96-BV421 6A6 BD Biosciences 1:100
Anti-mouse DNAM-1-APC 10E5 BD Biosciences 1:100
Anti-mouse Ly49A-PB YE1/48.10.6 BioLegend 1:100
Anti-mouse Ly49C/I/F-FITC 14B11 eBioscience 1:100
Anti-mouse Ly49D-APC 4 E5 BioLegend 1:100
Anti-mouse Ly49E/F-APC Cm4 eBioscience 1:100
Anti-mouse Ly49G2-FITC 4D11 eBioscience 1:100
Anti-mouse Ly49H-APC 3D10 Life Technologies | 1:100
Anti-mouse NK1.1-APC PK136 eBioscience 1:100
Anti-mouse NK1.1-FITC PK136 eBioscience 1:100
Anti-mouse NKp46-BV421 29A1.4 BioLegend 1:100
Anti-mouse NKp46-PE 29A1.4 BioLegend 1:50
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Table 2.2 Antibodies used for the detection of liver NK cell subsets by flow cytometry

Antibody Clone Company Dilution
Anti-mouse B220-BV605 RA3-6B2 BioLegend 1:100
Anti-mouse CD3-BV605 145-2C11 BioLegend 1:100
Anti-mouse CD45.1-BV711 A20 BioLegend 1:100
Anti-mouse CD45.2-BUV395 104 BD Pharmingen 1:100
Anti-mouse CD45.2-BV785 Ly-5.2 BioLegend 1:100
Anti-mouse CD49a-APC HMa1 BioLegend 1:100
Anti-mouse CD49b-PE DX5 BioLegend 1:100
Anti-mouse CD5-BV605 RAE-6B2 BioLegend 1:100
Anti-mouse Ly6G-BV605 1A8 BioLegend 1:100
Anti-mouse NKp46-BV421 29A1.4 BioLegend 1:100

Table 2.3 Antibodies used for the detection of BM NK cell subsets by flow cytometry

Antibody Clone Company Dilution
Anti-mouse B220-BV605 RA3-6B2 BioLegend 1:100
Anti-mouse CD122-FITC TM-B1 BioLegend 1:100
Anti-mouse CD3-BV605 145-2C11 BioLegend 1:100
Anti-mouse CD45.1-BV711 A20 BioLegend 1:100
Anti-mouse CD45.2-BUV395 104 BD Pharmingen 1:100
Anti-mouse CD45.2-BV785 Ly-5.2 BioLegend 1:100
Anti-mouse CD5-BV605 RAE-6B2 BioLegend 1:100
Anti-mouse Ly6G-BV605 1A8 BioLegend 1:100
Anti-mouse NKp46-BV421 29A1.4 BioLegend 1:100
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Figure 2.1 Gating strategy for flow cytometry and FACS analysis. a. The flow cytometry
gating strategy using the expression of Ly49A on NK1.1* CD3" splenic NK cells of WT mice.
b. The flow cytometry gating strategy using CD27 and CD11b expression to classify NKp46*
CD3™ splenic NK cells of WT mice into stages 1-4 of maturity. SSC = Side scatter. FSC =
Forward scatter.
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2.4 Enrichment of mouse NK cells

To enrich NK cells from splenocytes, isolated mouse leukocytes were subjected to
immunomagnetic negative selection using EasySep mouse NK cell isolation kit (StemCell
Technologies, Vancouver, Canada). Cells were resuspended in 50ul/1x108 cells of the
EasySep mouse NK cell isolation and incubated for 10 min at RT. EasySep streptavidin
Rapid Spheres were added at 100 ul per 1x108 cells for 5 min at RT. Magnetically labelled
NK cell were separated using an EasySep™ magnet and enriched NK cells were collected
in the negative enrichment unbound fraction. The enriched cell population routinely
consisted of ~70% NK cells based on CD3-NK1.1+ staining, and therefore underwent further

purification via FACS.

2.4.1 Preparation of cell for cell sorting

Cell pellet was resuspended in sort buffer (1% foetal calf serum (FCS) (Thermo Fisher
Scientific), 1Mm EDTA in PBS) at 108 cells/ml (counted using Z2 Coulter Counter, Beckman
Coulter, Mount Waverly, VIC, Australia). Cells were sorted using a BD Influx or Aria (BD

Biosciences, San Jose, CA, USA).

2.5 Stimulation and cytometric bead array assay of splenic NK cells

Enriched and cell sorted splenic NK cells were stimulated with recombinant purified mouse
IL-12 (1ng/ml) in combination with either IL-18 (10ng/ml) or IL-15 (50ng/ml) (BioLegend, San
Diego, CA, USA) in RPMI 1640 medium (Life Technologies, Carlsbad, CA, USA) containing

10% FCS and 1% Pen/Step for 6- and 18- hours at 37°C, 5% COa..

At the indicated time, the supernatant from the cytokine stimulated cells, were collected and
the concentration of TNF-a, IFN-y and MIP-1a was determined using a custom BioLegend

LEGENDplex, consisting of antibody-immobilized beads for TNF-a, IFN-y and MIP-1a.
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Sample preparation and assay procedures were performed as outlined in the LEGENDplex
Mutli-Analyte Flow Assay Kit (BioLegend) protocol. The BD FACSCanto Il (BD Biosciences,
San Jose, CA, USA) was used to detect the antibody-immobilized beads and the output was
analyzed using LEGENDplex (Version 7) and GraphPad Prism (Version 7) (GraphPad

Software, CA, USA).

2.6 Electrophoretic mobility shift assays and super-shift assay

The EMSA was carried out as previously described "2 in the following buffer: 10 mM HEPES
pH 7.9, 50 mM sodium chloride, 1.5 mM EDTA, 5% glycerol and 0.1% NP-40. Each reaction
mixture also contained 3 pg/ml of poly (dl:dC) (Amersham, Little Chalfont, United Kingdom)
and phosphorus-32-end-labelled probe. For super-shift experiments, antibodies specific for
NF-kB1, RelA or c-Rel (Santa Cruz Biotechnology, CA) were incubated in the buffer at 4°C
for 60-minutes before the addition of phosphorus-32-labelled (P3?) probe. Reaction mixtures
were incubated at room temperature for 30-minutes and the DNA—protein complexes were

resolved on a native 4% polyacrylamide gel (Santa Cruz Biotechnology, CA).

2.7 Confocal Microscopy

FACS sorted NK cells (CD3*NKp46*) populations from GFP-RelA knock-in mice (section
2.4.1), were fixed in 4% Paraformaldehyde and kept on ice for 1-hour. Cells were then
washed twice with PBS, each wash comprised of centrifugation at 1,500 rpm for 5 minutes
at RT. To stain the nucleus, cells were incubated with Hoechst (Thermo Fisher Scientific) at
a dilution of 1:1000 in PBS followed by incubation on ice for 20-minutes. To remove excess
Hoechst, cells were washed twice with PBS, each wash comprised of centrifugation at 1,500
rpm for 5 minutes at RT. To measure the nuclear translocation of GFP, we used a confocal
microscopy method using the Nikon A1r plus instrument. The data was analysed and

quantified using Nikon NIS AR (version 4.51)( Tokyo, Japan). For quantitative analysis, the
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Nikon NIS AR software was pre-set to include cells with a detectable level of both nuclear

and GFP fluorescence intensity.
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Chapter 3

Investigating the role of the canonical NF-xB family
members in natural killer cell development and maturation
ex vivo
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3.1 Introduction

NF-kB is a critical transcription factor involved in a broad range of biological processes,
including immune response, cell survival and maturation of various cell types '3. There are
two pathways of NF-kB activation, canonical and non-canonical '%*. Upon activation, the
canonical activation pathway regulates the nuclear translocation and activation of NF-
kB1/p50, RelA and c-Rel, which can homodimerize and heterodimerize in numerous
combinations in response to an array of stimulants, such as cytokines and toll-like receptor
(TLR) stimulation 9. In contrast, the non-classical activation pathway is initiated in response
to a specific set of receptors, such a subset of TNFR superfamily members, including the
B-cell-activating factor (BAFFR) 13" and CD40 '3'.132, Upon activation, the non-classical
pathway regulates the nuclear translocation of the RelB/p52 NF-kB complex using a

mechanism that relies on the inducible processing of NF-kB2/p100 into p52 %6,

The NF-kB family members involved in the canonical signaling pathway control the
development, maturation and function of some immune cells. Upon activation, the canonical
family members RelA and c-Rel either form homodimers or heterodimerise with the
transactivating domain lacking NF-KB family member p50. For example, combined crel/rela
or nfkb1/crel deficient mice display an arrest in B cell development %1% and profound
defects in DC development, survival and IL-12 production "%, whereas, peripheral CD8 and
CD4* T-cell numbers develop normally '%8.160 While the canonical NF-kB family members
do not seem to be involved in T-cell generation, the T-cells from these mice display several
functional abnormalities, including an impaired production of IL-2, IL-3 and granulocyte
macrophage colony stimulating factor (GM-CSF). Considering the production of IL-2 is
essential for the maturation and differentiation of CTL effectors, cref”~ T-cells fail to

differentiate into CTLs and execute cytotoxicity 161163,
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The innate counterpart to CTLs are NK cells, which are also cytotoxic in response to invading
pathogens '%4. NK cells develop in the BM ® and undergo further maturation in the periphery,
in which lineage committed NK cells gain full cytotoxic competence and the ability to produce
IFN-y in response to the engagement of their activating receptors and cytokine stimulation
49,165,166 Therefore, to complete their developmental process and to be fully functional, NK
cells require expression of an array of germ-line encoded receptors. In mice, these include
the C-type lectin-like Ly49 receptor family 24, which comprise the activating Ly49D and
Ly49H receptors and the inhibitory Ly49A, Ly49C/I/F, Ly49E-F and Ly49G2 molecules %°.
Moreover, CD94 can act as an activating or inhibitory accessory molecule through
dimerization with members of the NKG2 family of receptors. For example, CD94/NKG2C
functions as an activating receptor, whereas CD94/NKG2A-E is inhibitory 35167 Secondary
to the expression of receptors, NK cell activation and effector function can also be achieved
through cytokine stimulation. For instance, upon stimulation with the cytokines IL-12 and IL-
18, mature NK cells in the spleen produce and secrete IFN-y and TNF for target cell lysis #°,

whereas IL-12 and IL-15 mediates the secretion of the chemokine, MIP1-a 168,

There are very few studies into the role of the NF-kB family members in NK cell function.
However, patients with Hypohidrotic ectodermal dysplasia with immunodeficiency (HED-ID),
a condition resulting from a mutation in the canonical NF-kB protein complex, NEMO, have
defective NK cells, characterized by recurrent viral infections with cytomegalovirus (CMV)
2. Moreover, the cytotoxic activity of the NK cells against tumour-cell targets was completely
abolished but was partially reversed by in vitro addition of IL-2, which was also able to induce
NF-kB activation '6".1%°, Another study using nfkb7 and crel knockout mice suggested that
c-Rel and NF-kB1/p50 play opposing roles in NK cell proliferation and IFN-y production, with
c-Rel identified as an agonist and NF-kB1/p50 as an antagonist '°. Further to this, p50 and
RelA binding sites have been identified on the bi-directional ly49 promoter, Pro1, which
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controls ly49 gene expression 3. Considering NK cell effector function is regulated by a
series of germ-line encoded receptors, such as the ly49 molecules and CD94 (couples to
either NKG2A/C/D) %5, These studies have highlighted the importance of the canonical NF-
kB family members in NK cell function, however, the role of individual family members in NK
cell development, maturation and cell surface receptor expression has been not been
explored. Therefore, using crel”” or nfkb1”- mice, this chapter aims to elucidate the role of c-

Rel and NF-kB1/p50 in NK cell development, receptor expression and cytokine production.

Page | 39



3.2 Results
3.2.1 c-Rel is not required for NK cell development

c-Rel has been shown to play a major role in lymphocyte homeostasis, including B-cell
development '7°, IL-2 production by T-cells %2 and the control of Treg differentiation in the
thymus '"'. To investigate the requirement of c-Rel for NK cell development, leukocytes from
the peripheral organs of the spleen and the liver of WT and crel”- mice were harvested and
NK cells were defined as CD3-, NKp46™*. In the liver, CD49awas used to further differentiate
between ILCs and NK cells, as CD49a is expressed on ILCs and not on NK cells. Flow
cytometric analysis of spleens and livers of crel”- mice indicated that the absolute NK cell
numbers were unchanged when compared to WT mice (Figure 3.1a-b). However, the
frequency of liver NK cells from crel”- mice were significantly reduced compared to the WT
mice (p<0.05), whereas no significant change in the frequency of spleen NK were observed
(Figure 3.1c-d). This data suggests c-Rel may contribute to the homeostasis of NK cells in

the liver but has no role in the spleen.
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Figure 3.1 c-Rel is not essential for NK cell development in the spleen and liver. The
percentage and absolute cell number of splenic (NKp46* CD3") (a-b) and liver (NKp46* CD3"
CD49a) (c-d) derived NK cells in WT and c-Rel” mice. Data represent the mean + SD (n =
4). Statistical significance determined by Mann-Whitney test (non-parametric t-test), *

p<0.05.
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3.2.1.1 c-Rel is redundant for NK cell receptor expression

The acquisition of certain NK cell receptors, including the Ly49 family and CD94,
characterize the final stage of NK cell development and functional competence '3° . For
example, the inhibitory Ly49C receptor is expressed on NK cells that secrete more IFN-y
after stimulation than do Ly49C~ NK cells 72 and the activating Ly49H receptor is required
for clearance and protection against mouse cytomegalovirus (MCMV) 73, To further
investigate the role of c-Rel in NK cell development and functional competence, the
activating and inhibitory Ly49 repertoire and CD94, which is required for the dimerization of
the CD94/NKG2 family of receptors %7, was studied in crel”~ mice. The percentage of
splenic NK cells expressing individual Ly49 proteins and CD94 receptors in crel”- NK mice
were compared with that in WT mice (Figure 3.2) In crel” mice, there was no significant
change in proportion of the activating/inhibitory CD94, inhibitory Ly49C/I/F/, G2, E/F and
activating Ly49D/H subsets compared with WT mice (Figure 3.2). Therefore, these data

demonstrate that c-Rel is not critical for CD94 and Ly49 protein expression on NK cells.
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Figure 3.2 CD94 and Ly49 protein expression on individual NK cells was not affected
by the absence of c-Rel. The percentage of CD94 and the indicated Ly49 molecules
derived from splenic primary mouse NKp46* CD3" NK cells in WT and c-Rel” mice. Data
represent mean + SD (n = 4). Statistical significance determined by Mann-Whitney test (non-
parametric t-test), * p<0.05.
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3.2.1.2 The role of c-Rel in cytokine production by NK cells

