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    XI

Like to a ship that storms urge on its course, 
By its own trials our soul is surer made. 
The very things that make the voyage worse 
Do make it better; its peril is its aid. 
And, as the storm drives from the storm, our heart 
Within the peril disimperilled grows; 
A port is near the more from port we part-- 
The port whereto our driven direction goes. 
If we reap knowledge to cross-profit, this 
From storms we learn, when the storm's height doth drive-- 
That the black presence of its violence is 
The pushing promise of near far blue skies. 

  Learn we but how to have the pilot-skill, 
  And the storm's very might shall mate our will. 

Fernando Pessoa



Author Declaration

I, David Caetano Duarte Filipe Tomaz, declare that the work presented in this thesis is my own. 

Where information has been derived from other sources this is appropriately indicated and refer-
enced. 

The copyright of this thesis rests with the author and is made available under a Creative Commons 

Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, distribute or 
transmit the thesis on the condition that they attribute it, that they do not use it for commercial pur-

poses and that they do not alter, transform or build upon it. For any reuse or redistribution, re-
searchers must make clear to others the licence terms of this work.

�3



Abstract

NK cell signal integration results from a balance of multiple signals triggered by activating and in-
hibitory receptors, ultimately determining NK cell functions. However, how precisely the combina-

tion of these antagonistic signals occurs, rapidly, upon immunological synapse (IS) formation, is 
not yet understood. To study the co-localisation of activating and inhibitory receptors upon IS for-

mation, the co-localisation of NKG2D-GFP2 (short and long isoform) and Ly49A-RFP, on a 
nanometer scale, was investigated by measuring Förster resonance energy transfer (FRET) be-

tween both fluorescent-tagged receptors. The NK cell IS was studied using NKG2D-GFP- and 
Ly49A-RFP-expressing primary NK cells ex vivo from retrogenic mice, in cell-cell conjugates with 

NIH3T3 target cells, with or without expression of H2-Dd SCT and H2-Dd-CD4 SCT MHC-I mole-
cules (a native and elongated version of the Ly49A ligand, respectively). The results demonstrate 

that NKG2D-GFP (both isoforms) efficiently associates with DAP10 or DAP12 adaptor proteins. 
Both NKG2D-GFP and Ly49A-RFP are expressed at the cell surface of primary NK cells and 

NKG2D-GFP accumulates in the NK IS upon contact with H60-expressing target cells. Regions of 
nanometer-scale FRET co-localisation between NKG2D and Ly49A were dependent on the pres-

ence of ligand on target cells and its dimensions. In the presence of both NK cell ligands, NKG2D 
and Ly49A co-localise upon IS formation. Interestingly, increasing the size of the Ly49A ligand was 

shown to decrease their co-localisation, decreasing FRET. In conclusion, a differential Ly49A and 
NKG2D co-localisation upon NK IS formation, dependent on ligand size,, may provide a molecular 

mechanism for NK cell signal integration. This study presents evidence, at a nanometer scale, 
suggesting that immune cell signal integration is achieved by a differential co-localisation of activat-

ing and inhibitory receptors upon synapse formation. 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Chapter 1.   Introduction 

1.1. The immune system

The immune system is a network of immune cells, tissues and signalling molecules that cooperate 
to efficiently tackle a range of infections and host threats (e.g. cancer). The immune system is 

classically divided into two distinct subcategories: the innate and the adaptive immune system. 

1.1.1. Innate and adaptive immune responses 

The innate immune system consists of large cell populations expressing non-rearranging receptors 

which detect mainly non-self molecules or stress induced ligands. This system is designed to trig-
ger and act rapidly, in a generic mode, against foreign organisms and danger signals. On the other 

hand, the adaptive system is composed of a large range of very small cell populations which ex-
press highly diverse and clonal rearranged receptors against different antigens. Due to the neces-

sary clonal expansion required to create large populations of effector and memory cells, adaptive 
responses are slower than innate responses, but much more specific. The immune memory is an 

inherent characteristic of adaptive responses, forming the basis for vaccination, and previously as-
sumed to be absent in innate responses (O'Leary et al. 2006). However, bi-directional interactions 

between the innate and adaptive immune systems have been found not only to be essential for 
effective responses to infection but also for successful vaccination. Innate system cells are respon-

sible for amplifying and directing the subsequent adaptive response, a role deliberately echoed by 
vaccine adjuvants (Hoebe et al. 2004; Vivier et al. 2011). On the other hand, one of the antigen-

specific T cells’ mechanisms of action consists of the release of cytokines to trigger innate cells to 
eliminate pathogens or pathogen-infected cells. The innate immune responses, through contact-

dependent and contact-independent mechanisms (secretion of cytokines and chemokines), are 
greatly responsible for informing and polarising the downstream adaptive immune responses, 

which are primarily carried out by T cell lymphocytes (Iwasaki et al. 2010).
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1.1.2. The adaptive immune system 

To accurately eliminate certain pathogens and transformed cells, a highly specific immune re-
sponse, towards a specific antigen, needs to be mounted. Therefore, an adaptive immune re-

sponse is developed when an antigen crosses the protective barrier (e.g. skin) and is presented 
within the lymphoid organs. This antigen presentation process is supported by different immune 

cell elements, in particular, the dendritic cells. The response resultant from the adaptive immunity 
is traditionally characterised by antigen-specificity, with the formation of immunological memory. 

This means that if the same antigen enters into contact with the immune system once again, it will 
recognise this antigen and respond rapidly. The adaptive immune system includes mainly the T 

and B cells and their dependent cytokines. Moreover, the adaptive immune system can also be 
divided into cell-mediated or humoral immunity. The cell-mediated immunity is mainly involved in 

the destruction and elimination of intracellular pathogens which invade host cells. This type of pro-
tection is primarily supported by T cells, in particular, the antigen-specific cytotoxic T cells, which 

are able to recognise intracellular antigens presented by the MHC-I molecules of infected cells 
(Neefjes et al. 2011). The humoral immunity, on the contrary, is mainly mediated by B cells and 

their produced antibodies. Activated antibody-producing cells are designated plasma cells, and are 
the primary cell mediators of humoral immunity. Antibodies can either block or signal opsonization 

and neutralisation of several toxins and microbes (Tan et al. 2007). 

1.1.2.1 The humoral immunity 

The primary role of antibodies released by B cells is to mediate the humoral immune response. 

There are several different classes of antibodies, including immunoglobulin (Ig) A, IgD, IgE, IgG 
and IgM, which are categorised by their heavy chain type. Each class of antibodies has different 

functions and a different distribution within the body. Antibodies in circulation intervene in several 
immune functions, including the activation of the complement system, the neutralisation of extra-

cellular microbes and microbial toxins, and the opsonisation of target cells which are eliminated by 
antibody-dependent cell-mediated cytotoxicity (ADCC). The generation of high-affinity class-

switched antibodies and long-lived plasma cells, with immunological memory, capable of rapidly 
responding to repeated antigen exposure, characterise the humoral immunity responses (Rad-

bruch et al. 2006). IgG- and IgM-expressing naïve B cells support immune surveillance. An anti-
gen-specific response is triggered when B cells occupying the follicles of lymphoid organs interact 

with T cells. At these sites, B cells can function as antigen presenting cells (APCs), using MHC 

�23



class II (MHC-II) molecules to present peptide-specific antigens to T cells efficiently. This presenta-

tion results in B cell activation and expansion of antigen-specific B cells, which can additionally dif-
ferentiate into antibody-secreting plasma cells. The cytokines present in the milieu influence the 

sort of heavy chain class switching. For example, the presence of IFN-y leads to the production of 
IgG, while the presence of IL-4 drives the formation of IgE (Stone et al. 2010).

1.1.2.2 Cell-mediated immunity 

T cells are the primary mediators of cell-mediated immunity. T cells can be subdivided into two 
principal classes: T helper cells (e.g. CD4+ T cells) and cytotoxic T cells (e.g. CD8+ T cells). T cells 

are essential for the removal of microbes phagocyted by innate immune cells or those which re-
main inside infected cells. T cell-mediated immunity requires the identification of specific antigens,  

resulting in the proliferation and expansion of antigen-specific T cell clones and subsequent differ-
entiation of effector and memory T cells (Herberman et al. 1978). T cells can identify and respond 

to specific antigens presented by the MHC molecules, and T cell activation is MHC-dependent. 
MHC molecules are polymorphic and can be divided into two main classes: the MHC class I, ex-

pressed by all nucleated cells, and MHC class II, expressed mainly by professional APCs such as 
macrophages, DCs and B cells. Both classes present a peptide sequence binding cleft on the out-

side surface, allowing for the efficient antigen presentation (Zinkernagel et al. 1979). 

All T cells display the T cell receptor (TCR), which identifies a short peptide sequence bound to 
MHC molecules. CD4+ and CD8+ T cells recognise peptides presented by the MHC-I and MHC-II 

molecules, respectively (Parkin et al. 2001). After T cell activation, upon encounter with MHC-II ex-
pressing APCs, naïve CD4 T cells can develop into: (i) Th1 cells, (ii) Th2 cells (necessary for the 

response to intracellular and extracellular pathogens, respectively), (iii) Th17 cells (IL-17 producing 
cells which are implicated in pro-inflammation and autoimmune diseases), or Tregs, regulatory T 

cells, FoxP3-expressing CD4+T cells (critical for the immunosuppression and immune self-toler-
ance) (Mosmann et al. 1996; Sakaguchi et al. 2008). The MHC-I-expressing cell and CD8+ T cell 

interaction can result in activation of cytotoxic T cells and the subsequent lysis of infected cells. 
Both CD4- and CD8- T cell activating processes are controlled by the requirement of a second 

stimulus signal to be delivered by costimulatory molecules, for example, the B7 binding to CD28 
(Chen et al. 2013). 

Moreover, a third stimulus produced by cytokines is essential to stimulate T cell activation, such as 
IFN-y produced by NK cells (Curtsinger et al. 2010). After approximately two days following antigen 

exposure, antigen-specific T cells proliferate and experience clonal expansion. After this expansion 
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and infection clearance, a portion of T cells survives and changes into long-lived memory T cells. 

These cells remain dormant in a steady state but are able to act rapidly upon subsequent exposure 
to the same specific antigen. Two types of memory T cells exist: (i) central memory T cells and (ii) 

effector memory T cells. Central memory T cells typically produce high levels of IL-2 and are de-
fined by the expression of CCR7, CD62 and CD45RO. This cell surface expression phenotype al-

lows them to remain in lymphoid organs and promote clonal expansion after a second exposition. 
On the other hand, effector memory T cells do not express CCR7, and instead express chemokine 

receptors (e.g. CCR4, CCR5 and CXCR3) involved in immune cell homing towards inflamed tis-
sues and organs. Therefore, effector memory T cells are present in mucosal tissues and are re-

sponsible for the rapid protector function upon restimulation with the same antigen, producing in-
flammatory cytokines such as IFN-y or IL-4 (Sallusto et al. 2004).

1.1.3. The innate immune system

The innate immune system is the primary line of immune defence against pathogens and toxins. 
The different components of the innate immune system include epithelial barriers, phagocytes (e.g. 

macrophages and monocytes), dendritic cells (DCs), innate lymphoid cells (ILCs, including natural 
killer (NK) cells), the complement system and several cytokines. Unlike the adaptive immune sys-

tem, there is no immune specific memory in the innate immune system. However, this paradigm 
has been recently challenged with the recognition of immune memory by NK cells (O'Leary et al. 

2006). It is generally assumed that innate immune cells react to pathogens in a non-specific mode, 
distinguishing between "self", "non-self" or "danger" receptors (e.g. pattern recognition receptors 

(PRRs)). However, a recent theory has also proposed a continuity/discontinuity theory to explain 
immune reactivity (Pradeu et al. 2013). Up to date, it is widely well accepted that the innate im-

mune cells recognise distinct molecular patterns shared by several groups of pathogens via germ-
line encoded receptors such as NKG2D. Germline-encoded receptors have limited diversity and do 

not experience somatic rearrangement to enhance variability (Medzhitov et al. 1998). Therefore, in 
response to microbes, innate immune cells can produce several cytokines (e.g. interleukin (IL)-12, 

IL-10, interferon-y (IFN-y) and tumour necrosis factor (TNF)). These germline-encoded receptors 
and signalling molecules can support different anti- or pro-inflammatory responses, supporting 

cells from both the innate and adaptive immune systems (Akira et al. 2006). In fact, despite the 
perceived limited pathogen specificity of the innate immune responses, innate cells possess 

groups of pattern recognition receptors (PPRs), including the toll-like receptors (TLRs), which are 
triggered by receptor recognition of pathogen-associated molecular patterns (PAMPs) during the 

phagocytosis of non-self or infected cells. These interactions between receptor and ligand can oc-
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cur either at the cell surface or inside phagocytes. The phagocytes of innate cells, particularly of 

monocytes/macrophages, DCs and neutrophils, can produce a large range of cytokines (including 
IL-10, IL-12, IL-15, IL-18, IFN-alpha/beta and TGF-beta) following contact with pathogens. The 

range of cytokines produced will vary according to the PPRs involved, and this will in turn influence 
the characteristics of the developing T cells. The cytokine cascade produced by innate cells cre-

ates inflammation, triggers the killing of microbes and primes the downstream adaptive B and T 
cell responses. Infection-induced immunopathologies are generally caused by a faulty regulation of 

the inflammatory cytokines (Akira et al. 2001). 
One of the most representative and relevant innate immune cell populations is the NK cells, which 

will be addressed in the following chapters and subchapters.