Having established that the receptor repertoire on NK cells are unchanged between WT and
crel”-mice, we next assessed the capacity of these NK cells to respond to cytokine-induced
activation. Upon costimulation with either IL-12 & IL-18 or IL-12 & IL-15, human and murine
NK cells rapidly produce and secrete IFN-y and MIP1-a respectively 74175, [FN-y production
and secretion by NK cells is critical for the initiation of immune responses against infectious
agents and malignancies 7877, whereas MIP1-a secretion recruits mononuclear cells such
as B- and T-cells to the site of infection %8 To determine the role of the c-Rel subunit in
regulating the production of IFN-y and MIP1-a, we harvested fresh murine splenic NK cells
from crel”- and WT mice and stimulated them with either IL-12 and IL-18 (Figure 3.3a) or IL-
12 and IL-15 (Figure 3.3b) and assessed for early (6-hours) and late (18- hours) cytokine
and chemokine secretion. The concentration of IFN-y and MIP1-a secretion was quantified
by a CBA assay via flow cytometry. Co-stimulation with IL-12 and IL-18 for both 6- and 18-
hours did not alter the concentration of IFN-y secreted by splenic NK cells in crel” mice
when compared with the WT mice (Figure 3.3a). Likewise, co-stimulating NK cells with IL-
12 and IL-15 for 6- and 18-hours didn’t change the concentration of MIP1-a secretion in crel
 mice when compared with WT mice (Figure 3.3b). These data suggest that c-Rel is not

required for cytokine-induced activation of splenic NK cells.
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Figure 3.3 c-Rel is not directly regulating IFN-y and MIP1-a secretion upon cytokine
stimulation. Quantitation of IFN-y and MIP1-a released by splenic NKp46* CD3" NK cells
after treatment for 6 or 18 hours with IL-12 (1ng/ml) and IL-18 (10ng/ml) (a) or IL-12 (1ng/ml)
and IL-15 (50ng/ml) (b) from wild-type or crel”- mice. Data pooled from two independent
experiments. Bars represent mean + SEM. P-values were determined by Mann-Whitney test
(non-parametric t-test). n = > 6.
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3.2.3 NK cell development occurs independent of NFKB1/p50

As my results suggested that c-Rel is not required for NK cell development or effector
function, | next investigated the role of the NF-kB1/p50 subunit. In most cell types the NF-
kB complex is composed of p50 hetero or homodimers. For example, RelA-p50 heterodimer
is the most abundant NF-kB complex 13119 However, p50 can also dimerise with RelB and
c-Rel to form a potent transcriptional activator '?°, whereas p50/p50 homodimers function
as transcriptional repressors 3. Moreover, NF-kB1/p50 has been shown to play a major
role in B-cell "% and DC development and survival %°. Furthermore, studies have
associated NF-kB1/p50 with perforin production in NK cells '35, Therefore, to investigate the
requirement of NF-kB1/p50 in NK cell development, leukocytes from the spleen and the
liver of WT and nfkb1”- mice were harvested, and NK cells were defined as CD3-, NKp46*.
In the liver, CD49a was used to differentiate between ILCs and NK cells as CD49a is
expressed on ILCs and not on NK cells. Flow cytometric analysis of spleens and livers of
nfkb17-mice indicated a significant reduction in the frequency of splenic NK cells in nfkb1”
mice in comparison to the WT mice (Figure 3.4a), whereas the absolute NK cell numbers
were not changed (Figure 3.4b). However, the frequency of liver NK cells from nfkb17- mice
were significantly higher (p<0.01) compared to WT mice (Figure 3.4c) while the absolute NK
cell numbers were comparable to WT (Figure 3.4d). This data suggests NF-kB1/p50 may

be contributing to NK cell homeostasis in the spleen and in the liver.
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Figure 3.4 NF-kB1/p50 doesn’t regulate NK cell development in the spleen and liver.
The frequency and absolute cell number of splenic (NKp46* CD3") (a-b) and liver (NKp46*
CD3- CD49a’) (c-d) derived NK cells from nfkb17- mice. The absolute number of NK cells
was calculated based on the frequency of NK cells of total cells analyzed by flow cytometry
The data has been pooled from two independent experiments. Bars represent mean + SEM.
Statistical significance determined by Mann-Whitney test (non-parametric t-test), * p<0.05,

** p<0.01.
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3.2.3.1 NF-KB1/p50 dependent requlation of NK cell receptor expression

Similar to section 3.2.1, to investigate the requirement of NF-kB1/p50 for NK cell
development, the expression of the activating and inhibitory Ly49 repertoire and CD94 were
studied in nfkb1”- mice (Figure 3.5). Resembling section 3.2.1, the percentage of cells
expressing individual Ly49 proteins and CD94 on nfkb17- NK cells was compared with WT
mice (Figure 3.5). In the spleen of the nfkb17 mice, there was a significant decrease in the
proportion of the activating Ly49D NK cell subset. In addition to this, a significant proportion
(p<0.05) of the activating/inhibitory heterodimeric CD94 and inhibitory Ly49E-F receptors
were also reduced in nfkb77- mice compared to the WT. However, the presence or absence
of NF-kB1/p50 does not affect the expression of the inhibitory Ly49A, Ly49G2 and Ly49C/I/F
receptor on individual NK cells (Figure 3.5). This data suggests that the expression of the
Ly49 repertoire and CD94 receptors on nfkb1”- NK cells is independent of its inhibitory or
activating function. Overall, it can be concluded that c-Rel does not appear to have a major
regulatory role in NK cell development and activation, yet NF-kB1/p50 may potentially have

a role in development and receptor expression.
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Figure 3.5 Decreased expression of CD94, Ly49D and Ly49E-F in nfkb1”-NK cells. The
expression of the CD94 and the indicated Ly49 molecules on spleen NK cells. The Data
are expressed as the percentage of CD3-NK1.1+ NK cells in nfkb1 knockout and WT mice.
The data in panel been pooled from two independent experiments. Bars represent mean +
SEM. Statistical significance determined by Mann-Whitney test (non-parametric t-test), *
p<0.05.
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3.3 Discussion

The primary site of NK cell development is in the BM, in which mature NK cells migrate from
the BM and take up residence in peripheral sites, mainly in the spleen, liver and lungs with
some residing in the LN and BM 498283 Peripheral NK cell maturation enables lineage
committed NK cells to gain full effector function, demonstrated by their ability to produce
IFN-y in response to the engagement of their activating receptors and cytokine stimulation
8 |n addition, the expression of at least one inhibitory receptor Ly49 receptor that
recognizes self MHC class | protein is required for NK cells to achieve functional maturation
and self-tolerance during development via a process termed “licensing” 33!, This process
ensures mature NK cells can distinguish infected cells or tumour cells from normal self-cells
32,33 Therefore, to complete their developmental process and to gain functional competence,
NK cells require Ly49 and cytokine receptor expression on their cell surface '3>178, Both NK
cell development and receptor expression require transcriptional activity, however the
knowledge of which factors are involved in these processes are poorly understood.
Interestingly, most of the findings regarding transcriptional regulation of NK cell activity, such
as IFN-y production, has been extrapolated from research into cytotoxic T-cells '%°. These
studies have led to the identification of a number of transcription factors that are shared
between NK and T-cells, such as Id2 7 and T-bet '7°. Interestingly, NK and T-cell function
is enhanced through the cytokines IL-1, IL-18 and TNF-a, which the activates the NF-kB
pathway, and when used in combination with IL-12 increase the production of IFN-y by both
NK and T-cells. Recently, NF-kB family members have been shown to regulate IFN-y by T-
cells, as well as the production of IL-2, IL-3 and GM-CSF 199.161-163_Therefore, in this chapter,
the role of the transcription factors, c-Rel along with NF-kB1/p50 in NK cell development

and homeostasis has been investigated.
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The transcription factor, c-Rel is exclusively expressed in hematopoietic cells 8181 with the
highest levels in T- and B-cells '#°. Due to this, T-cells from c-Rel-deficient mice have poor
proliferation and display defects in cytokine production, such as IL-2, GM-CSF and IL-3
149182 Furthermore, nuclear translocation of c-Rel has been shown to be required for B-cell
development '8. As NK cells share many critical transcription factors with T-cells, it stands
to reason that c-Rel may play an important role in NK cell development or activation,
however, research into the role of c-Rel in NK cells is limited. One of the few studies into
the role of c-Rel and NK cells is by Tato and colleagues "%, revealed that in the absence of
c-Rel, NK cells have a defect in their ability produce IFN-y. Interestingly, in this chapter, c-
Rel was shown not to play a role in the activation and cytokine release of NK cells, nor was
it involved in the development of NK cells or the expression of the Ly49 repertoire and CD94
on NK cells. While the current study examined NK cells freshly isolated from WT or c-Rel -
" mice, the study by Tato and colleagues assessed intracellular IFN-y production using
lymphokine-activated killer (LAK) cells, which are purified NK cells activated by IL-2
treatment for 7 days before being cultured in vitro with other cytokine combinations However,
IL-2 treatment rapidly boosts cytolytic activity and enables responses to weak stimulation by
both NK cells and LAK cells 184185 Therefore, stimulation with IL-2 is not an ideal
physiological activator. Nevertheless, in the current study, c-Rel did not regulate the
secretion of IFN-y and MIP1-a by cytokine-mediated activated NK cells. Taken together,
these studies suggest that c-Rel may potentially be regulating intracellular production of IFN-

v but does not regulate cytokine release.

Having established a lack of regulatory function c-Rel in NK cell development, we next
assessed the role of NF-kB1/p50 in NK cells. The expression of key cytokine receptors
required for NK cells development and cytokine secretion are regulated by a number of

transcription factors 78166 |n addition, in vivo studies by Pascal and colleagues have
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investigated the role of the transcription factor, NF-kB1/p50, in NK cell development and
Ly49 gene expression by using nfkb17- mice '3°. In this study, there was no statistically
significant difference in the total number of NK cells present in liver, BM, and spleen between
WT and nfkb1’- mice, which compliments the findings of this chapter, suggesting that NF-
kB1/p50 is expendable for the development of NK cells. Therefore, the decreased frequency
of NK cells in the liver and increased frequency in the spleen may be due to an NK cell-
extrinsic defect in the lymphocyte population, such as a reduced number of Marginal zone
(MZ) B cells in nfkb17 mice 8. Additionally, in the study by Pascal and colleagues '°, a
statistically significant decrease in the proportion of each Ly49 subset (Ly49A, Ly49D,
Ly49C/I, Ly49G and Ly49H) was observed in the spleen and in the BM of nfkb1”- mice '35,
which propose that NF-kB1/p50 is involved in the in vivo activation of Ly49 expression in NK
cells. However, the data presented in this chapter only demonstrate the requirement of NF-
kB1/p50 for the expression of activating Ly49D, inhibitory Ly49E-F and the
activating/inhibitory CD94 receptors. The inability to reproduce the results obtained by
Pascal and colleagues may be attributed to a number of unknown differences, including the
antibodies used for flow cytometric analysis, as well as differences in the genetically
modified mice caused by environmental variability across laboratories. None the less, taken
together, both studies conclude that NF-kB1/p50 doesn’t regulate the development of NK
cells. Therefore, the decreased Ly49 and CD94 expression on nfkb17-NK cells in this current
study are not due to a reduction of total NK cell numbers, instead, these results may reflect
a regulatory role of NF-kB1/p50 in activating the genes encoding Ly49D/E-F and CD94 on
NK cells. Finally, the regulation of the cell surface receptors is not dependent on its activating
or inhibitory function. To confirm these finding, in the future we aim to use computer-assisted
binding site analysis as well as EMSA experiments to identify p50 binding sites in the Ly49D
and CD94 promoter region of WT mice. In addition to this, future studies involve

investigating the role of NF-kB1/p50 in cytokine and chemokine production, in particular,
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IFN-y and MIP1-a by NK from nfkb17 mice. Furthermore, considering the primary effector
function of NK cells is target cell lysis, we also wish to assess the role of NF-kB1/p50 and c-
Rel in regulating NK cell killing by performing a cytotoxicity assay against NK-sensitive YAC-

1 target cells from nfkb17 and crel’”- mice.

In summary, the development of NK cells is largely unaffected by global deletion c-Rel and
NF-kB1/p50. In addition, our data show that c-Rel-deficiency does not influence the
secretion of IFN-y and the MIP1-a nor the expression of NK cell surface receptors. However,
NF-kB1/p50 is required for the expression of Ly49D/E-F and CD94. Next, it is of great
interest to study the role of the other classical NF-kB member, RelA, in NK cell development

and maturation in vivo, which is presented in chapter 4 of this thesis.
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Chapter 4

Characterising the role of RelA in natural killer cell
development and maturation ex vivo
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4.1 Introduction

The NF-kB subunit, RelA, is a member of the canonical signalling pathway and is required
for survival, with RelA-deficiency in mice being embryonically lethal due to apoptosis of
developing hepatocytes 818 Therefore, until recently, the development and function of
hematopoietic cells in the absence of RelA had not been examined. To examine the role of
RelA using mice, radiation chimeras have been produced, in which lethally irradiated hosts
were reconstituted with donor fetal liver cells deficient in RelA 187, Since then, RelA has been
widely studied and identified as an important regulator of HSC differentiation and progenitor
cell cycling as well as differentiation and function of lineage-committed hematopoietic cells
190 In DCs, whilst the deletion of individual NF-kB subunits NF-kB1/p50, c-Rel and RelA did
not impair DC development and function, in the nfkb?1 '~ and rela™ mice, DC development
was impaired '®°. In addition, mice grafted with crel”~ rela =~ fetal liver cells displayed a
deficit of peripheral CD4*- and CD8* T-cells and an absence of mature B cells 19192,
highlighting the importance of RelA in T- and B-cell development. Moreover, RelA has been
shown to regulate the transition of NK1.1- to NK1.1" cells during NKT-cell development, as
well as IL-15- and IL-7-induced proliferation of NKT-cell precursors 57:193, Interestingly, NK
and NKT cells are both characterised by the expression of IL-15RB/CD122 and differential
expression of IL-7Ra during development 4950, |n addition, immature NK cells are
characterised by the expression of NK1.1 4959 however, the study of the role of RelA in NK
cell development is minimal and requires more investigation. To date, the role of RelA in NK
cells has been linked to Ly49 receptor expression '3 and IL-2 induced up-regulation of

perforin via nuclear translocation of p50/RelA complexes %4,

The development and subsequent maturation of NK cells is regulated by a number of
transcription factors. In the BM of mice, the development of mature NK cells from the CLP
is controlled by Notch1 7', NFIL3 74. and ID2 #7374, Similarly, peripheral maturation of NK

cells is highly dependent on transcriptional regulation, for instance, Eomes control the
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differentiation of immature SP cells to the mature DP subset 192193 whereas, T-bet regulates
the transition of DP NK cells to the terminally differentiated CD27- CD11b* subset 194105,
More recently, NK cells have been reported to have an ‘alternative’ maturation pathway,
independent of the previously described CD27 and CD11b, in which cells develop from
‘immature’ DNAM-1* to ‘mature’ DNAM-1- cells. The ligands of DNAM-1, are upregulated in
cells under stress conditions or associated with malignant transformation or viral infection
195 Upon, DNAM-1-ligand interactions, NK cells become activated and trigger NK-cell
mediated cytotoxicity and tumour elimination 1%. Interestingly, recent research has indicated
that full RelA activation requires the engagement of DNAM-1 with its corresponding ligand
136 suggesting RelA may play a role in both NK cell development and effector function

through DNAM-1 regulation.

The previous chapter provided a description of the role of the canonical NF-kB family
members, NF-kB1/p50 and c-Rel in NK cells, however, the role of RelA was not assessed.
Therefore, this chapter aims to shed light on the role of RelA in the development and

maturation of NK cells.
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4.2 Results

4.2.1 RelA is required for NK cell development

Whilst RelA is required for the development and survival of DC '%°, B-, T- 1°1.192 gnd NKT
157,193 cells, its involvement in NK cell development and subsequent differentiation into
mature NK cell subsets in the periphery is completely unknown. Therefore, to investigate
the regulatory role of RelA in NK cell development, RelA chimeras were generated, and
leukocytes from the spleen, liver and BM were harvested from WT and Rela” chimeric mice.
Donor NK cells were identified as CD45.2* CD3- NKp46*in the spleen and BM, and CD45.2*
CD3" NK1.1*in the liver. In the spleen and liver, CD49a was used to further differentiate
between ILC and NK cells. To determine NK cell lineage-committed cells in the BM, NK cells
were CD45.2* CD3 NKp46* CD122* B220- GR-1- CD11b". Flow cytometric analysis of BM,
spleens and livers of Rela” chimeric mice indicated a significant (p<0.01) reduction in both
the frequency and the absolute number of NK cell reconstitution from Rela” chimeras
compared to the control WT chimeric mice in all three organs (Figure 4.1 a-f). This data

suggests RelA has a vital role in NK cell development.
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Figure 4.1 .NK cell development is impaired in the absence of RelAin the BM and the
periphery. The representative FACS dot plots and quantification of the percentage and the
absolute cell number of donor (CD45.2*) derived-bone marrow (CD3 B220" GR-1- CD11b"
NKp46* CD122*) (a-b), splenic (NKp46* CD3") (c-d) and liver (NK1.1* CD3" CD49a") (e-f)
NK cells in WT and Rela” chimeric mice. Data represent the mean + SEM (n = 6). Statistical
significance determined by Mann-Whitney test (non-parametric t-test), * p<0.05, ** p<0.01,
*** p<0.001.
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4.2.2 RelA controls Natural Killer Cell development downstream of bone

marrow precursors

The development of NK cells in the BM follows a sequential developmental process in which
mature NK cells arise from the NK cell committed NKP cells, which then migrate to peripheral
organs to undergo further maturation 4%53, Therefore, to pinpoint the point of development
at which NK cells are impaired in RelA deficient mice, we sought to determine the effect of
RelA deficiency in the generation of NKP cells. Leukocytes from the BM of WT and RelA-
deficient mice were harvested and NK cell lineage-committed donor (CD45.2*) NKP cells
were identified as CD45.2* CD3 B220- GR-1- CD11b- NKp46- CD122*, whereas donor
(CD45.2%) mature NK cells were identified as CD45.2* CD3  B220" GR-1- CD11b- NKp46*
CD122* (Figure 4.2). There was a significant reduction in the proportion of NKP cells
between WT and Rela” chimeric mice (Figure 4.2a), whereas the absolute cell numbers
were not changed (Figure 4.2b). In contrast, there was a significant (p<0.001) reduction in
the proportion (Figure 4.2a) and absolute cell number (Figure 4.2b) of mature NK cells in
Rela” chimeric mice compared to the WT chimeric mice. These results imply RelA controls

NK cell development after commitment to the NK cell lineage.
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Figure 4.2 Reduction of mature NK cells in the BM of in RelA-deficient mice. The
representative FACS dot plots and quantification of frequencies (a) and absolute number
(b) of donor (CD45.2%) derived bone marrow NK cell precursors (CD3-B220- GR-1- CD11b"
NKp46* CD122") and mature NK cells (CD3-B220" GR-1- CD11b- NKp46* CD122%) in Rela
/and WT chimeric mice. Bars represent mean +* SEM (n=2). Statistical significance

determined by Mann-Whitney test (non-parametric t-test), * p<0.05, *** p<0.001.

Page | 60



4.2.3 RelA regulates a subset of NK cell receptors

Having demonstrated that RelA is required for the development of NK cells, next, the role of
RelA in regulating peripheral maturation was assessed. The expression of NK cell receptors
characterize the stages of NK cell maturation, for example, the inhibitory Ly49E receptor is
expressed on immature NK cells 40197 whereas, Ly49H expression is abundant on mature
NK cells and CD94 expression precedes Ly49 expression in the normal development of NK
cells 135, Therefore, the current study examined the role of RelA in regulating the expression
of CD94 and Ly49 receptors. The percentage of splenic NK cells expressing individual Ly49
and CD94 proteins in Rela” chimeric mice were compared with that of WT chimeric mice
(Figure 4.3). In Rela” chimeric mice, there was a profound increase in the proportion of
inhibitory Ly49E/F and a decrease in the activating Ly49H subsets compared with WT
chimeric mice (Figure 4.3). This data suggests that RelA may be regulating the expression

of Ly49E/F and Ly49H on NK cells.
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Figure 4.3. RelA deficient NK cells display largely normal activating/inhibitory
receptors, apart from a decreased expression of Ly49H and increased expression of
Ly49E-F. The expression of the CD94 and the indicated Ly49 molecules on spleen NK cells.
The data are expressed as the percentage of donor (CD45.2%) derived Splenic CD3"NK1.1*
NK cells in Rela” and WT chimeric mice. The data in panel been pooled from two
independent experiments. Bars represent mean + SEM. Statistical significance determined
by Mann-Whitney test (non-parametric t-test), * p<0.05, ** p<0.01, *** p<0.001.
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4.2.3.1. RelA regulates peripheral maturation of NK cells

Having established that RelA is required for NK cell development and the expression of
some NK cell receptors, next, the role of RelA in the generation of mature NK cell subsets
in the spleen was assessed. In the conventional model of NK cell maturation, peripheral NK
cells follow a linear model of differentiation on the basis of CD27 and CD11b expression
8491 The percentage and the absolute number of donor NK cells (CD45.2* CD3- NKp46™)
expressing CD11b and CD27 proteins in the spleen of Rela” and WT chimeric mice were
examined (Figure 4.4a-b). In Rela” chimeric mice, there was a significant (p<0.05) increase
in the proportion (Figure 4.4a) and absolute number (Figure 4.4b) of the least mature CD27-
CD11b" (DN) cells compared to WT chimeric mice. However, the proportion (Figure 4.4a)
and absolute number (Figure 4.4b) of the CD27*CD11b" (SP) and CD27* CD11b* (DP) NK
cell subsets in Rela” chimeric mice were significantly (p<0.05) reduced compared to the WT
chimeric mice. Interestingly, however, the terminally differentiated CD27-CD11b* subset
was unchanged. Collectively, this data indicates that only the CD27 expressing NK cell

subset relies on RelA for development, whereas the CD11b* population is unchanged.
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Figure 4.4 Reduced mature NK cells in RelA-deficient mice. The representative FACS
dot plots and quantification of frequencies (a) and absolute number (b) of donor (CD45.2%)
derived splenic NK cells (CD3" NKp46*) gated on DN, CD11b- CD27*, DP, and CD11b"
CD27- populations in Rela” and WT chimeric mice. The data in panel been pooled from two
independent experiments. Bars represent mean + SEM. Statistical significance determined
by Mann-Whitney test (non-parametric t-test), * p<0.05, ** p<0.01, *** p<0.001.
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4.2.4 Decreased DNAM-1 expression on peripheral natural killer cells

The activating receptor DNAM-1 and inhibitory receptor CD96 both belong to the
immunoglobulin (Ig) immune-receptor superfamily of Nectins 98199 However, DNAM-1 and
CD96 have opposing roles in the regulation of NK cell functions 2°°. DNAM-1 is crucial for
NK-dependent anti-tumor immunity 42 and eradicating infections '%°, whereas, CD96 limits
NK cell function by direct inhibition 2°°. Recently, independent of the CD11b and CD27
maturation scheme, NK cells have been functionally separated into “mature” DNAM-1- NK
cells which differentiate from “immature” DNAM-1* NK cells '%%. Therefore, to determine if
RelA impacts NK cell maturation in the spleen based on DNAM-1 expression patterns, the
percentage of splenic donor (CD45.2%) NK cells (CD3" NKp46*) expressing DNAM-1 or
CD96 was assessed (Figure 4.5a). There was a significant reduction in the frequency of
DNAM-1 expressing splenic NK cells in Rela” chimeric mice compared to the WT controls
(Figure 4.5a), implying RelA is necessary for DNAM-1 expression on NK cells. To determine
whether the effect of RelA is specific for DNAM-1, the percentage of donor (CD45.2%) NK
cells (CD3 NKp46™) expressing individual CD96 proteins was investigated (Figure 4.5b).
The expression of CD96 on Rela” chimeric mice was comparable between the Rela” and
WT chimeric mice (Figure 4.5b), suggesting RelA is specifically regulating DNAM-1
expression on NK cells. Therefore, overall, it can be concluded that RelA has a major
regulatory role in the development of NK cells in the BM and subsequent peripheral
maturation, particularly the development of functionally mature CD27* and DNAM-1* NK cell

subsets.
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Figure 4.5. RelA specifically regulates DNAM-1 expression in NK cells. The frequency
of DNAM-1 (a) and CD96 (b) expression among total donor (CD45.2%) derived splenic NK
cells (CD3-NKp46*) from Rela” and WT chimeric mice. Data represent the mean + SEM (n
> 1). Statistical significance determined by Mann-Whitney test (non-parametric t-test), ***
p<0.001.

Page | 66



4.3 Discussion

A limited number of studies have explored the role of NF-kB in NK cell development. Early
reports identified a critical role of the canonical NF-kB activation pathway in NK cell effector
function, seen in patients with NEMO or IKK2 mutations '6°, however, the specific NF-kB
family members regulating this response was not identified. In contrast, a later study by
Zhou and colleagues’, identified nuclear translocation of p50/RelA complexes to be
regulating IL-2- induced up-regulation of perforin in primary mouse NK cells, which was then
followed by the Pascal et al. '35, who linked p50/RelA activation with NK cell development
based on its regulatory role in NK cell receptor expression. However, to date, no research
has investigated the direct role of RelA in NK cell development in the BM and lineage
commitment in the periphery. Therefore, in this chapter, the role of the transcription factors,

RelA in NK cell development and peripheral maturation has been investigated.

The development of NK cells is tightly regulated by a pool of transcription factors, for
example, the loss of the transcription factors Nfil3 20!, ID2 76, T-bet 98 and Eomes 8 result
in a block in NK cell development. With this in mind, in the current study, the loss of RelA
was examined in NK cell development, and it was shown to have an in vivo role in the
development of BM and peripheral NK cells. However, unlike mice deficient in the
aforementioned transcription factors, a complete loss of peripheral NK cells was not
observed, which suggests of a RelA dependent and independent pathway of NK cell
development. Therefore, it was important to further investigate the maturity and functionality

of these remaining NK cells.

Having demonstrated that RelA controls NK cell development, the generation of NK cells in
the BM was then assessed. This study demonstrated that RelA controls the development of

NK cells after commitment to the NK cell lineage. However, the absence of RelA is known
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alters the number of CLP, which serves as a precursor for B- T and NK cells 0. Therefore,
the decreased frequency of NKP cells in the BM may be due to an NK cell-extrinsic defect

in the lymphocyte population, such as B- and T-cell numbers.

As discussed in chapter 3, the expression of the Ly49 receptors in mice is required for the
functional maturation of NK cells and their expression characterizes distinct stages of NK
cell development 3031, For example, through binding to the viral MCMV protein, m157, the
activating Ly49H receptor triggers NK cell activation and the clearance of MCMV-infected
cells 2°2. However, the role of RelA in regulating the expression of Ly49 receptors in NK cells
has not been previously studied. With that being said, the study by Pascal and colleagues
135 showed a significant reduction of Ly49H in NF-kxB1/p50 knock-out mice, which is
mirrored by the results obtained in this current study. Considering that the most common
NF-xB complex is the p50/RelA heterodimer 2%, it can be hypothesised that both p50 and
RelA may be regulating Ly49H expression in NK cell. However, further studies are required
to confirm this, including determining Ly49 expression in combined nfkb1/rela-deficient
mice. Furthermore, considering Ly49H expression is associated with the clearance of the
MCMV infection 2%, it will be interesting to investigate the functional relevance of RelA in
controlling viral infection by challenging Rela” chimeric mice with MCMV. In contrast to
Ly49H, Ly49E/F are inhibitory receptors which recognize MHC class | molecules as ligands
204 Interestingly, the expression of Ly49E is associated with an immature phenotype on
account of being almost exclusively expressed on fetal NK cells but not on resting adult NK
cells 205206 Therefore, the increased expression of Ly49E in mature NK cells from Rela”

chimeric mice suggest that RelA may have a regulatory role in NK cell development.

In mice, the current paradigm of peripheral NK cell maturation follows a linear pathway

based on the co-expression of CD11b and CD27 8. However, CD27 expressing NK cells
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have an enhanced cytotoxic capacity and are potent producers of pro-inflammatory
cytokines, such as IFN-y 868 Therefore, using the co-expression of CD11b and CD27 as a
marker for NK cell maturation, this study found evidence that RelA is required but not
essential for the development of the peripheral NK cells. Interestingly, however, the major
loss of NK cell subsets are the functionally active CD27* NK cells. This may be attributed to
the finding that a region required for the activation of the p50/RelA complex has been
identified on the CD27 molecule '?7, and upon ligation by CD70, p50/RelA activation
enhances T-cell receptor-mediated proliferative signals 2°7. Therefore, considering NK cells
share many critical transcription factors with T-cells '%° it stands to reason that the
differentiation of NK cells into the CD27" intermediates during peripheral maturation may be
regulated by RelA activation via CD27 signalling. Furthermore, the increase in CD27-
CD11b" cells but normal numbers of terminally differentiated NK cells in the RelA-deficient
mice cannot be explained by the current paradigm of peripheral NK cell maturation, which
relies on the differentiation of NK cells through the CD27* intermediates 8. Therefore, these
results propose a new maturation pathway, in which in the absence of RelA, NK cells have
the ability to mature directly from CD27-CD11b"to CD27* CD11b* populations. Interestingly,
however, as there is a small population of CD27* cells that do exist in these mice, this raises
the possibility that there may be two pathways that exist simultaneously, the RelA-

dependent and the Rel-A independent pathway (Figure 4.6).
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Figure 4.6. The new proposed model of NK cell development. Based on the RelA data
generated in this study, the proposed “RelA-dependent” maturation pathway follows the
linear paradigm (red arrow), involving CD27 up-regulated, followed by CD11b up-regulation
and lastly, CD27 down-regulation on terminally differentiated NK cells. In contrast, the “RelA-
independent” pathway of peripheral NK cell maturation (green arrow), does not require the
expression of the CD27 intermediates, instead, the DN cells transition directly to the
terminally differentiated CD27-NK cells.