1.2.  Natural killer cells

Natural killer (NK) cells play an important role as immune effector cells against infected and 

transformed cells (Vivier et al. 2008; Vivier et al. 2011). Originally described as effector lympho-
cytes of innate immunity, they are early immune responders to various, non-specific, cell assaults. 

NK cells are large granular lymphocytes (LGL) and were first discovered by their capability to lyse 
target cell lines without previous antigen priming. Due to these features, they were designated as 

“natural killer” cells around 1975 (Kiessling et al. 1974; Kiessling et al. 1975; Herberman et al. 
1975a; Herberman et al. 1975b). They can be found in lymphoid and non-lymphoid tissues of 

mammals and represent a relatively small percentage of the total lymphocyte population in C56BL/

6 (B6) mouse spleen (≅3%), liver (≅7%) or peripheral blood (≅4%). In human peripheral blood, this 

relative percentage varies widely, ranging between 2 to 18% (Gregoire et al. 2007; Banh et al. 
2012). NK cells have recently been classified as part of a larger group of innate lymphoid cells 

(ILCs), which will be further discussed in the next subchapter (Spits et al. 2013).
NK cells present different phenotypes and functional characteristics in mice and humans. In 

C57BL/6 mice, they are commonly distinguished from other lymphocytes by their surface expres-
sion phenotype, CD3-, NKG2D+, CD122+, NK1.1+ and NKp46+. In BALB/c and other mouse 

strains the NK1.1 cell marker is not expressed. In these mouse strains, NK cells can be detected 

instead by the CD3- CD49b+ (integrin ⍺2 chain, recognised by the DX5 antibody), NKG2D+, 

CD122+, and NKp46+ phenotype (Arase et al. 2001; Carlyle et al. 2006). Mouse NK cells can be 
divided into three subsets based on the expression of CD11b and CD27 (Hayakawa et al. 2006). 

NK cells begin their differentiation from (i) CD11b low CD27 high, into fully functional double posi-
tive NK cells, (ii) CD11b high CD27 high, and finally the most mature form, (iii) CD11b high CD27 

low NK cells. The distribution of these subsets in the different tissues varies; CD11b high CD27 
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high NK cells are the most prevalent in blood, the spleen and liver, while  the least mature, 

CD11blow CD27high NK cells, are frequently found in bone marrow and lymph nodes (Rossi et al. 
2011).

Human NK cells can be isolated by their expression phenotype, CD3- CD56+ NKp46+, even 
though in some human subsets the expression of NKp46 or CD56 can be low (Milush et al. 2009). 

Usually, human NK cells can be subdivided into CD56dim and CD56bright. Most human NK cells in 
the spleen and peripheral blood are CD56dim, CD16+ (the low-affinity receptor for immunoglobulin 

G, FcγRIII), interferon-γ (IFN-γ) producers and cytotoxic cells expressing perforin. They can also 

express CD8 (⍺ chain only) with functional differences observed between the CD3- CD56+ CD8⍺+ 

and CD3- CD56+ CD8- human NK cell populations (Addison et al. 2005). CD56bright NK cells, in 
contrast, are equivalent to the mouse subset CD11blow CD27high, as both subsets present no KIR 

or Ly49 expression, respectively, and show a more immature-like phenotype, with cell surface ex-
pression of interleukin (IL) 7 receptors (IL-7R, CD127) and c-kit (CD117). 

The NKp46 receptor is a recently used NK cell marker in mammals, being expressed in hu-
mans, mice (several strains), pigs and also three monkey species (Sivori et al. 1997; Walzer et al. 

2007). Even though NKp46 is currently an NK cell marker of preference, it cannot be applied as an 
exclusive and universal NK cell marker, as it is also expressed by other ILC subsets e.g. the natur-

al cytotoxic receptor (NCR)+ ILC3 cells  (Spits et al. 2013). Both human and mouse NK cells pro-
duce a broad range of cytokines, mainly IFN- γ, when stimulated with IL-12, IL-15 and IL-18 (Chaix 

et al. 2008; Guia et al. 2008; Mortier et al. 2009). NK cells freshly isolated ex vivo show reduced 
responsiveness in vitro. This can be due to their licensing state and they can be stimulated by cul-

ture in IL-2 or IL-15. In fact, IL-15 trans-presentation by dendritic cells (DC) is crucial for the matu-
ration of NK cells in vivo (Lucas et al. 2007). Contrary to CD8+T cells, resting murine NK cells pos-

sess copious mRNA encoding IFN- γ , perforin and granzyme B, to be used promptly in the event 
of activation (Stetson et al. 2003; Fehniger et al. 2007). 

1.2.1.  NK cells and innate lymphoid cells (ILCs)

Recently, immunologists have proposed a new classification of innate immune cells including 
NK cells in a larger group designated ILCs (Spits et al. 2013). The ILCs include cytotoxic ILCs (NK 

cells), non-cytotoxic ILCs, lymphoid tissue inducer (LTi) cells and other lineage marker negative 
(Lin−) cells (Spits et al. 2011). Non-cytotoxic ILCs can be organised into three distinct groups ac-

cording to their functionality, cell surface markers, transcription factors expression as well as their 
cytokine expression patterns (with parallels to T helper cells): 
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Group 1 ILCs -  non-cytotoxic ILC1s, T-bet+ ILC1s, are capable of producing IFN-γ and tu-

mour necrosis factor (TNF).
Group 2 ILCs - including GATA Binding Protein 3 (GATA3)+ ILC2s cells producing T helper 2 

(Th2 ) typical cytokines e.g. IL-4, IL-5, IL-9 and IL-13.
Group 3 ILCs - including retinoic acid receptor-related orphan receptor gamma (RORγT)

+ILC3s and lymphoid tissue inducer (LTi) cells and they produce typical Th17 or Th22 cytokines 
e.g. IL-17A, IL-17F, IL-22 and granulocyte macrophage (GM) colony-stimulating factor (CSF) (Artis 

et al. 2015). 
NK and LTi cells are the general ILC populations. NK cells react rapidly to viral infections and 

are recruited for immune responses against tumours. LTi cells display a crucial role in lymph node 
formation during embryogenesis. Similar to NK and LTi cells, other ILC populations also rely on the 

common γ-chain of the IL-2 receptor and the transcriptional repressor Id2 for their development 
(Spits et al. 2011). Recent studies point towards a series of functions carried out by these various 

ILC populations, including effector functions in innate immunity against infecting micro-organisms, 
containment of commensal microorganisms, tissue repair and maintenance of epithelial barriers 

(Zheng et al. 2008; Cella et al. 2009). Some ILC populations also seem to play roles in inflammato-
ry diseases e.g. asthma or inflammatory bowel disease (Duerr et al. 2006; Neurath et al. 2006).