Having established the critical role played by RelA in the peripheral maturation of NK cells
on the basis of CD11b and CD27 expression, we next assessed the role of RelA in regulating
the “alternative” NK cell maturation based on DNAM-1 expression patterns. The current
study demonstrated a critical role of RelA in regulating DNAM-1 expression. According to
the maturation scheme proposed by Martinet, L. et al *°, the absence of RelA result in an
increased number mature DNAM-1-NK cells, suggesting RelA activation may be blocking
NK cell maturation. However, these results are conflicting with those obtained on the basis
of CD11b and CD27 expression, which showed that RelA is required for the maturation into
functionally active CD27* NK cells. However, the DNAM-1- NK cell population most closely
resemble the CD27" subsets, as they produce more pro-inflammatory cytokines, including
IFN-y. Therefore, these data indicate that RelA is involved in the maturation of NK cells, but
also seems to play a critical role in the development of cytotoxic NK cells. Furthermore,
considering, tumour immune surveillance strongly relies on DNAM-1 expression 140.143.144 jt
will interesting to examine cancer patients for RelA mutations, as this may be causing a
reduction in DNAM-1 expression and thus impaired immune surveillance of tumour

development. Moreover, a study by Nabekura, T and colleagues 2°8, have shown that in the
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absence of DNAM-1, the expansion of MCMV-specific Ly49H* NK cells are suppressed,
which consequently results in a reduction of host defence against MCMV infection 2%,
Interestingly, these results complement those obtained in the current study, which revealed
a significant reduction of both DNAM-1 and Ly49H expression in the absence of RelA.
Therefore, based on these findings, analysis of RelA mutations in patients with cancer or
chronic viral infections may provide significant clues as to the mechanisms underlying their

illness.

In summary, RelA was shown to regulate NK cell-lineage commitment in the BM and
subsequent maturation into functionally active CD27* NK cells in the periphery. In addition,
RelA was seen to control DNAM-1 and Ly49H expression, which both play a major role in
disease clearance. Next, it is of great interest to study RelA activity during NK cell maturation
in order to elucidate the link between RelA and CD27 expression in murine NK cells, which

is presented in chapter 5 of this thesis.
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Chapter 5

Investigating NF-kB activation during peripheral NK cell
maturation
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5.1 Introduction

The results presented in the preceding chapter demonstrates the role of RelA in regulating
DNAM-1 expression and the generation of CD27* NK cells. CD27 is a member of the TNF
receptor superfamily and is expressed on the majority of activated T-cells 2°° and cytotoxic
NK cells °'. Furthermore, murine NK cells are separated into distinct maturation stages
based on differential CD27 and CD11b expression 849, Starting from “least mature” CD11b-
CD27- cells, NK cells differentiate into the “immature” CD11bCD27*, “mature”
CD11b*CD27* and finally, the terminally differentiated CD11b*CD27- NK cells 8. This 4-
stage process of NK cell maturation follows a linear pathway and no other pathway, apart
from the recently proposed alternative pathway based on DNAM-1 expression %, has been
proposed. Interestingly, recent reports have identified RelA activation in response to CD27

127 and DNAM-1 36 signals.

The activation of NF-kB is characterised through the ability to detect protein binding to a
specific DNA sequence. This interaction is usually detected through the use of an
electrophoretic mobility shift assay (EMSA) and the super-shift assay, which is used as a
general readout of the activation state of NF-kB 2'°. Although newer techniques, such as
chromatin immunoprecipitation (ChlP), are often used to assess NF-kB binding to the
promoters and enhancers of specific genes in vitro and in vivo ?'', the EMSA remains a
powerful experimental tool to quickly test for the presence of NF-kB that is capable of binding
to DNA 2% |n contrast to the EMSA and ChIP method which are often used for qualitative
purposes, fluorescence microscopy, in particular, confocal microscopy, can quantitate the
translocation of NF-kB molecules. The laser-scanning confocal microscopy enables the
visualization and quantification of NF-kB activity at the cellular level 2'2. Moreover, this
technique generates high-resolution images of structures within the cell that could not be

detected by conventional means. Therefore, this chapter will utilize a number of different
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techniques to measure NF-kB activation during NK cell maturation, which will consequently

provide a better insight into the role of NF-kB in NK cell lineage commitment.

5.2 Results
5.2.1 RelA activity is reduced upon peripheral NK cells maturation

Having confirmed that RelA is required for peripheral NK cell maturation in Chapter 4, it
became necessary to determine the stage of NK cell development during which RelA has
translocated to the nucleus. As such, splenic CD11b-CD27*, CD11b*CD27* and terminally
differentiated CD11b*CD27- NK cell subsets from WT mice were purified and nuclear
extracts were prepared to determine the levels of NF-kB DNA-binding activity through the
use of EMSA. This technique is based on the principle that molecules of different molecular
weight and charge will differ in motility when running on a non-denaturing gel. Therefore,
due to an increase in size, a DNA-Protein complex will run at a much slower rate when
compared with free DNA or protein 219213214 Two DNA/NF-kB complexes (Complex 1 (C1)
and Complex 2 (C2)) were identified within the CD11b"CD27* and CD11b*CD27* NK cells,
but not in the terminally differentiated CD11b* CD27-subset (Figure 5.1a). This data suggest
that the early stages of NK cell development are associated with NF-kB translocation and
prompted subsequent studies aimed at identifying the specific NF-kB family members that
translocated. To identify the specific NF-kB family member bound to the DNA to form “C1
and C27, an electrophoretic “supershift” assay was performed using NF-kB subunit-specific
antibodies and control reactions were performed with pre-immune sera (Figure 5.1b). A
further shift in the mobility of the protein—-DNA complex was observed due to the addition of
specific antibodies for NF-kB1 (p50) and RelA (Figure 5.1b). This demonstrated that C1
was comprised of homodimers of NF-kB1 (p50), while C2 was mainly NF-kB1/RelA
(p50/p65) heterodimers (Figure 5.1b). Collectively, this data demonstrates a similar

DNA/NF-kB complexes formation between the CD11b"'CD27* and CD11b*CD27* cell
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subsets, which suggest that RelA may be regulating the differentiation of NK cells into CD27*

expressing subsets during peripheral maturation.

Having demonstrated in Chapter 4 that RelA is required for the generation of CD27
expressing NK cells and that DNAM-1 expressing NK cells are compromised in the absence
of RelA, we next sought to determine whether RelA activity is dependent on DNAM-1 or
CD27 expression using an EMSA assay (Figure 5.1c). Two nuclear NF-kB/DNA complexes
(C1 and C2) are present in the immediate “ex-vivo” CD27*DNAM-1"and CD27*DNAM-1-
cells, but not in the CD27-DNAM-1*" and CD27-DNAM-1- subset (Figure 5.1c). This data
demonstrates no association between NF-kB/RelA activity and DNAM-1 expression and,

instead, indicate that NF-kB/RelA is linked with CD27 expression on NK cells.
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Figure 5.1. NF-kB nuclear translocation in mature NK cell subsets. (a) An EMSA was
performed on nuclear extracts isolated from ‘ex vivo’ purified splenic NK cell subsets of
indicated maturity. Two NF-kB/DNA complexes (C1 and C2) were present in CD11b-CD27*
and CD11b* CD27* cells (lanes 1 & 2). (b) Antibody shifts demonstrated that in CD11b-
/CD27*and CD11b*/ CD27* subsets, C1 comprises of homodimers of NF-kB1 (p50), while
C2 contains NF-kB1/RelA (p50/p65) heterodimers. ¢) EMSA performed on nuclear extracts
isolated from ‘ex vivo’ purified WT splenic NK cell subsets based on CD27 and DNAM-1
expression. C1 and C2 refers to NF-kB/DNA complexes. Pre-Imm refers to pre-immune sera
and *=Antibody super-shifted NF-kB/DNA complex. n=1.
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5.2.2 RelA defines a novel pathway of NK cell development

For a quantitative detection of RelA nuclear translocation at a single-cell level, NF-kB
translocation was detected using a mouse line in which RelA is constitutively expressing
GFP. The CD11b- CD27*, CD11b* CD27* and terminally differentiated CD11b* CD27- NK
cell subsets from the spleen of these mice were purified and RelA nuclear translocation was
enumerated using confocal microscopy. Interestingly, despite the previous data in Chapter
4 indicating that CD27 is completely reliant upon NF-kB, within each of the NK cell subsets,
there are three distinct populations of cells based on RelA localization (Figure 5.2a).
However, upon quantifying the intensity of RelA in the nucleus across the three subsets, it
is clear that the CD11b"CD27* NK cell subset contains the highest intensity of RelA in the
nucleus (red arrow), and less cells displaying RelA in the cytoplasm (white arrow) or
incomplete RelA translocation (orange arrow) (Figure 5.2a). Indeed, the intensity of nuclear
RelA consistently decreased as NK cells matured and terminally differentiated (Figure 5.2b).
Collectively, these data corroborate the EMSA results and suggest that RelA may be

involved in regulating early stages of NK cell maturation.
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Figure 5.2. Nuclear RelA translocation during lineage commitment. (a) Representative
images single confocal optical slices of splenic NK cells isolated from GFP-RelA knock-in
mice at different maturation stages. RelA is depicted in green (GFP) and the nucleus in blue
(Hoechst). The arrows represent cells with differing RelA activity. (b) The sum fluorescence
intensity of nuclear GFP from at least 100 cells of each stage of maturation. Data represent

the mean + SD (n = 2). Statistical significance determined by Mann-Whitney test (non-
parametric t-test), **** P<0.0001.
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5.3 Discussion

There is emerging evidence that supports the requirement of transcription factors for NK cell
development 74215, However, there are currently no studies focusing on the role of RelA in
peripheral NK maturation on the basis of CD27 and CD11b expression. Whereas, there are
only a very few studies that have explored their role in DNAM-1 expression '%. In this
chapter, using the EMSA and gel supershift assay, we identified the presence of the
classical NF-kB heterodimer of RelA/p50 and p50 homodimer in the nucleus of the CD27
expressing “immature” CD11b-CD27* and “functionally mature” CD11b* CD27* NK cell
subsets. This “mature” subset display increased cytotoxicity and cytokine production 26, and
interestingly, Pandey et al. 27 have also identified that nuclear translocation of p50
homodimers and RelA/p50 heterodimers occur in ex-vivo activated NK cells, in which the
cells are more cytotoxic. In addition, due to the lack of the transcription activation
domain (TAD), p50 homodimers have been identified to serve an inhibitory function in other
cell types 218219 therefore, the abundant presence of p50 homodimers in the nucleus of
CD11bCD27* and CD11b*CD27* NK cells in this study may be due to both exiting and
entering of the nucleus to enable or disable gene transcription, respectively. Furthermore,
the presence of the classical NF-kB heterodimer of RelA/p50 and pS0 homodimer appear to
be restricted to the nucleus of the CD27* NK cells independent of DNAM-1 expression,
which ultimately explains the absence of NF-kB/DNA complex in the terminally differentiated
CD11b*CD27-NK cell subset by EMSA. Interestingly, an intact DNAM-1 pathway has been
shown to be required for optimal NK cell-mediated killing of CD70 expressing tumour cells,
which is the ligand for CD27 %2, Therefore, considering that RelA has been shown in this
study to be required for the generation of CD27*DNAM-1* NK cells, RelA can be
hypothesized to play a regulatory role in NK-cell mediated antitumor activity. However,
further experiments such as ChIP-Seq analysis is required to be performed on CD11b-

CD27* and CD11b*CD27" cells to determine which genes expressed in these subsets are
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likely to direct p50 homodimer and RelA/p50 heterodimer transcription, as this may serve
as a key to underpin the regulatory role of NF-kB, in particular, the RelA/p50 complex in

peripheral NK cell maturation and DNAM-1 expression.

Interestingly, although NF-kB heterodimer of RelA/p50 appeared to translocate to the
nucleus of NK cells in only the CD11b"CD27* and CD11b* CD27" NK cell subsets when
measured by EMSA, nuclear RelA translocation was also identified in the terminally
differentiated CD11b*CD27- cells by confocal microscopy, albeit to a significantly lower level.
However, similar to the results obtained by the EMSA, the CD27* NK cells have the highest
amount of nuclear RelA translocation, which complements previous research which
identified CD27 signalling to activate both the canonical and alternative NF-kB pathway, in
particular, nuclear RelA translocation 22°. Although this requires further investigation, the
presence of an “intermediate” cell population that contains both cytoplasmic and nuclear
RelA may be due to images being captured during nuclear RelA translocation, or during
post-induction repression 22222 in which RelA is returning to the cytoplasm in an

inactivated state.

As the microscopy data can identify nuclear translocation of RelA on a single-cell level, this
result gives a powerful insight into a possible dual pathway of dependence upon NF-kB, and
indeed may be the explanation as to how NK cells are able to mature into terminally
differentiated subsets as seen in Chapter 3 in the absence of RelA. This hypothesis can be
further explored by using a strain of mice that conditionally target floxed Rela in NK cells,
which will also determine if RelA plays an intrinsic role in NK cell maturation. Collectively, a
more complete picture of the regulatory role of RelA in NK cell maturation is now beginning
to form. This thesis has demonstrated that RelA is regulating the maturation of NK cells and

DNAM-1 expression. Furthermore, it provides preliminary evidence of a RelA dependent
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and independent pathway of NK cell maturation. This is the first documentation for the role

of RelA in regulating NK cell lineage commitment in the periphery.
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Chapter 6

General Discussion
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This thesis provides important data regarding the canonical NF-kB family members in NK
cell development. Here, three of the most important findings identify a unique role of RelA
in regulating NK cell development. First, RelA regulates NK cell lineage commitment in the
BM and subsequent functional maturation in the periphery through CD27 expression.
Second, NK cell maturation may not be linear and CD11bCD27- cells might be able to
develop through RelA-dependent or -independent pathways. Lastly, RelA regulates the

expression of the critical activating receptors DNAM-1 and Ly49H on NK cells.

6.1 NF-kB in the immune system and in NK cells

This thesis aimed to determine the possible function of the NF-kB family members in the
development of NK cells. Therefore, NK cells were analysed from mice specifically lacking
each of these proteins. The individual loss of NF-kB1/p50 and c-Rel proteins resulted in no
obvious defect in NK cell development. With that being said, the absence of NF-kB1/p50
altered the expression of NK cell receptors, CD94, Ly49D and Ly49E-F (Chapter 3, Figure
3.5). These results suggest that p50 may be the major subunit required for the expression
of the indicated NK cell receptors, while c-Rel is redundant. However, the canonical NF-kB
Rel family members, RelA and c-Rel, form either hetero- or homodimers with each other, or
with p50, the precursor of NF-kB1 223, Thus, the deletion of c-Rel may have no effect on NK
cell development due to compensation and/or redundancy by other family members that
may mask their importance. However, considering p50 may be regulating the expression of
CD94, Ly49A and Ly49D, in the future, investigations to specifically determine the gene
protomer region bound by p50 is required. None the less, these results do not indicate an

exclusive role for c-Rel and NF-kB1/p50 in NK cell development.

In contrast to NF-kB1/p50 and c-Rel, RelA was shown to be required for the development
of mature NK cells from NKP cells in the BM (Chapter 4, Figure 4.2) and their subsequent
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maturational stages in the periphery (Chapter 4, Figure 4.4). Unlike the linear paradigm of
NK cell maturation, which is based on CD27 and CD11b expression, this study provides
data which is suggestive of a new model of NK cell development based on RelA
translocation. In this model, the RelA independent pathway involves the direct transition of
CD11b"CD27" cells to the terminally differentiated CD11b*CD27- NK cells without acquiring
CD27 expression. This model is supported by the presence of two distinct NK cell
populations that either require or do not require RelA during peripheral lineage commitment
(Chapter 5, Figure 5.2). Considering the development and subsequent peripheral
maturation is essential in defining NK cell effector function 82, the impaired expression of NK
cell surface receptors that mediate NK cell activation is not surprising. However, with that
being said, DNAM-1 regulation by RelA activation is intriguing (Chapter 4, Figure 4.5 and

Chapter 5, Figure 5.1).

In the current study, RelA was revealed to be a key transcription factor required for the
generation of CD27* NK cells (Chapter 4, Figure 4.4 and Chapter 5, Figure 5.1) and
furthermore, RelA was required for DNAM-1 expression in NK cells (Chapter 4, Figure 4.5).
Interestingly, Wagner, A. K. et al. identified DNAM-1 upregulation to be linked with CD27
and therefore, DNAM-1 expression was diminished in terminally differentiated
CD11b*CD27- NK cells 2?4, These results complement the findings of the current study
and support the proposed RelA-independent pathway (Chapter 4, Figure 4.6), in which NK
cells undergo terminal differentiation without prior CD27 expression, combined with a
decrease in DNAM-1 expression. Interestingly, the co-engagement of DNAM-1 with 2B4 has
been shown to enable RelA activation in NK cells %, and DNAM-1 along with 2B4
expression is reduced in tumour-associated NK cells 2. Thus, together with results
presented in this thesis, RelA activation has been demonstrated to have a key role in

regulating DNAM-1 expression in NK cells. Considering DNAM-1 is an activating receptor
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that promotes NK cell-mediated elimination of virally infected cells and various tumours,
including ovarian carcinoma 225226 identifying the transcription factor regulating its
expression can be used as a tool for promoting immune surveillance and increasing anti-
tumour activity. Overall, the absence of RelA in NK cells may be associated with a
decreased responsiveness to cytokines and the production of effector cytokines '°. This is
reinforced by the decreased expression of Ly49H in the absence of RelA (Chapter 4, Figure
4.3), which is required for the clearance of MCMV through the production of perforin and

IFN-y 227,

Moreover, increased knowledge about the transcriptional regulators that guide NK cell
development can be used to augment the overall immune response. For instance, the
interaction between NK cells and DCs promote DC maturation and therefore their ability to
activate naive T-cells 228, In addition, during HIV infection, the interaction between NK-DCs
are impaired 22°. Therefore, RelA may be indirectly governing this interaction by regulating
NK cell generation. For this reason, RelA activation may be an attractive target for defence
against viral infections and effective anti-tumour responses where the expression of DNAM-

1 is required.

6.2 Future directions

Several questions have arisen from the work presented in this thesis. First, the cytokine and
chemokine production as well as, the cytotoxicity of RelA-deficient NK cells at different
stages of development, is required. NK cells from the CD11b*CD27* subset produce high
levels of IFN-y and MIP-1a in response to IL-12 and IL-18 230 or IL-12 and IL-15 174,
respectively. Therefore, in accordance to the results obtained in this study, RelA-deficient
NK cells are expected to produce low levels of the aforementioned cytokine and chemokine,

which should result in an impaired ability to control infection. Second, to determine the
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functional relevance of RelA in controlling viral infection, RelA-deficient mice should be
challenged with MCMV and their ability to clear the infection will be assessed. Considering
cytotoxicity of NK cells is mostly driven by the activating and inhibiting NK cell receptors,
and in the case of MCMV, by Ly49H engagement 23!, the viral load is expected to increase in
the RelA-deficient mice. Additionally, to determine the ramification of the loss of RelA in
tumour clearance, NK cells from RelA-deficient mice will be challenged with the murine B16
melanoma tumour cells and the melanoma burden will be assessed. Finally, as this study
suggests of a RelA- dependent and independent pathway of NK cell maturation, a study
should be performed using a strain of mice that conditionally target floxed Rela in NK cells
to determine if, in the absence of RelA, CD11b"CD27- cells differentiate directly into the
terminally differentiated NK cells. This will also determine if RelA plays an intrinsic role in
NK cell maturation. These results add to knowledge surrounding the transcriptional
regulation of NK cell development and DNAM-1 expression, which will make a significant

contribution to prospective studies of NK cell effector function and tumour control.

Page | 86



References




10

11

12

Moretta, A. et al. Receptors for HLA class-I molecules in human natural killer cells.
Annual review of immunology 14, 619-648, doi:10.1146/annurev.immunol.14.1.619
(1996).

Lai, A. Y. & Kondo, M. T and B lymphocyte differentiation from hematopoietic stem
cell. Seminars in immunology 20, 207-212, doi:10.1016/j.smim.2008.05.002 (2008).

Eberl, G., Colonna, M., Santo, J. P. D. & McKenzie, A. N. J. Innate lymphoid cells: A
new paradigm in immunology. Science 348, doi:10.1126/science.aaa6566 (2015).

Liu, M. & Zhang, C. The role of innate lymphoid cells in immune-mediated liver
diseases. Frontiers in Immunology 8, doi:10.3389/fimmu.2017.00695 (2017).

Chaplin, D. D. Overview of the Immune Response. The Journal of allergy and clinical
immunology 125, S3-23, doi:10.1016/j.jaci.2009.12.980 (2010).

Schultz, K. T. & Grieder, F. Structure and function of the immune system. Toxicologic
pathology 15, 262-264, doi:10.1177/019262338701500301 (1987).

Turvey, S. E. & Broide, D. H. Chapter 2: Innate Immunity. The Journal of allergy and
clinical immunology 125, S24-S32, doi:10.1016/j.jaci.2009.07.016 (2010).

Benito-Martin, A., Di Giannatale, A., Ceder, S. & Peinado, H. The new deal: A
potential role for secreted vesicles in innate immunity and tumor progression.
Frontiers in Immunology 6, doi:10.3389/fimmu.2015.00066 (2015).

Clem, A. S. Fundamentals of Vaccine Immunology. Journal of Global Infectious
Diseases 3, 73-78, doi:10.4103/0974-777X.77299 (2011).

Shishido, S. N., Varahan, S., Yuan, K., Li, X. & Fleming, S. D. Humoral innate immune
response and disease. Clinical immunology (Orlando, Fla.) 144, 142-158,
doi:10.1016/j.clim.2012.06.002 (2012).

Hoffman, W., Lakkis, F. G. & Chalasani, G. B Cells, Antibodies, and More. Clinical
Journal of the American Society of Nephrology : CJASN 11, 137-154,
doi:10.2215/CJN.09430915 (2016).

Kirimanjeswara, G. S., Olmos, S., Bakshi, C. S. & Metzger, D. W. Humoral and Cell-
Mediated Immunity to the Intracellular Pathogen Francisella tularensis.

Page | 88



13

14

15

16

17

18

19

20

21

Immunological reviews 225, 244-255, doi:10.1111/j.1600-065X.2008.00689.x
(2008).

Smith, K. M. et al. Th1 and Th2 CD4+T cells provide help for B cell clonal expansion
and antibody synthesis in a similar manner in vivo. Journal of Inmunology 165, 3136-
3144, doi:10.4049/jimmunol.165.6.3136 (2000).

Kiessling, R., Klein, E., Pross, H. & Wigzell, H. "Natural" killer cells in the mouse. II.
Cytotoxic cells with specificity for mouse Moloney leukemia cells. Characteristics of
the  killer  cell. European  journal of immunology 5, 117-121,
doi:10.1002/eji. 1830050209 (1975).

Herberman, R. B., Nunn, M. E. & Lavrin, D. H. Natural cytotoxic reactivity of mouse
lymphoid cells against syngeneic and allogeneic tumors. |. Distribution of reactivity
and specificity. International Journal of Cancer 16, 216-229,
doi:10.1002/ijc.2910160204 (1975).

Herberman, R. B., Nunn, M. E., Holden, H. T. & Lavrin, D. H. Natural cytotoxic
reactivity of mouse lymphoid cells against syngeneic and allogeneic tumors. Il.
Characterization of effector cells. International Journal of Cancer 16, 230-239,
doi:10.1002/ijc.2910160205 (1975).

Kiessling, R., Klein, E. & Wigzell, H. "Natural" killer cells in the mouse. |. Cytotoxic
cells with specificity for mouse Moloney leukemia cells. Specificity and distribution
according to genotype. Eur J Immunol 5, 112-117, doi:10.1002/eji. 1830050208
(1975).

Petranyi, G. G., Kiessling, R. & Klein, G. Genetic control of “natural” killer
lymphocytes in the mouse. Immunogenetics 2, 53-61, doi:10.1007/BF01572274
(1975).

Beldi-Ferchiou, A. & Caillat-Zucman, S. Control of NK Cell Activation by Immune
Checkpoint Molecules. International journal of molecular sciences 18,
doi:10.3390/ijms18102129 (2017).

Pegram, H. J., Andrews, D. M., Smyth, M. J., Darcy, P. K. & Kershaw, M. H. Activating
and inhibitory receptors of natural killer cells. Immunology and cell biology 89, 216-
224, doi:10.1038/icb.2010.78 (2011).

Yokoyama, W. M., Kim, S. & French, A. R. in Annual Review of Immunology Vol. 22
405-429 (2004).
Page | 89



22

23

24

25

26

27

28

29

30

31

32

Fauriat, C., Long, E. O., Ljunggren, H.-G. & Bryceson, Y. T. Regulation of human NK-
cell cytokine and chemokine production by target cell recognition. Blood 115, 2167-
2176, doi:10.1182/blood-2009-08-238469 (2010).

Orange, J. S. Unraveling human natural killer cell deficiency. J Clin Invest 122, 798-
801, doi:10.1172/jci62620 (2012).

Orr, M. T. & Lanier, L. L. Natural Killer Cell Education and Tolerance. Cell 142, 847-
856, doi:10.1016/j.cell.2010.08.031 (2010).

Pegram, H. J., Andrews, D. M., Smyth, M. J., Darcy, P. K. & Kershaw, M. H. Activating
and inhibitory receptors of natural killer cells. Immunology and Cell Biology 89, 216-
224, doi:10.1038/icb.2010.78 (2011).

Langers, I., Renoux, V. M., Thiry, M., Delvenne, P. & Jacobs, N. Natural killer cells:
role in local tumor growth and metastasis. Biologics : Targets & Therapy 6, 73-82,
doi:10.2147/BTT.S23976 (2012).

Hens, J., Jennes, W. & Kestens, L. The role of NK cells in HIV-1 protection:
autologous, allogeneic or both? AIDS Research and Therapy 13, 15,
doi:10.1186/s12981-016-0099-6 (2016).

Raulet, D. H. Missing self recognition and self tolerance of natural killer (NK) cells.
Seminars in Immunology 18, 145-150, doi:10.1016/j.smim.2006.03.003 (2006).

Vivier, E., Ugolini, S., Blaise, D., Chabannon, C. & Brossay, L. Targeting natural killer
cells and natural killer T cells in cancer. Nature Reviews Immunology 12, 239-252,
doi:10.1038/nri3174 (2012).

Anfossi, N. et al. Human NK cell education by inhibitory receptors for MHC class I.
Immunity 25, 331-342, doi:10.1016/j.immuni.2006.06.013 (2006).

Bélanger, S. et al. Impaired natural killer cell self-education and “missing-self’
responses in Ly49-deficient mice. Blood 120, 592-602, doi:10.1182/blood-2012-02-
408732 (2012).

Kim, S. et al. Licensing of natural killer cells by host major histocompatibility complex
class | molecules. Nature 436, 709-713, doi:10.1038/nature03847 (2005).

Page | 90



33

34

35

36

37

38

39

40

41

42

He, Y. & Tian, Z. NK cell education via nonclassical MHC and non-MHC ligands.
Cellular and Molecular Immunology 14, 321-330, doi:10.1038/cmi.2016.26 (2017).

Fernandez, N. C. et al. A subset of natural killer cells achieves self-tolerance without
expressing inhibitory receptors specific for self-MHC molecules. Blood 105, 4416-
4423, doi:10.1182/blood-2004-08-3156 (2005).

Gasser, S. & Raulet, D. H. Activation and self-tolerance of natural killer cells.
Immunological Reviews 214, 130-142, doi:10.1111/j.1600-065X.2006.00460.x
(2006).

Karre, K., Ljunggren, H. G., Piontek, G. & Kiessling, R. Selective rejection of H-2-
deficient lymphoma variants suggests alternative immune defence strategy. Nature
319, 675-678, doi:10.1038/319675a0 (1986).

Scarpellino, L. et al. Interactions of Ly49 family receptors with MHC class | ligands in
trans and cis. Journal of Immunology 178, 1277-1284,
doi:10.4049/jimmunol.178.3.1277 (2007).

Das, A. & Saxena, R. K. Role of interaction between Ly49 inhibitory receptors and
cognate MHC | molecules in IL2-induced development of NK cells in murine bone
marrow cell cultures. Immunology letters 94, 209-214,
doi:10.1016/j.imlet.2004.05.008 (2004).

Colonna, M. & Samaridis, J. Cloning of immunoglobulin-superfamily members
associated with HLA-C and HLA-B recognition by human natural killer cells. Science
268, 405-408, doi:10.1126/science.7716543 (1995).

Moretta, A. et al. Receptors for HLA class-I molecules in human natural killer cells.
Annual review of immunology 14, 619-648, doi:10.1146/annurev.immunol.14.1.619
(1996).

Lanier, L. L., Corliss, B. & Phillips, J. H. Arousal and inhibition of human NK cells.
Immunological Reviews 155, 145-154, doi:10.1111/j.1600-065X.1997.tb00947 .x
(1997).

Horst, D., Verweij, M. C., Davison, A. J., Ressing, M. E. & Wiertz, E. J. H. J. Viral
evasion of T cell immunity: Ancient mechanisms offering new applications. Current
Opinion in Immunology 23, 96-103, doi:10.1016/j.c0i.2010.11.005 (2011).

Page | 91



43

44

45

46

47

48

49

50

51

52

Marcus, A. et al. Recognition of tumors by the innate immune system and natural
killer cells. Advances in immunology 122, 91-128, doi:10.1016/b978-0-12-800267-
4.00003-1 (2014)..

Haworth, K. B. et al. Going back to class I: MHC and immunotherapies for childhood
cancer. Pediatric Blood and Cancer 62, 571-576, doi:10.1002/pbc.25359 (2015).

Shifrin, N., Raulet, D. H. & Ardolino, M. NK cell self tolerance, responsiveness and
missing self recognition. Semin Immunol 26, 138-144,
doi:10.1016/j.smim.2014.02.007 (2014).

Raulet, D. H., Gasser, S., Gowen, B. G., Deng, W. & Jung, H. Regulation of ligands
for the NKG2D activating receptor. Annual review of immunology 31, 413-441,
doi:10.1146/annurev-immunol-032712-095951 (2013).

Yadav, D., Ngolab, J., Dang, N. & Bui, J. D. Studies on the antigenicity of the NKG2D
ligand H60a in tumour cells. Immunology 133, 197-205, doi:10.1111/j.1365-
2567.2011.03427.x (2011).