ILCs are increasingly being recognised as relevant effector cells of innate immunity, as well 
as being crucial in tissue remodelling. They are defined by three key features: the absence of other 

myeloid, lymphoid and dendritic cell markers; a morphology similar to lymphoid cells; and the lack 
of recombination activating gene (RAG) rearrangement of ILCs receptors (Spits et al. 2011). Their 

mechanisms of recognition are exclusively dependent on germline-encoded receptors, as for NK 
cells. 

1.2.2.  NK cell recognition of target cells

NK and ILCs, unlike T or B cells, are exclusively dependent on germ-line encoded activating 

and inhibitory receptors. NK cells, using a limited array of receptors, respond rapidly to infected 
and transformed cells by recognising alterations in the expression of “self”- or “danger”-associated 

ligands on a target cell. These changes can result in NK cell activation in some circumstances 
mainly by: (i) sensing the downregulation of self-inhibitory ligands, possibly indicating cellular infec-

tion or tumorigenic transformation, in which NK cells are capable of detecting “missing self”, or (ii) 
the upregulation of activating ligands, a sign of “danger” and cellular stress, typically also associat-

ed with cell damage, infection or tumorigenic transformation (Liao et al. 1991; Smyth et al. 2002). 
NK cells frequently interact with healthy host cells but do not lyse them because of their ex-

pression of major histocompatibility complex class I (MHC-I) molecules. In fact, several MHC-I 
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molecules can be effectively recognised by multiple NK cell inhibitory receptors. For example, the 

mouse inhibitory receptor, Ly49A, was the first NK cell inhibitory receptor to be identified, in 1992, 
recognising an MHC I molecule, H2-Dd (Karlhofer et al. 1992). NK cell cytotoxicity has since been 

shown to correlate inversely with the levels of MHC-I expression on target cells (Karre et al. 1986; 
Bix et al. 1991). Thus, a reduction in MHC-I expression leaves the host cells susceptible to NK cell 

killing, an NK cell recognition mechanism known as “missing-self”. Besides Ly49A, several other 
inhibitory receptors implicated in NK cells detecting “missing-self” have been identified e.g. CD94/

NKG2A, Ly49C/I, 2B4, NKRP1 or KLRG1 (Yokoyama 1998; Long 1999; Raulet 2006; Daeron et al. 
2008).

Besides “missing self”, or the downregulation of inhibition, due to lack of inhibitory signals, 
there are multiple other strategies for NK cells to become activated and recognise target cells to be 

killed. NK cells can be activated if NK cell activating receptors identify “danger signals”, activating 
ligands, expressed by distressed or infected cells - an NK cell recognition mechanism known as 

“induced-self”. For example, the NKG2D activating receptor can be triggered by contact with a cell 
expressing normal levels of MHC-I but overexpressing induced-self antigens (Bauer et al. 1999). In 

fact, target cells can activate NK cell cytotoxicity by upregulating activating ligands (e.g. H60a, 
MICA) even maintaining MHC-I expression. Besides, NKG2D there are other activating receptors 

such as CD28 or DNAM-1, ligands B7.1 and Necl-5/2, respectively (de Andrade et al. 2014).
Finally, NK cell recognition might be dependent on both a downregulation of MHC-I mole-

cules and up-regulation of expression of activation ligands. In fact, tumour cells, such as the YAC-1 
tumour cell line, are thought to both downregulate MHC-I and upregulate activation ligands, making 

these cells particularly vulnerable to NK cell attack (Kubota et al. 1999). Besides responding to 
“danger” signals, NK cells can also directly recognise and act against infectious or non-self ligand 

determinants e.g. mouse cytomegalovirus (MCMV) (Bukowski et al. 1984; Berry et al. 2013). In 
one of the most well-described examples of NK cell immunity against MCMV infection, the mouse 

NK cell activating receptor, Ly49H, recognises an MCMV viral protein, m157, and is effectively able 
to kill MCMV-infected target cells (Smith et al. 2002). NK cells can also respond to target cells 

coated with antibodies through the low-affinity CD16 receptor (FcγRIII) and recognition of the Fc 
portion of IgG, a mechanism known as antibody-dependent cellular cytotoxicity (ADCC) (Hazenbos 

et al. 1996; Mandelboim et al. 1999). NK cells can also directly recognise non-self using Ly49D, an 
activating receptor, recognising xenogeneic MHC-I molecules (George et al. 1999). In addition, 

NKp46 can recognise haemaglutinin from influenza virus (Mandelboim et al. 2001). As previously 
mentioned, NK cells can also respond when stimulated by cytokines, e.g. IL-2, IL15, IL-12 and 

IL-18. This response is on many occasions mounted in conjunction with other immune cell effec-
tors e.g. T or B cells (Chaix et al. 2008; Guia et al. 2008; Mortier et al. 2009). 
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Different components of NK cell inhibitory and activating receptor systems seem to operate 

somewhat isolated and independently. The integration of numerous, simultaneous, redundant and 
opposing pathways which lead to different levels of NK cell cytokine production and cytotoxicity 

demonstrate the complexity and dynamic balance necessary for NK cell effector functions (Ljung-
gren et al. 1990; Lanier 2005).

1.2.3.  Mouse NK cell development and differentiation 

NK cells develop from haematopoietic progenitor cells (HPCs), mostly from a common lymphoid 

progenitor (CLP) cell population present in the bone marrow (BM) (Kondo 2010). Murine HPCs are 
defined as Lin-, stem cell antigen 1 (Sca-1)+, c-kit (CD117)+, CD127 (IL-7Rα)- and CD135 (Flt3)- 

cells. Murine CLPs have been characterised as  Lin−, Sca-1low, CD117low, CD127 (IL-7Rα)+ and 
CD135 (flt3)+ cells (Yu et al. 2013). Both NK and T cells derive from these CLP cell populations. 