Marcus, A. et al. Recognition of tumors by the innate immune system and natural
killer cells. Advances in immunology 122, 91-128, doi:10.1016/B978-0-12-800267-
4.00003-1 (2014).

Huntington, N. D., Vosshenrich, C. A. J. & Di Santo, J. P. Developmental pathways
that generate natural-killer-cell diversity in mice and humans. Nature Reviews
Immunology 7, 703-714, doi:10.1038/nri2154 (2007).

Richter, J. et al. CD161 receptor participates in both impairing NK cell cytotoxicity
and the response to glycans and vimentin in patients with rheumatoid arthritis. Clinical
Immunology 136, 139-147, doi:https://doi.org/10.1016/j.clim.2010.03.005 (2010).

Montoya, C. J. et al. Characterization of human invariant natural killer T subsets in
health and disease using a novel invariant natural killer T cell-clonotypic monoclonal
antibody, 6B11. Immunology 122, 1-14, doi:10.1111/j.1365-2567.2007.02647.x
(2007).

Rosmaraki, E. E. et al. Identification of committed NK cell progenitors in adult murine
bone marrow. European journal of immunology 31, 1900-1909, doi:10.1002/1521-
4141(200106)31:6&It;1900::AID-IMMU1900&gt;3.0.CO;2-M (2001).

Page | 92



53

54

95

56

57

58

59

60

61

62

63

Kim, S. et al. In vivo developmental stages in murine natural killer cell maturation.
Nature immunology 3, 523-528, doi:10.1038/ni796 (2002).

Geiger, T. L. & Sun, J. C. Development and maturation of natural killer cells. Current
opinion in immunology 39, 82-89, doi:10.1016/j.c0i.2016.01.007 (2016).

Ghosh, S. & Hayden, M. S. New regulators of NF-kappaB in inflammation. Nature
Review Immunology 8, 837-848, doi:10.1038/nri2423 (2008).

Becknell, B. & Caligiuri, M. A. Interleukin-2, interleukin-15, and their roles in human
natural killer cells. Advances in Immunology 86, 209-239, doi:10.1016/s0065-
2776(04)86006-1 (2005).

Schluns, K. S. & Lefrancgois, L. Cytokine control of memory T-cell development and
survival. Nature Reviews Immunology 3, 269-279, doi:10.1038/nri1052 (2003).

Kawamura, T., Koka, R., Ma, A. & Kumar, V. Differential roles for IL-15R alpha-chain
in NK cell development and Ly-49 induction. Journal of immunology 171, 5085-5090,
doi: 10.4049/jimmunol.171.10.5085 (2003).

Williams, N. S. et al. Differentiation of Nk1.1+, Ly49+ NK cells from flt3+ multipotent
marrow progenitor cells. Journal of Imnmunology 163, 2648-2656 (1999).

Geiger, T. L. & Sun, J. C. Development and maturation of natural killer cells. Current
opinion in immunology 39, 82-89, doi:10.1016/j.c0i.2016.01.007 (2016).

Ferrini, S., Meazza, R., Azzarone, B. & Orengo, A. M. Role of common-gamma chain
cytokines in NK cell development and function: Perspectives for immunotherapy.
Journal of Biomedicine and Biotechnology 2011, doi:10.1155/2011/861920 (2011).

Peschon, J. J. et al. Early lymphocyte expansion is severely impaired in interleukin 7
receptor-deficient mice. The Journal of experimental medicine 180, 1955-1960, doi:
10.1084/jem.180.5.1955 (1994).

Vosshenrich, C. A. et al. Roles for common cytokine receptor gamma-chain-
dependent cytokines in the generation, differentiation, and maturation of NK cell
precursors and peripheral NK cells in vivo. Journal of immunology (Baltimore, Md. :
1950) 174, 1213-1221, doi:10.4049/jimmunol.174.3.1213 (2005).

Page | 93



64

65

66

67

68

69

70

71

72

73

Vosshenrich, C. A. et al. A thymic pathway of mouse natural killer cell development
characterized by expression of GATA-3 and CD127. Nature immunology 7, 1217-
1224, doi:10.1038/ni1395 (2006).

Ribeiro, V. S. et al. Cutting edge: Thymic NK cells develop independently from T cell
precursors. Journal of immunology (Baltimore, Md. : 1950) 185, 4993-4997,
doi:10.4049/jimmunol.1002273 (2010).

Yu, J., Freud, A. G. & Caligiuri, M. A. Location and cellular stages of natural killer cell
development. Trends in Immunology 34, 573-582, doi:10.1016/.it.2013.07.005
(2013).

Peng, H. & Tian, Z. Natural killer cell memory: Progress and implications. Frontiers
in Immunology 8, doi:10.3389/fimmu.2017.01143 (2017).

Purow, B. W. et al. Expression of Notch-1 and its ligands, Delta-like-1 and Jagged-1,
is critical for glioma cell survival and proliferation. Cancer research 65, 2353-2363,
doi:10.1158/0008-5472.can-04-1890 (2005).

Li, L., Leid, M. & Rothenberg, E. V. An early T cell lineage commitment checkpoint
dependent on the transcription factor Bcl11b. Science 329, 89-93,
doi:10.1126/science.1188989 (2010).

Li, P. et al. Reprogramming of T Cells to Natural Killer—Like Cells upon Bcl11b
Deletion. Science (New York, N.Y.) 329, 85-89, doi:10.1126/science.1188063 (2010).

Beck, R. C. et al. The Notch ligands Jagged2, Delta1, and Delta4 induce
differentiation and expansion of functional human NK cells from CD34+ cord blood
hematopoietic progenitor cells. Biology of blood and marrow transplantation : journal
of the American Society for Blood and Marrow Transplantation 15, 1026-1037,
doi:10.1016/j.bbmt.2009.06.002 (2009).

Felices, M. et al. Notch Signaling at Later Stages of NK Cell Development Enhances
KIR Expression and Functional Maturation. The Journal of Immunology 193, 3344,
doi: 10.4049/jimmunol.1400534 (2014).

Gascoyne, D. M. et al. The basic leucine zipper transcription factor E4BP4 is
essential for natural killer cell development. Nature immunology 10, 1118-1124,
doi:10.1038/ni.1787 (2009).

Page | 94



74

75

76

77

78

79

80

81

82

83

Kamizono, S. et al. Nfil3/E4bp4 is required for the development and maturation of NK
cells in vivo. Journal of Experimental Medicine 206, 2977-2986,
doi:10.1084/jem.20092176 (2009).

Gotthardt, D. et al. NK cell development in bone marrow and liver: site matters. Genes
and immunity 15, 584-587, doi:10.1038/gene.2014.55 (2014).

Delconte, R. B. et al. The Helix-Loop-Helix Protein ID2 Governs NK Cell Fate by
Tuning Their Sensitivity to Interleukin-15.  Immunity 44, 103-115,
doi:10.1016/j.immuni.2015.12.007 (2016).

Perk, J., lavarone, A. & Benezra, R. |d family of helix-loop-helix proteins in cancer.
Nature Reviews Cancer 5, 603-614, doi:10.1038/nrc1673 (2005).

lkawa, T., Fujimoto, S., Kawamoto, H., Katsura, Y. & Yokota, Y. Commitment to
natural killer cells requires the helix—loop—helix inhibitor 1d2. Proceedings of the
National Academy of Sciences 98, 5164-5169, doi:10.1073/pnas.091537598 (2001).

Quong, M. W., Romanow, W. J. & Murre, C. E protein function in lymphocyte
development. Annual review of immunology 20, 301-322,
doi:10.1146/annurev.immunol.20.092501.162048 (2002).

Boos, M. D., Yokota, Y., Eberl, G. & Kee, B. L. Mature natural killer cell and lymphoid
tissue-inducing cell development requires Id2-mediated suppression of E protein
activity. The Journal of Experimental Medicine 204, 1119-1130,
doi:10.1084/jem.20061959 (2007).

Yokota, Y. et al. Development of peripheral lymphoid organs and natural killer cells
depends on the helix-loop-helix inhibitor 1d2. Nature 397, 702-706,
doi:10.1038/17812 (1999).

Banh, C., Miah, S. M. S., Kerr, W. G. & Brossay, L. Mouse natural killer cell
development and maturation are differentially regulated by SHIP-1. Blood 120, 4583-
4590, doi:10.1182/blood-2012-04-425009 (2012).

Di Santo, J. P. Natural killer cell developmental pathways: A question of balance.
Annual Review of Immunology Vol. 24 257-286, doi:
10.1146/annurev.immunol.24.021605.090700 (2006).

Page | 95



84

85

86

87

88

89

90

91

92

93

94

Chiossone, L. et al. Maturation of mouse NK cells is a 4-stage developmental
program. Blood 113, 5488-5496, doi:10.1182/blood-2008-10-187179 (2009).

Pinhas, N. et al. Murine peripheral NK-cell populations originate from site-specific
immature NK cells more than from BM-derived NK cells. Eur J Immunol 46, 1258-
1270, doi:10.1002/eji.201545847 (2016).

Hayakawa, Y. & Smyth, M. J. CD27 dissects mature NK cells into two subsets with
distinct responsiveness and migratory capacity. Journal of Immunology 176, 1517-
1524, doi:10.4049/jimmunol.176.3.1517 (2006).

Vossen, M. T. M. et al. CD27 defines phenotypically and functionally different human
NK cell subsets. Journal of Immunology 180, 3739-3745,
doi:10.4049/jimmunol.180.6.3739 (2008).

Michel, T. et al. Mouse Lung and Spleen Natural Killer Cells Have Phenotypic and
Functional Differences, in Part Influenced by Macrophages. PLoS ONE 7, 51230,
doi:10.1371/journal.pone.0051230 (2012).

Takeda, K. et al. CD27-Mediated Activation of Murine NK Cells. The Journal of
Immunology 164, 1741, doi: 10.4049/jimmunol.164.4.1741 (2000).

Martinet, L. et al. DNAM-1 expression marks an alternative program of NK cell
maturation. Cell reports 11, 85-97, doi:10.1016/j.celrep.2015.03.006 (2015).

Fu, B. et al. CD11b and CD27 reflect distinct population and functional specialization
in human natural killer cells. Immunology 133, 350-359, doi:10.1111/j.1365-
2567.2011.03446.x (2011).

Poli, A. et al. CD56(bright) natural killer (NK) cells: an important NK cell subset.
Immunology 126, 458-465, doi:10.1111/j.1365-2567.2008.03027.x (2009).

Wagner, J. A. et al. CD56bright NK cells exhibit potent antitumor responses following
IL-15 priming. The Journal of clinical investigation 127, 4042-4058,
doi:10.1172/jci90387 (2017).

Elpek, K. G., Rubinstein, M. P., Bellemare-Pelletier, A., Goldrath, A. W. & Turley, S.
J. Mature natural killer cells with phenotypic and functional alterations accumulate
upon sustained stimulation with IL-15/IL-15Ra complexes. Proceedings of the

Page | 96



95

96

97

98

99

100

101

102

103

National Academy of Sciences of the United States of America 107, 21647-21652,
doi:10.1073/pnas.1012128107 (2010).

Robbins, S. H., Tessmer, M. S., Mikayama, T. & Brossay, L. Expansion and
contraction of the NK cell compartment in response to murine cytomegalovirus
infection. Journal of Immunology 173, 259-266, doi:10.4049/jimmunol.173.1.259
(2004).

Robbins, S. H. et al. Cutting edge: Inhibitory functions of the killer cell lectin-like
receptor G1 molecule during the activation of mouse NK cells. Journal of Immunology
168, 2585-2589, doi:10.4049/jimmunol.168.6.2585 (2002).

Knox, J. J., Cosma, G. L., Betts, M. R. & McLane, L. M. Characterization of T-bet and
eomes in peripheral human immune cells. Frontiers in Immunology 5, 217,
doi:10.3389/fimmu.2014.00217 (2014).

Simonetta, F., Pradier, A. & Roosnek, E. T-bet and Eomesodermin in NK Cell
Development, Maturation, and Function. Frontiers in Immunology 7, 241,
doi:10.3389/fimmu.2016.00241 (2016).

Lazarevic, V., Glimcher, L. H. & Lord, G. M. T-bet: A bridge between innate and
adaptive immunity. Nature Reviews Immunology 13, 777-789, doi:10.1038/nri3536
(2013).

Szabo, S. J. et al. Pillars article: A novel transcription factor, T-bet, directs Th1 lineage
commitment. Cell. 2000. 100: 655-669. Journal of immunology (Baltimore, Md. :
1950) 194, 2961-2975 (2015).

Ryan, K., Garrett, N., Mitchell, A. & Gurdon, J. B. Eomesodermin, a key early gene
in xenopus mesoderm differentiation. Cell 87, 989-1000, doi:10.1016/S0092-
8674(00)81794-8 (1996).

van Helden, M. J. et al. Terminal NK cell maturation is controlled by concerted actions
of T-bet and Zeb2 and is essential for melanoma rejection. The Journal of
Experimental Medicine 212, 2015-2025, doi:10.1084/jem.20150809 (2015).

Soderquest, K. et al. Monocytes control natural killer cell differentiation to effector
phenotypes. Blood 117, 4511-4518, doi:10.1182/blood-2010-10-312264 (2011).

Page | 97



104

105

106

107

108

109

110

111

112

113

Townsend, M. J. et al. T-bet regulates the terminal maturation and homeostasis of
NK and Valpha14i NKT cells. Immunity 20, 477-494 (2004).

Deng, Y. et al. Transcription Factor Foxo1 Is a Negative Regulator of NK Cell
Maturation and Function. Immunity 42, 457-470, doi:10.1016/j.immuni.2015.02.006
(2015).

Kwon, H. J. et al. Stepwise phosphorylation of p65 promotes NF-I° B activation and
NK cell responses during target cell recognition. Nature Communications 7,
doi:10.1038/ncomms 11686 (2016).

Thierfelder, W. E. et al. Requirement for Stat4 in interleukin-12-mediated responses
of natural killer and T cells. Nature 382, 171-174, doi:10.1038/382171a0 (1996).

Townsend, M. J. et al. T-bet regulates the terminal maturation and homeostasis of
NK and Va14i NKT cells. Immunity 20, 477-494, doi:10.1016/S1074-7613(04)00076-
7 (2004).

Tato, C. M. et al. Opposing roles of NF-kB family members in the regulation of NK
cell proliferation and production of IFN-y. International Immunology 18, 505-513,
doi:10.1093/intimm/dxh391 (2006).

Mondor, 1., Schmitt-Verhulst, A. M. & Guerder, S. RelA regulates the survival of
activated effector CD8 T cells. Cell Death and Differentiation 12, 1398-1406,
doi:10.1038/sj.cdd.4401673 (2005).

Boothby, M. R., Mora, A. L., Scherer, D. C., Brockman, J. A. & Ballard, D. W.
Perturbation of the T Lymphocyte Lineage In Transgenic Mice Expressing a
Constitutive Repressor of Nuclear Factor (NF)-kB. The Journal of experimental
medicine 185, 1897-1907, doi: 10.1084/jem.185.11.1897 (1997).

Sen, R. & Baltimore, D. Inducibility of kappa immunoglobulin enhancer-binding
protein Nf-kappa B by a posttranslational mechanism. Cell 47, 921-928, doi:
10.1016/0092-8674(86)90807-X (1986).

Karin, M. & Ben-Neriah, Y. Phosphorylation meets ubiquitination: the control of NF-
[kappalB  activity.  Annual review of immunology 18, 621-663,
doi:10.1146/annurev.immunol.18.1.621 (2000).

Page | 98



114

115

116

117

118

119

120

121

122

123

Orange, J. S. Unraveling human natural killer cell deficiency. The Journal of Clinical
Investigation 122, 798-801, doi:10.1172/JC162620 (2012).

Gilmore, T. D. & Gerondakis, S. The c-Rel Transcription Factor in Development and
Disease. Genes & Cancer 2, 695-711, doi:10.1177/1947601911421925 (2011).

Gugasyan, R. et al. The transcription factors c-rel and RelA control epidermal
development and homeostasis in embryonic and adult skin via distinct mechanisms.
Molecular and Cellular Biology 24, 5733-5745, doi:10.1128/MCB.24.13.5733-
5745.2004 (2004).

Jost, P. J. & Ruland, J. Aberrant NF-kB signaling in lymphoma: Mechanisms,
consequences, and therapeutic implications. Blood 109, 2700-2707,
doi:10.1182/blood-2006-07-025809 (2007).

Rosenfeld, M. E., Prichard, L., Shiojiri, N. & Fausto, N. Prevention of Hepatic
Apoptosis and Embryonic Lethality in RelA/TNFR-1 Double Knockout Mice. The
American Journal of Pathology 156, 997-1007 doi: 10.1016/S0002-9440(10)64967-
X (2000).

Jacque, E., Tchenio, T., Piton, G., Romeo, P. H. & Baud, V. RelA repression of RelB
activity induces selective gene activation downstream of TNF receptors. Proceedings
of the National Academy of Sciences of the United States of America 102, 14635-
14640, doi:10.1073/pnas.0507342102 (2005).

Weih, D. S., Yilmaz, Z. B. & Weih, F. Essential role of RelB in germinal center and
marginal zone formation and proper expression of homing chemokines. Journal of
immunology (Baltimore, Md. : 1950) 167, 1909-1919, doi:
10.4049/jimmunol.167.4.1909 (2001).

Ryseck, R. P., Weih, F., Carrasco, D. & Bravo, R. RelB, a member of the Rel/NF-
kappa B family of transcription factors. Brazilian journal of medical and biological
research = Revista brasileira de pesquisas medicas e biologicas 29, 895-903 (1996).

Brisefio, C. G. et al. Deficiency of transcription factor RelB perturbs myeloid and DC
development by hematopoietic-extrinsic mechanisms. Proceedings of the National
Academy of Sciences of the United States of America 114, 3957-3962,
doi:10.1073/pnas.1619863114 (2017).

Burkly, L. et al. Expression of relB is required for the development of thymic medulla
and dendritic cells. Nature 373, 531-536, doi:10.1038/373531a0 (1995).
Page | 99



124

125

126

127

128

129

130

131

132

133

134

Liou, H. C. & Smith, K. A. The roles of c-rel and interleukin-2 in tolerance: a molecular
explanation of self-nonself discrimination. Immunology and Cell Biology 89, 27-32,
doi:10.1038/icb.2010.120 (2011).

Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring
Harbor perspectives in biology 1, a001651, doi:10.1101/cshperspect.a001651
(2009).

Demchenko, Y. N. et al. Classical and/or alternative NF-kappaB pathway activation
in multiple myeloma. Blood 115, 3541-3552, doi:10.1182/blood-2009-09-243535
(2010).

Yamamoto, H., Kishimoto, T. & Minamoto, S. NF-kappaB activation in CD27
signaling: involvement of TNF receptor-associated factors in its signaling and
identification of functional region of CD27. Journal of immunology (Baltimore, Md. :
1950) 161, doi:4753-4759 (1998).

Akiba, H. et al. CD27, a member of the tumor necrosis factor receptor superfamily,
activates NF-kappaB and stress-activated protein kinase/c-Jun N-terminal kinase via
TRAF2, TRAF5, and NF-kappaB-inducing kinase. The Journal of biological chemistry
273, 13353-13358, d0i:0.1074/jbc.273.21.13353 (1998).

Sun, S.-C. Non-canonical NF-kB signaling pathway. Cell Research 21, 71-85,
doi:10.1038/cr.2010.177 (2011).

Gilmore, T. D. Introduction to NF-kappaB: players, pathways, perspectives.
Oncogene 25, 6680-6684, doi:10.1038/sj.0nc.1209954 (2006).

Claudio, E., Brown, K., Park, S., Wang, H. & Siebenlist, U. BAFF-induced NEMO-
independent processing of NF-kappa B2 in maturing B cells. Nature immunology 3,
958-965, doi:10.1038/ni842 (2002).

Coope, H. J. et al. CD40 regulates the processing of NF-kappaB2 p100 to p52. Embo
j 21, 5375-5385, doi:10.1093/emboj/cdf542 (2002).

Dejardin, E. et al. The lymphotoxin-beta receptor induces different patterns of gene
expression via two NF-kappaB pathways. Immunity 17, 525-535 (2002).

Zhang, J., Scordi, I., Smyth, M. J. & Lichtenheld, M. G. Interleukin 2 receptor signaling
regulates the perforin gene through signal transducer and activator of transcription

Page |100



135

136

137

138

139

140

141

142

143

(Stat)5 activation of two enhancers. Journal of Experimental Medicine 190, 1297-
1307, doi:10.1084/jem.190.9.1297 (1999).

Pascal, V., Nathan, N. R., Claudio, E., Siebenlist, U. & Anderson, S. K. NF-kB
p50/p65 affects the frequency of Ly49 gene expression by NK cells. Journal of
Immunology 179, 1751-1759, doi: 10.4049/jimmunol.179.3.1751 (2007).

Kwon, H. J. et al. Stepwise phosphorylation of p65 promotes NF-kappaB activation
and NK cell responses during target cell recognition. Nature communications 7,
11686, doi:10.1038/ncomms11686 (2016).

Shibuya, A. et al. DNAM-1, a novel adhesion molecule involved in the cytolytic
function of T lymphocytes. Immunity 4, 573-581, doi:10.1016/S1074-7613(00)70060-
4 (1996).

Bottino, C. et al. Identification of PVR (CD155) and Nectin-2 (CD112) as cell surface
ligands for the human DNAM-1 (CD226) activating molecule. Journal of Experimental
Medicine 198, 557-567, doi:10.1084/jem.20030788 (2003).

De Andrade, L. F., Smyth, M. J. & Martinet, L. DNAM-1 control of natural killer cells
functions through nectin and nectin-like proteins. Immunology and cell biology 92,
237-244, doi:10.1038/icb.2013.95 (2014).

Gilfillan, S. et al. DNAM-1 promotes activation of cytotoxic lymphocytes by
nonprofessional antigen-presenting cells and tumors. The Journal of Experimental
Medicine 205, 2965-2973, doi:10.1084/jem.20081752 (2008).

Dardalhon, V., Schubart, A. S. & Kuchroo, V. K. Response to comment on "CD226 is
specifically expressed on the surface of Th1 cells and regulates their expansion and
effector functions" [2]. Journal of Immunology 176, 3856, doi:
10.4049/jimmunol.175.3.1558 (2006).

Chan, C. J. et al. DNAM-1/CD155 Interactions Promote Cytokine and NK Cell-
Mediated Suppression of Poorly Immunogenic Melanoma Metastases. The Journal
of Immunology 184, 902, doi: 0.4049/jimmunol.0903225 (2010).

Yan, Z. Increased expression of CD155 and CD112 on monocytes in septic patients
(INC6P.327). The Journal of Immunology 194, 192.129 (2015).

Page |101



144

145

146

147

148

149

150

151

152

153

Iguchi-Manaka, A. et al. Accelerated tumor growth in mice deficient in DNAM-1
receptor. The Journal of experimental medicine 205, 2959-2964,
doi:10.1084/jem.20081611 (2008).

Carlsten, M. et al. Primary Human Tumor Cells Expressing CD155 Impair Tumor
Targeting by Down-Regulating DNAM-1 on NK Cells. The Journal of Immunology
183, 4921, doi: 10.4049/jimmunol.0901226 (2009).

Gao, J., Zheng, Q., Xin, N., Wang, W. & Zhao, C. CD155, an onco-immunologic
molecule in human tumors. Cancer science 108, 1934-1938, doi:10.1111/cas.13324
(2017).

Tahara-Hanaoka, S. et al. Functional characterization of DNAM-1 (CD226)
interaction with its ligands PVR (CD155) and nectin-2 (PRR-2/CD112). International
immunology 16, 533-538, doi: 10.1093/intimm/dxh059 (2004).

Sha, W. C., Liou, H. C., Tuomanen, E. |. & Baltimore, D. Targeted disruption of the
p50 subunit of NF-kappa B leads to multifocal defects in immune responses. Cell 80,
321-330, doi: 10.1016/0092-8674(95)90415-8 (1995).

Kontgen, F. et al. Mice lacking the c-rel proto-oncogene exhibit defects in lymphocyte
proliferation, humoral immunity, and interleukin-2 expression. Genes & development
9, 1965-1977, doi: 10.1101/gad.9.16.1965 (1995).

De Lorenzi, R., Gareus, R., Fengler, S. & Pasparakis, M. GFP-p65 knock-in mice as
a tool to study NF-kappaB dynamics in vivo. Genesis (New York, N.Y. : 2000) 47,
323-329, doi:10.1002/dvg.20468 (2009).

Doi, T. S., Takahashi, T., Taguchi, O., Azuma, T. & Obata, Y. NF-kappa B RelA-
deficient lymphocytes: normal development of T cells and B cells, impaired
production of IgA and IgG1 and reduced proliferative responses. The Journal of
experimental medicine 185, 953-961, doi: 10.1084/jem.185.5.953 (1997).

Grumont, R. J., Richardson, I. B., Gaff, C. & Gerondakis, S. rel/NF-kappa B nuclear
complexes that bind kB sites in the murine c-rel promoter are required for constitutive
c-rel transcription in B-cells. Cell growth & differentiation : the molecular biology
Journal of the American Association for Cancer Research 4, 731-743 (1993).

Shih, V. F.-S., Tsui, R., Caldwell, A. & Hoffmann, A. A single NFkB system for both
canonical and non-canonical signaling. Cell Research 21, 86-102,
doi:10.1038/cr.2010.161 (2011).

Page |102



154

155

156

157

158

159

160

161

162

163

Sun, S. C. Non-canonical NF-kappaB signaling pathway. Cell Research 21, 71-85,
doi:10.1038/cr.2010.177 (2011).

Zarnegar, B., Yamazaki, S., He, J. Q. & Cheng, G. Control of canonical NF-kB
activation through the NIK—-IKK complex pathway. Proceedings of the National
Academy of Sciences 105, 3503 (2008).

Xiao, G., Fong, A. & Sun, S. C. Induction of p100 processing by NF-kappaB-inducing
kinase involves docking lkappaB kinase alpha (IKKalpha) to p100 and IKKalpha-
mediated phosphorylation. The Journal of biological chemistry 279, 30099-30105,
doi:10.1074/jbc.M401428200 (2004).

Gerondakis, S. & Siebenlist, U. Roles of the NF-kB Pathway in Lymphocyte
Development and Function. Cold Spring Harbor perspectives in biology 2, a000182,
doi:10.1101/cshperspect.a000182 (2010).

Pohl, T. et al. The combined absence of NF-kB1 and c-Rel reveals that overlapping
roles for these transcription factors in the B cell lineage are restricted to the activation
and function of mature cells. Proceedings of the National Academy of Sciences 99,
4514, doi: doi.org/10.1073/pnas.072071599 (2002).

Ouaaz, F., Arron, J., Zheng, Y., Choi, Y. & Beg, A. A. Dendritic cell development and
survival require distinct NF-kB subunits. Immunity 16, 257-270, doi:10.1016/S1074-
7613(02)00272-8 (2002).

Zheng, Y., Vig, M., Lyons, J., Van Parijs, L. & Beg, A. A. Combined Deficiency of p50
and cRel in CD4(+) T Cells Reveals an Essential Requirement for Nuclear Factor kB
in Regulating Mature T Cell Survival and In Vivo Function. The Journal of
Experimental Medicine 197, 861-874, doi:10.1084/jem.20021610 (2003).

Bell, J. Immunodeficiency: Natural killers need NEMO. Nature Reviews Immunology
2,463, doi:10.1038/nri851 (2002).

Liou, H. C. et al. c-Rel is crucial for lymphocyte proliferation but dispensable for T
cell effector function. International Immunology 11, 361-371, doi:
10.1093/intimm/11.3.361 (1999).

Berke, G. & Rosen, D. Highly lytic in vivo primed cytolytic T lymphocytes devoid of
lytic granules and BLT-esterase activity acquire these constituents in the presence of
T cell growth factors upon blast transformation in vitro. Journal of immunology
(Baltimore, Md. : 1950) 141, 1429-1436 (1988).

Page |103



164

165

166

167

168

169

170

171

172

173

Souza-Fonseca-Guimaraes, F., Adib-Conquy, M. & Cavaillon, J.-M. Natural Killer
(NK) Cells in Antibacterial Innate Immunity: Angels or Devils? Molecular Medicine 18,
270-285, doi:10.2119/molmed.2011.00201 (2012).

Luetke-Eversloh, M., Killig, M. & Romagnani, C. Signatures of Human NK Cell
Development and Terminal Differentiation. Frontiers in Immunology 4, 499,
doi:10.3389/fimmu.2013.00499 (2013).

Goh, W. & Huntington, N. D. Regulation of Murine Natural Killer Cell Development.
Frontiers in Immunology 8, 130, doi:10.3389/fimmu.2017.00130 (2017).

Sullivan, L. C. et al. The heterodimeric assembly of the CD94-NKG2 receptor family
and implications for human leukocyte antigen-E recognition. Immunity 27, 900-911,
doi:10.1016/j.immuni.2007.10.013 (2007).

O'Grady, N. P. et al. Detection of macrophage inflammatory protein (MIP)-1alpha and
MIP-1beta during experimental endotoxemia and human sepsis. The Journal of
infectious diseases 179, 136-141, doi:10.1086/314559 (1999).

Orange, J. S. et al. Deficient natural killer cell cytotoxicity in patients with IKK-
gamma/NEMO mutations. The Journal of clinical investigation 109, 1501-1509,
doi:10.1172/jci14858 (2002).

Tumang, J. R. et al. c-Rel is essential for B lymphocyte survival and cell cycle
progression. European Journal  of  Immunology 28, 4299-4312,
doi:10.1002/(sici)1521-4141 (1998)

Visekruna, A., Volkov, A. & Steinhoff, U. A key role for NF-kb transcription factor c-
rel in T-lymphocyte-differentiation and effector functions. Clinical and Developmental
Immunology 2012, doi:10.1155/2012/239368 (2012).

Ebihara, T., Jonsson, A. H. & Yokoyama, W. M. Natural killer cell licensing in mice
with inducible expression of MHC class |. Proceedings of the National Academy of
Sciences 110, E4232, doi: 10.1073/pnas.1318255110 (2013).