The acquisition of IL-15 receptor (IL-15R) β chain (CD122) is of particular importance for NK cell 
development and differentiation from CLPs into NK cells (Ali et al. 2015). IL-15 is fundamentally 

important for NK cell survival and functional maturation. In fact, mice deficient in IL-15 exhibit re-
duced NK cell development and, by in contrast, IL-15 transgenic mice present increased NK cell 

numbers and can develop NK cell leukaemia (Kennedy et al. 2000). Thus, mouse NK cell precur-
sor cells (NKPs) are commonly defined as a cell population that (i) is capable of responding to 

IL-15, expressing CD122; (ii) lack any lineage committed cell surface markers (e.g. NK1.1+, CD3+, 
CD19+) and (iii) lack any NK cell maturation markers (e.g. Ly49, CD49b, CD43 or CD11b) (Hunt-

ington et al. 2007). Lin-, CD122+, NK1.1- and DX5- cell populations are known as NK cell precur-
sors (NKPs). However, recently, a Lin−, CD27+, CD244+, CD117lo, CD127+, CD122− and 

CD135− population was identified in BM representing an even earlier pre-committed NK cell lin-
eage than NKPs. This population is referred to as the pre-NKP cell population (Fathman et al. 

2011). The later stages of murine NK cell development are characterised by the acquisition of 
NK1.1, NKG2D, CD94/NKG2A, NKp46 and more late maturation markers such as the Ly49 recep-

tors.  Lin−, CD122+, NK1.1+, CD94+, Ly49−, DX5−, CD11b− cells are termed immature NK (iNK) 
cells in mice. Interestingly, some receptors like CD27 or NKp46 are downregulated at the final 

stages of NK cell maturation (Yu et al. 2013). Most of the NK cell maturation stages are merely de-
fined by the expression of cell markers (Figure 1.1). However the capacity for IFN-γ production and 

cytotoxicity (dependent on the expression of perforin) is only achieved at the CD11b+ stage and 
after CD94 acquisition (Kim et al. 2002). Mature NK cells (mNK) can produce IFN-γ and are cyto-

toxic and are subdivided into CD27 high and CD27 low populations. CD27 high NK cells produce 
relatively more cytokines and are more cytotoxic compared with CD27lo NK cells. Typically, mNK 

cells present a sequential four stage final maturation, CD11b low CD27 low → CD11b low CD27 

�30



�31

Figure 1.1. Basic schematic representation of mouse NK cell development. The ex-

pression levels of various surface receptors of NK cell intermediates is represented. This in-
formation is used in immunophenotyping techniques to differentiate NK cell intermediates. 

Abbreviations: CLP, common lymphoid progenitor; iNK, immature NK cell; mNK, mature NK 
cell; NKP, NK cell precursor. + (expression), – (no expression), ‘hi’ (high expression),  

‘lo’ (low expression). The rights and permission to reproduce this figure have been acquired 
from Yu, Freud and Caligiuri (2014) and Cell Press Group and adapted with permission from 

Elsevier: Trends in Immunology, Copyright (2014).



high → CD11b high CD27 high → CD11b high CD27 low (Chiossone et al. 2009). The role of acti-

vating receptors in NK cell development is not clear. CD27 and CD94 deficient mice undertake ap-
parently normal NK cell development (Orr et al. 2010; De Colvenaer et al. 2011). NKG2D deficient 

mice show higher rounds of NK cell proliferation and their NK cells are more prone to apoptosis, 
suggesting some changes in NK cell differentiation, but NKp46 deficient mice did not show any 

major NK cell development or differentiation changes (Zafirova et al. 2009; Sheppard et al. 2013). 
In contrast, several different inhibitory receptors have been shown to play an essential role in NK 

cell development and functionality. In particular, Ly49 inhibitory receptors have been shown to li-
cense or tune NK cells, regulating NK cell activating thresholds and responsiveness levels (Kim et 

al. 2005).

1.2.4.  NK cell licensing

NK cells present unique features of responsiveness tuning (Johansson et al. 1997; Kim et al. 

2005). NK cell “licensing”, also known as NK cell “education”, allows for a fine adjustment of NK 
cell reactivity levels according to the surrounding MHC-I environment. In an MHC-I-deficient envi-

ronment (e.g. β2microglobulin (β2m) -/- or transporter associated with antigen processing 1 (TAP1) 
-/- mice) NK cells become self-tolerant and hyporesponsive  (Hoglund et al. 1991; Kim et al. 2005). 

These experimental observations seem to contradict the “missing self” hypothesis in which NK 
cells, not receiving inhibitory signals, would be expected to become activated in an MHC-I-deficient 

environment. Instead, however, in these conditions NK cells become hyporesponsive, immune tol-
erant, and IFN-γ production and cytotoxicity levels decrease for several activating stimuli (Kim et 

al. 2005). Interestingly, NK cells with no specific receptors to MHC-I are also hyporesponsive, even 
if MHC-I molecules are present (Fernandez et al. 2005). Therefore, either by the absence of MHC-I 

molecules or the lack of inhibitory receptors specific for self-MHC-I molecules, NK cells are ren-
dered hyporesponsive and termed as “unlicensed” or “uneducated”. This evidence shows that the 

interactions between NK cell inhibitory receptors and self-MHC-I molecules are fundamental and 
seem to be the major licensing determinant. Thus, NK cells expressing an inhibitory receptor, in the 

presence of the corresponding self-MHC-I molecule ligand, are functionally competent and termed 
“licensed” or “educated” to kill. Licensing was elegantly demonstrated in a series of experiments by 

Yokohama et al., using B6 (H2b haplotype) mice by the activation of Ly49C+ NK cells but not 
Ly49C− NK cells after stimulation with anti-NK1.1 antibody. In this same study, IFN-γ production by 

Ly49A+ and Ly49A- NK cells was comparable, indicating that Ly49A+ NK cells were unlicensed 
because Ly49A does not recognise the H-2b MHC-I molecules in B6 mice. However, in mice ex-

pressing the H2d haplotype, self MHC-I molecules are recognised by Ly49A, and Ly49A+ NK cells 
were licensed and produced more IFN-γ in comparison to Ly49A- NK cells. Moreover, it was also 
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shown in this study that the immunoreceptor tyrosine-based inhibition motifs (ITIMs), present in the 

inhibitory receptors’ cytoplasmic domains, were necessary for licensing to occur (Kim et al. 2005).
Interestingly, there is a direct correlation between licensing responsiveness of NK cells expressing 

an individual Ly49 receptor and its respective self-MHC expression. NK cell responsiveness in-
creases as more paired self-MHC-I-specific inhibitory receptors are expressed (Brodin et al. 2009a; 

Joncker et al. 2009). Furthermore, the strength of the NK cell licensing varies according to the 
affinity and number of self-MHC-I inhibitory receptors (Brodin et al. 2009b; Jonsson et al. 2010). 

Interestingly, NK cell licensing is a flexible, and reversible process rapidly adapted according to the 
MHC-I environment. NK cells become hyporesponsive when transferred from a WT B6 mouse into 

an MHC-I-deficient host. In contrast, NK cells transferred from MHC-I-deficient mice become re-
sponsive in WT B6 mice (Wu et al. 1997; Elliott et al. 2010; Joncker et al. 2010). NK cell licensing 

was also confirmed in human NK cells (Anfossi et al. 2006; Kim et al. 2008). In fact, it is now evi-
dent that the correlation found between certain KIR/HLA subtypes and susceptibility or resistance 

to some diseases (e.g. HIV infection) might possibly be explained by the different states of respon-
siveness of NK cells caused by licensing (Alter et al. 2007; Parsons et al. 2012; Beziat et al. 2013).  

The precise molecular mechanisms behind NK cell licensing are unknown. Despite numerous at-
tempts to further characterise NK cell licensing, there is not a phenotypic (e.g. specific cell surface 

marker) or a genotypic profiling (activation or epigenetic profile) that can define NK cell licensing 
(Guia et al. 2011a; Ebihara et al. 2013). Therefore, surprisingly, so far there are no molecular 

mechanisms described to explain NK cell licensing and clarify differences between licensed and 
unlicensed NK cells. Interestingly, however, a potential role for a differential “confinement” or or-

ganisation of activating and inhibitory receptors at the cell surface between licensed and unli-
censed NK cells has been proposed (Guia et al. 2011a).

1.2.5.  NK cells in innate and adaptive immunity 

NK cells are innate immune cells known for their rapid response against tumour and infected cells 
(Figure 1.2). As innate immune cells, they are rapid responders, capable of secreting IFN-y when 

stimulated by the presence of IL-12 and IL-18 in the microenvironment (Chaix et al. 2008; Fauriat 
et al. 2010). NK cells, like CD8+ T cells, can efficiently mediate cytotoxicity through the secretion of 

perforin and granzyme, having functional parallels with the CD8+ T cells (Sun et al. 2011). The 
strength and the nature of cytotoxicity and cytokine production by NK cells both depend on the 

conditions of the environment and on the interplays with several immune cells, e.g. T cells, B cells, 
dendritic cells (DCs) and monocytes or macrophages (Fernandez et al. 1999; Ghiringhelli et al. 

2005; Walzer et al. 2005; Zingoni et al. 2005; Lapaque et al. 2009; Michel et al. 2012). Cytokines 
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Figure 1.2. NK cells in the context of innate and adaptive immunity. NK cells can detect 
several danger, stress and tumour ligands in an antibody-dependent or independent manner 

(blue arrows). NK cell activation can lead to either cytotoxicity or cytokine production. NK cells 
produce mainly IFN-γ (green arrow) but have also been shown to have regulatory functions that 

can promote IL-10 production (purple arrow). NK cells cross-talk with DCs, indirectly inhibiting 
or promoting further T cell antigen presentation. The rights and permission to reproduce this 

figure have been acquired from Vivier, Yokoyama, Ugolini et al. (2011) and adapted with per-
mission from The American Association for the Advancement of Science: Science, Copyright 

(2011).



such as IFN-y, IL-12, IL-18 and IL-15 are efficient activators of NK cell function. In fact, it has been 

shown that IL-2 supports NK cell proliferation, cell cytotoxicity and cytokine production (Dhillon et 
al. 1998; Agaugue et al. 2008). In humans, the interaction of CD4+ T cells with NK cells is a possi-

ble area where IL-2 stimulates NK cell functions (Fehniger et al. 2003). The transforming growth 
factor (TGF)-beta also influences NK cell effector responses, as well as T cells (Pedroza-Pacheco 

et al. 2013). Despite the fact that the interplay between NK and T cells can majorly impact NK cell 
functions and infection resolution outcomes (Vankayalapati et al. 2004; Crouse et al. 2015), NK 

cells from RAG-deficient mice display a normal phenotype. However, this paradigm has been re-
cently challenged in a paper reporting functional heterogeneity and cellular fitness in NK cells orig-

inated from RAG-deficient mice in comparison with WT mice (Karo et al. 2014). 

NK cells and cancer

Tumour cells have been known to be recognised as NK cell targets by many independent studies 
(Purdy et al. 2009). Murine NK cells have been associated with the rejection of several grafted tu-

mours. This rejection is highly dependent on the presence or deficiency of NK cell activating and 
inhibitory ligands, respectively, displayed by the target tumour cells (Waldhauer et al. 2008). The 

downregulation of MHC-I molecules (Bubenik 2004) or a higher expression of NK cell activating 
ligands, e.g. H60a or Rae1beta (Diefenbach et al. 2000), can render the target tumour cells sus-

ceptible to NK cell cytotoxicity. Interestingly, a first round of NK cell-mediated killing of tumour cells 
can prime and promote a tumour-specific, adaptive, T-cell mediated immune response (Diefenbach 

et al. 2001). Moreover, NK cell-deficient mice have been shown to be more susceptible to methyl-
cholanthrene-induced sarcomas (Smyth et al. 2005). NK cells are also known to be able to control 

the growth of B cell lymphomas (Belting et al. 2015). These studies show a fundamental anti-tu-
morigenic role exerted by NK cells. However, the rareness of NK cell-specific deficiencies in hu-

mans has prevented a more exhaustive characterisation of NK cell effector function in vivo against 
cancers (Orange 2013). Nevertheless, an epidemiological study has revealed that low NK cell per-

formance is associated with an augmented risk to develop cancer (Imai et al. 2000). A study involv-
ing patients with acute myeloid leukaemia (AML) who received HSCTs has demonstrated that us-

ing donor NK cells lacking donor KIR ligands can improve the success of engraftment and survival, 
reducing the incidence of graft-versus-host disease (GvHD) without compromising the graft-versus-

leukaemia (GvL) effect (Ruggeri et al. 1999). A recent study has shown that blocking NK cell in-
hibitory receptors increases NK cell functionality against tumour cells in mice (Binyamin et al. 

2008). This approach is relevant and is currently being investigated in humans in a clinical trial with 
AML patients (Foley et al. 2014). This strategy has resemblances with the current anti-PD-1 and 

anti-CTLA-4 strategy to boost the activating immune responses (Callahan et al. 2014). However, 
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taking into consideration the positive effect of NK cell licensing and inhibitory receptors lowering 

the activating threshold in NK cells, this approach should be considered carefully.

NK cells with regulatory functions

NK cells can also present regulatory functions. NK cells can regulate DCs' activity in peripheral tis-
sues or secondary lymphoid organs. In fact, NK cells have been shown to influence DC ho-

moeostasis by killing immature DCs in both mice and humans, and they can also limit the efficacy 
of DC-based vaccines (Walzer et al. 2005). Moreover, NK cells can also regulate adaptive immune 

responses by influencing T and B cells’ activity. CD4+ T helper type 1 (Th1) cells can be primed in 
inflamed lymph nodes through the secretion of IFN-y by NK cells (Crome et al. 2013). Activated T 

cells can also be killed by NK cells when MHC-I molecules are not expressed in sufficient amounts 
and NK cells can act as rheostats, modulating antiviral T cells (Waggoner et al. 2012). NK cell cyto-

toxic activity against activated CD4+ T cells is triggered by a blockade of CD94-NKG2A inhibitory 
receptors, suggesting that T cell-dependent autoimmunity might be prevented by using NKG2A 

blocking antibodies (Lu et al. 2007). NK cells also seem to play a protective role in some autoim-
mune diseases, which might be explained by their regulation of immune responses and inflamma-

tion (Lunemann et al. 2009; Fogel et al. 2013). Interestingly, some human NK cell subsets, e.g. 
CD56bright CD127+ CD25+, have been shown to demonstrate regulatory properties such as IL-10 

production, suppressing antigen-specific T cell responses (Deniz et al. 2008; Vivier et al. 2009). 
NK cells can also play an important role in stimulating angiogenesis, for example during pregnan-

cy. In fact, uterine natural killer (uNK) cells have been observed to proliferate in endometrial tissue 
during pregnancy in many species, being active regulatory cells in the maternal-fetal interface 

(Moffett et al. 2014). This particular subset of NK cells produces a series of proangiogenic factors, 
including placental growth factor (PLGF), vascular endothelial growth factor (VEGF) and NKG5 

(Lash et al. 2006). uNK cells are thus involved in restructuring the arterial systems that feed the 
maternal endometrial tissue at the implantation site and consequently aid the development of the 

placenta.

1.3.  NK cell activation and activating receptors

Activating NK-cell receptors can be divided into receptors that recognise (i) MHC-I molecules or (ii) 
non-MHC-I molecules: 

(i) MHC-I-specific activating receptors include families of receptors that also contain inhibitory re-
ceptors (e.g. Ly49 and KIR). In fact, each family of typical inhibitory receptors (e.g. Ly49 in mouse 
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or KIR in humans) include homologous MHC-I-specific activating receptors. This provides evidence 

for a common evolutionary origin, in which activating receptors can evolve from their inhibitory 
counterpart receptors (Abi-Rached et al. 2005). For example, in mice, Ly49A, G, C and I are in-

hibitory receptors, but Ly49D and Ly49H receptors are activating receptors. The Ly49D and Ly49H 
ligands are the H-2Dd and m157 molecules, respectively (Karlhofer et al. 1992; Arase et al. 2002). 

NKG2C and NKG2E are activating members of the CD94/NKG2 group, and they recognise the Qa-
1 and HLA-E MHC-I molecules in mice and humans, respectively (Borrego et al. 1998; Vance et al. 

1998). In humans, KIR2DS and KIR3DS are typical MHC-I-specific activating receptors (Campbell 
et al. 2011).  HLA-C is recognised by KIR2DS; however, the ligand of KIR3DS is still unknown 

(Rosner et al. 2011).

(ii) non-MHC-I-specific activating receptors include, for example, NKG2D (C-type lectin-like activat-
ing immunoreceptor) and the natural cytotoxicity receptors (NCR) NKp46, NKp44 and NKp30. For 

some of these receptors, the ligands have yet to be described (Kruse et al. 2014). Other stimulato-
ry receptors also include co-receptors such as CD2, CD16, CD28, DNAX accessory molecule 

(DNAM)-1 or the leukocyte function-associated antigen (LFA)-1 (Bryceson et al. 2006). 

A general characteristic of all these receptors is that they have charged amino acid (a.a) residues 
in their transmembrane domains required for their association with different adaptor signalling pro-

teins. Also, typical for all these receptors, the associated adaptor proteins have in their intracellular 
domains docking positions for several other downstream activating signalling molecules. There-

fore, activating NK cell receptors and signalling adaptor proteins form intricate multisubunit com-
plexes (Lanier 2008). A general set of adaptor proteins used by NK cells contains ITAM motifs, 

such as DAP12 (which associates with NKG2D, Ly49D, and Ly49H) (Tomasello et al. 2005), FcR 
(CD16 and NK1.1) (Anegon et al. 1988) or CD3 subunits (NCRs) (Augugliaro et al. 2003). NK cells 

can also associate with adaptor proteins not containing ITAM motifs e.g. DAP10. This adaptor pro-
tein instead of an ITAM contains a YINM sequence that mirrors a signalling motif present in CD28 

(Billadeau et al. 2003). After activating receptor triggering, the tyrosines found in the ITAM or YINM 
motifs are phosphorylated by Src family kinases, generating binding coupling sites for Syk kinases 

and PI3K/Grb2, respectively. As a consequence, calcium influx and extracellular signal-regulated 
kinase (ERK) activation take place with resulting cytotoxicity and cytokine production, leading to 

target cell lysis (Wei et al. 1998).

1.3.1. NKG2D
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NKG2D is an NK cell activating receptor and a type II transmembrane protein with an extracellular 

C-terminus and a lectin-like domain. The NKG2D gene is part of the "NK complex" on mouse 
chromosome 6 and human chromosome 12 (Champsaur et al. 2010). This complex encodes an 

array of structurally similar type II lectin-like receptors, many of which are primarily expressed in 
NK cells. The mouse NK complex includes not only these genes but also the Ly49 family. Despite 

the fact that NKG2D is a member of the NKG2 family, the NKG2D protein only shares 21% of its 
amino acid sequence with other NKG2 protein family members, and it also displays a very different 

function (Labonte et al. 2004). 
The human NKG2D protein was identified for the first time in 1991 as a receptor expressed on the 

surface of NK and many T cells (Houchins et al. 1991). The function of NKG2D was first reported in 
1999 by two distinct groups, who were investigating MICA/MICB ligands (Bauer et al. 1999) and 

signal transduction through the DAP10 adapter protein (Wu et al. 1999). The expression of NKG2D 
in immune cells has been studied at the mRNA (Yabe et al. 1993) and protein level, using antibod-

ies against NKG2D (Bauer et al. 1999) and soluble versions of ULBP (Kubin et al. 2001). NKG2D 
is expressed by NK cells, NKT cells, subsets of γδ+ T cells and CD8+ αβ T cells in humans and 

activated CD8+ αβ T cells in mice, but is usually absent in CD4+ αβ T cells (Bauer et al. 1999; 
Diefenbach et al. 2000). It has been detected on the surface of mouse lipopolysaccharide-activated 

peritoneal macrophages, but not in unstimulated macrophages. The expression of NKG2D in-
creases when NK cells are treated in vitro with IL-2 or IL-15 (Diefenbach et al. 2002).

NKG2D can selectively associate with DAP10, a YxxM motif adaptor protein, and DAP 12, an ITAM 
motif adaptor protein (Diefenbach et al. 2002; Gilfillan et al. 2002; Billadeau et al. 2003).  

1.3.2.  NKG2D signal transduction mediated by DAP10/12

NKG2D selectively associates with two adaptor proteins, DAP 10 and DAP 12 (Figure 1.3). This 
association is dependent on the cell type, state of cell activation or relative levels of NKG2D ex-

pression and varies among species and the NKG2D isoform splice variant being expressed (Gilfil-
lan et al. 2002). The differential association of NKG2D with DAP 10 or DAP 12 allows NKG2D to 

regulate its functions accordingly with the cell type. Thus, in CD8+T cells, NKG2D associates with 
DAP 10 and presents a co-stimulatory role, while in NK cells expressing DAP12, NKG2D produces 

a fully activating response (Diefenbach et al. 2002). In mice, two different NKG2D cDNA se-
quences were identified, confirming alternative splicing of RNA from the gene encoding NKG2D 

(Diefenbach et al. 2002). The difference was found in the 5’ end, in which an NKG2D long isoform 
contained an extra 13 amino acid sequence at the amino terminus, in the cytoplasmic domain, 

compared to the NKG2D short isoform (Rosen et al. 2004). Both NKG2D isoforms were further 
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Figure 1.3. Scheme of NKG2D association with DAP 10 and DAP 12 and their relative 

expression according to cell type and state of activation.  Mouse NKG2D has two iso-
forms that associate differently with DAP10 or DAP 12. The NKG2D short isoform associates 

with both  DAP 10 and DAP 12 and the NKG2D long isoform associates with DAP 10 only 
(Diefenbach et al. 2002; Gilfillan et al. 2002). Mouse DAP10 associated NKG2D isoforms are 

present in both NK and activated CD8+T cells. DAP12 association with the NKG2D short 
isoform, is considered to be present in NK cells only. Human NKG2D only has one isoform, 

and associates exclusively with DAP 10, being expressed in both resting or activated CD8+T 
cells. This pattern of association, independent of cell activation, is thought to be a significant 

TCR co-stimulatory signal in CD8+T cells. There is some evidence suggesting mouse 
NKG2D long isoform can weakly associate with DAP 12 however, this varies according to 

the transfection or experimental model used and is not likely to occur at physiological con-
centrations found in authentic NK or CD8+T cells (Diefenbach et al. 2002; Rabinovich et al. 

2006). In fact, in both mouse and human CD8+T cells, DAP 12 transcripts are not detectable 
under normal conditions. In contrast, DAP10 is constitutively expressed in all human CD8+T 

cells and activated CD8+T cells in mice (Lanier 2009). The signaling pathways depicted in-
clude NKG2D association with DAP10 involving PI3K and Grb2 and DAP12 signaling via Syk 

and ZAP70 (Chang et al. 1999; Wu et al. 1999). The rights and the permission to reproduce 
this figure have been acquired from Nausch and Cerwenka (2008) and Nature Publishing 

Group and adapted by permission from Macmillan Publishers Ltd: Oncogene, Nausch and 
Cerwenka, copyright (2008).



confirmed by  PCR and demonstrated to be expressed differently according to cell types and state 

of activation. The NKG2D long isoform is predominantly expressed in resting NK cells, and the 
NKG2D short isoform is up-regulated in activated NK cells. In contrast to human CD8+T cells, un-

stimulated murine CD8+T cells do not express NKG2D. In mice, stimulated-CD8+T cells express 
both NKG2D isoforms, and LPS-stimulated macrophages express mainly the NKG2D short iso-

form. In summary, in mice, NKG2D associates with both DAP 10 and DAP12 in NK cells and 
macrophages but only with DAP 10 in CD8+T cells (Diefenbach et al. 2002).

NKG2D associates with DAP 10 only in CD8+T cells as these cells do not express DAP12 under 
normal circumstances. Using DAP 10-/- mice, it was shown that activated CD8+T cells lose 

NKG2D cell surface expression and respond inadequately to a tumour expressing NKG2D ligands 
(Gilfillan et al. 2002).  In this same study, non-IL2 activated NK cells showed a significant reduction 

in cell surface expression of NKG2D, reflecting the fact that naive NK cells express the NKG2D 
long isoform predominantly. Interestingly, NKG2D cell surface expression was rescued by IL2 

stimulation, presumably by allowing NKG2D short isoform expression and its association with 
DAP12. In fact, NKG2D in NK cells, in the absence of DAP 10, can still efficiently associate with 

DAP 12, activating ZAP-70 and Syk kinases through the ITAM motifs, rejecting tumours in an 
NKG2D-dependent manner (Zompi et al. 2003). As previously mentioned, DAP 10 in association 

with NKG2D signals using the YXXM motif by recruitment and activation of PI3K and Grb2. This 
signalling pathway is considered “co-stimulatory” and of functional significance to amplify the MHC-

peptide-TCR activating signal in CD8+T cells. Therefore, it is considered that NKG2D engagement 
produces a costimulatory rather than activating signal for CD8+ T cells (Groh et al. 2001). Never-

theless, in NK cells and activated macrophages, various studies suggest that NKG2D provides a 
direct activating rather than a costimulatory response (Diefenbach et al. 2002; Diefenbach et al. 

2003). Interestingly, it has been published that freshly isolated NK cells respond poorly to target 
cells expressing NKG2D ligands. This may be because the NKG2D short isoform is only induced in 

activated NK cells, by IL2 or poly(IC) in vitro. Therefore, NKG2D short isoform expression and its 
association with DAP12 can increase NKG2D activity in a stimulatory scenario. Interestingly, the 

association of NKG2D with DAP10 and DAP12 is comparable to the association of CD3 and FcR 
subunits with TCR in T cells, BCR in B cells or CD16 in NK cells (Chiesa et al. 2006; Hamerman et 

al. 2009).

1.3.3.  NKG2D ligands and NKG2D-dependent recognition

NKG2D ligands include a variety of MHC class I-like molecules such as MICA and MICB (Bauer et 

al. 1999) and UL-16 binding proteins in humans (Sutherland et al. 2001). In mice, NKG2D ligands 
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include the minor histocompatibility antigen H60, retinoic acid−inducible gene products