Orr, M. T. et al. Ly49H signaling through DAP10 is essential for optimal natural killer
cell responses to mouse cytomegalovirus infection. J Exp Med 206, 807-817,
doi:10.1084/jem.20090168 (2009).

Page |104



174

175

176

177

178

179

180

181

182

Bluman, E. M., Bartynski, K. J., Avalos, B. R. & Caligiuri, M. A. Human natural killer
cells produce abundant macrophage inflammatory protein-1 alpha in response to
monocyte-derived cytokines. The Journal of clinical investigation 97, 2722-2727,
doi:10.1172/jci118726 (1996).

Mavropoulos, A., Sully, G., Cope, A. P. & Clark, A. R. Stabilization of IFN-gamma
MRNA by MAPK p38 in IL-12- and IL-18-stimulated human NK cells. Blood 105, 282-
288, doi:10.1182/blood-2004-07-2782 (2005).

H Arase, N Arase, T Saito.Interferon gamma production by natural killer (NK) cells
and NK1.1+ T cells upon NKR-P1 cross-linking. The Journal of experimental
medicine 183, 2391-2396, doi: 10.1084/jem.183.5.2391 (1996).

Bouwer, A. L. et al. Rapid interferon-gamma release from natural killer cells induced
by a streptococcal commensal. Journal of interferon & cytokine research : the official
Journal of the International Society for Interferon and Cytokine Research 33, 459-466,
doi:10.1089/jir.2012.0116 (2013).

Marcais, A. et al. Regulation of Mouse NK Cell Development and Function by
Cytokines. Frontiers in Immunology 4, 450, doi:10.3389/fimmu.2013.00450 (2013).

Lugo-Villarino, G., Maldonado-Lopez, R., Possemato, R., Penaranda, C. & Glimcher,
L. H. T-bet is required for optimal production of IFN-gamma and antigen-specific T
cell activation by dendritic cells. Proceedings of the National Academy of Sciences of
the United States of America 100, 7749-7754, doi:10.1073/pnas.1332767100 (2003).

Grumont, R. J. & Gerondakis, S. The murine c-rel proto-oncogene encodes two
MRNAs the expression of which is modulated by lymphoid stimuli. Oncogene
research 5, 245-254 (1990).

Brownell, E. et al. Detection of c-rel-related transcripts in mouse hematopoietic
tissues, fractionated lymphocyte populations, and cell lines. Molecular and Cellular
Biology 7, 1304-1309, doi: 10.1128/MCB.7.3.1304 (1987).

Jordan, K. A., Dupont, C. D., Tait, E. D., Liou, H.-C. & Hunter, C. A. Role of the NF-
KB transcription factor c-Rel in the generation of CD8(+) T-cell responses to
Toxoplasma gondii. International Immunology 22, 851-861,
doi:10.1093/intimm/dxq439 (2010).

Page |105



183

184

185

186

187

188

189

190

191

192

Gilmore, T. D., Kalaitzidis, D., Liang, M. C. & Starczynowski, D. T. The c-Rel
transcription factor and B-cell proliferation: a deal with the devil. Oncogene 23, 2275-
2286, doi:10.1038/sj.onc.1207410 (2004).

Liao, W., Lin, J.-X. & Leonard, W. J. Interleukin-2 at the Crossroads of Effector
Responses, Tolerance, and Immunotherapy. Immunity 38, 13-25,
doi:10.1016/j.immuni.2013.01.004 (2013).

Gasteiger, G. et al. IL-2—dependent tuning of NK cell sensitivity for target cells is
controlled by regulatory T cells. The Journal of Experimental Medicine 210, 1167, doi:
10.1084/jem.20122462 (2013).

Ferguson, A. R. & Corley, R. B. Accumulation of marginal zone B cells and
accelerated loss of follicular dendritic cells in NF-kB p50-deficient mice. BMC
Immunology 6, 8-8, doi:10.1186/1471-2172-6-8 (2005).

Horwitz, B. H., Scott, M. L., Cherry, S. R., Bronson, R. T. & Baltimore, D. Failure of
lymphopoiesis after adoptive transfer of NF-kappaB-deficient fetal liver cells.
Immunity 6, 765-772, doi: 10.1016/S1074-7613(00)80451-3 (1997).

Beg, A. A., Sha, W. C., Bronson, R. T., Ghosh, S. & Baltimore, D. Embryonic lethality
and liver degeneration in mice lacking the RelA component of NF-kappa B. Nature
376, 167-170, doi:10.1038/376167a0 (1995).

Beg, A. A. & Baltimore, D. An essential role for NF-kappaB in preventing TNF-alpha-
induced cell death. Science 274, 782-784, 10.1126/science.274.5288.782 (1996).

Stein, S. J. & Baldwin, A. S. Deletion of the NF-kB subunit p65/RelA in the
hematopoietic compartment leads to defects in hematopoietic stem cell function.
Blood 121, 5015-5024, doi:10.1182/blood-2013-02-486142 (2013).

Schmidt-Supprian, M. et al. Mature T cells depend on signaling through the IKK
complex. Immunity 19, 377-389, doi: 10.1016/S1074-7613(03)00237-1 (2003).

Grossmann, M. et al. The anti-apoptotic activities of Rel and RelA required during B-
cell maturation involve the regulation of Bcl-2 expression. The EMBO Journal 19,
6351-6360, doi:10.1093/emboj/19.23.6351 (2000).

Page |106



193

194

195

196

197

198

199

200

201

202

Vallabhapurapu, S. et al. Rel/NF-kappaB family member RelA regulates NK1.1- to
NK1.1+ transition as well as IL-15-induced expansion of NKT cells. Eur J Immunol
38, 3508-3519, d0i:10.1002/€ji.200737830 (2008).

Zhou, J., Zhang, J., Lichtenheld, M. G. & Meadows, G. G. A Role for NF- B Activation
in Perforin Expression of NK Cells Upon IL-2 Receptor Signaling. The Journal of
Immunology 169, 1319-1325, doi:10.4049/jimmunol.169.3.1319 (2002).

Martinet, L. et al. DNAM-1 Expression Marks an Alternative Program of NK Cell
Maturation. Cell Reports 1, 85-97,
doi:http://dx.doi.org/10.1016/j.celrep.2015.03.006 (2015).

Gilfillan, S. et al. DNAM-1 promotes activation of cytotoxic lymphocytes by
nonprofessional antigen-presenting cells and tumors. Journal of Experimental
Medicine 205, 2965-2973, doi:10.1084/jem.20081752 (2008).

Aust, J. G. et al. Mice Lacking Ly49E Show Normal NK Cell Development and Provide
Evidence for Probabilistic Expression of Ly49E in NK Cells and T Cells. The Journal
of Immunology 186, 2013, doi: 10.4049/jimmunol.1003698 (2011).

Meyer, D. et al. CD96 interaction with CD155 via its first Ig-like domain is modulated
by alternative splicing or mutations in distal Ig-like domains. The Journal of biological
chemistry 284, 2235-2244, doi:10.1074/jbc.M807698200 (2009).

de Andrade, L. F., Smyth, M. J. & Martinet, L. DNAM-1 control of natural killer cells
functions through nectin and nectin-like proteins. Immunology and Cell Biology 92,
237-244, doi:10.1038/icb.2013.95 (2014).

Chan, C. J. et al. The receptors CD96 and CD226 oppose each other in the regulation
of natural killer cell functions. Nature immunology 15, 431-438, doi:10.1038/ni.2850
(2014).

Barton, K. et al. The Ets-1 transcription factor is required for the development of
natural killer cells in mice. Immunity 9, 555-563, 10.1016/S1074-7613(00)80638-X
(1998).

Marcus, A. & Raulet, D. H. Evidence for Natural Killer Cell Memory. Current biology :
CB 23, 10.1016/j.cub.2013.1007.1015, doi:10.1016/j.cub.2013.07.015 (2013).

Page |107



203

204

205

206

207

208

209

210

211

212

Harant, H., Eldershaw, S. A. & Lindley, I. J. D. Human macrophage inflammatory
protein-3a/CCL20/LARC/Exodus/SCYAZ20 is transcriptionally upregulated by tumor
necrosis factor-a via a non-standard NF-kB site. FEBS Letters 509, 439-445,
doi:10.1016/S0014-5793(01)03138-6 (2001).

Roth, C., Carlyle, J. R., Takizawa, H. & Raulet, D. H. Clonal acquisition of inhibitory
Ly49 receptors on developing NK cells is successively restricted and regulated by
stromal class | MHC. Immunity 13, 143-153, do0i:10.1016/S1074-7613(00)00015-7
(2000).

Sojka, D. K. et al. Tissue-resident natural killer (NK) cells are cell lineages distinct
from thymic and conventional splenic NK cells. elLife 3, e01659,
doi:10.7554/eLife.01659 (2014).

Aust, J. G. et al. Mice lacking Ly49E show normal NK cell development and provide
evidence for probabilistic expression of Ly49E in NK cells and T cells. Journal of
immunology (Baltimore, Md. : 1950) 186, 2013-2023, doi:10.4049/jimmunol.1003698
(2011).

Riether, C., Schurch, C. & Ochsenbein, A. F. Modulating CD27 signaling to treat
cancer. Oncoimmunology 1, 1604-1606, doi:10.4161/onci.21425 (2012).

Nabekura, T. et al. The costimulatory molecule DNAM-1 is essential for optimal
differentiation of memory natural killer cells during mouse cytomegalovirus infection.
Immunity 40, 225-234, doi:10.1016/j.immuni.2013.12.011 (2014).

Hintzen, R. Q. et al. Regulation of CD27 expression on subsets of mature T-
lymphocytes. The Journal of Immunology 151, 2426 (1993).

Ramaswami, S. & Hayden, M. S. Electrophoretic mobility shift assay analysis of NF-
kappaB DNA binding. Methods in molecular biology (Clifton, N.J.) 1280, 3-13,
doi:10.1007/978-1-4939-2422-6_1 (2015).

Walton, C. B. & Matter, M. L. Chromatin Immunoprecipitation Assay: Examining the
Interaction of NFkB with the VEGF Promoter. Methods in molecular biology (Clifton,
N.J.) 1332, 75-87, doi:10.1007/978-1-4939-2917-7_6 (2015).

Haschek, W. M., Rousseaux, C. G. & Wallig, M. A. in Haschek and Rousseaux's
Handbook of Toxicologic Pathology (Third Edition) (eds Wanda M. Haschek, Colin G.
Rousseaux, & Matthew A. Wallig) 1-9 (Academic Press, 2013).

Page |108



213

214

215

216

217

218

219

220

221

222

Sen, R. & Baltimore, D. Multiple nuclear factors interact with the immunoglobulin
enhancer sequences. Cell 46, 705-716 , doi: 10.1016/0092-8674(86)90346-6 (1986).

Miller, D. E. et al. Screening for Functional Non-coding Genetic Variants Using
Electrophoretic Mobility Shift Assay (EMSA) and DNA-affinity Precipitation Assay
(DAPA). Journal of Visualized Experiments : JoVE, 54093, doi:10.3791/54093
(2016).

Holmes, M. L. et al. Peripheral natural killer cell maturation depends on the
transcription  factor  Aiolos. The EMBO  Journal 33, 2721-2734,
doi:10.15252/embj.201487900 (2014).

Hayakawa, Y. & Smyth, M. J. CD27 Dissects Mature NK Cells into Two Subsets with
Distinct Responsiveness and Migratory Capacity. The Journal of Immunology 176,
1517 (2006).

Pandey, R., DeStephan, C. M., Madge, L. A., May, M. J. & Orange, J. S. NKp30
ligation induces rapid activation of the canonical NF-kB pathway in NK cells. Journal
of Immunology 179, 7385-7396, doi: 10.1016/S1097-2765(02)00477-X (2007).

Zhong, H., May, M. J., Jimi, E. & Ghosh, S. The phosphorylation status of nuclear
NF-kB determines its association with CBP/p300 or HDAC-1. Molecular Cell 9, 625-
636, doi:10.1016/S1097-2765(02)00477-X (2002).

Guan, H., Hou, S. & Ricciardi, R. P. DNA binding of repressor nuclear factor-kB
p50/p50 depends on phosphorylation of Ser337 by the protein kinase A catalytic
subunit. Journal of Biological Chemistry 280, 9957-9962,
doi:10.1074/jbc.M412180200 (2005).

Ramakrishnan, P., Wang, W. & Wallach, D. Receptor-specific signaling for both the
alternative and the canonical NF-kappaB activation pathways by NF-kappaB-
inducing kinase. Immunity 21, 477-489, doi:10.1016/j.immuni.2004.08.009 (2004).

Arenzana-Seisdedos, F. et al. Inducible nuclear expression of newly synthesized |
kappa B alpha negatively regulates DNA-binding and transcriptional activities of NF-
kappa B. Molecular and Cellular Biology 15, 2689-2696 (1995).

Arenzana-Seisdedos, F. et al. Nuclear localization of | kappa B alpha promotes active
transport of NF-kappa B from the nucleus to the cytoplasm. Journal of cell science
110 ( Pt 3), 369-378 (1997).

Page |109



223

224

225

226

227

228

229

230

231

Wu, C. S. et al. Differential regulation of nuclear factor-kappa B subunits on epidermal
keratinocytes by ultraviolet B and tacrolimus. The Kaohsiung journal of medical
sciences 28, 577-585, doi:10.1016/j.kjms.2012.04.023 (2012).

Wagner, A. K. et al. Expression of CD226 is associated to but not required for NK cell
education. Nature communications 8, 15627, doi:10.1038/ncomms15627 (2017).

Carlsten, M. et al. Primary human tumor cells expressing CD155 impair tumor
targeting by down-regulating DNAM-1 on NK cells. Journal of inmunology (Baltimore,
Md. : 1950) 183, 4921-4930, doi:10.4049/jimmunol.0901226 (2009).

Zhang, Z. et al. DNAM-1 controls NK cell activation via an ITT-like motif. The Journal
of experimental medicine 212, 2165-2182, doi:10.1084/jem.20150792 (2015).

Lodoen, M. B. & Lanier, L. L. Natural killer cells as an initial defense against
pathogens. Current opinion in immunology 18, 391-398,
doi:10.1016/j.c0i.2006.05.002 (2006).

Thomas, R. & Yang, X. NK-DC Crosstalk in Immunity to Microbial Infection. Journal
of immunology research 2016, 6374379, doi:10.1155/2016/6374379 (2016).

Altfeld, M., Fadda, L., Frleta, D. & Bhardwaj, N. DCs and NK cells: critical effectors in
the immune response to HIV-1. Nature Reviews. Immunology 11, 176-186,
doi:10.1038/nri2935 (2011).

Lusty, E. et al. IL-18/IL-15/IL-12 synergy induces elevated and prolonged IFN-gamma
production by ex vivo expanded NK cells which is not due to enhanced STAT4
activation. Molecular Immunology 88, 138-147, doi:10.1016/j.molimm.2017.06.025
(2017).

Vidal, S. M., Pyzik, M. & Gendron-Pontbriand, E. M. The impact of Ly49-NK cell-
dependent recognition of MCMYV infection on innate and adaptive immune responses.
Journal of Biomedicine and Biotechnology 2011, doi:10.1155/2011/641702 (2011).

Page |110





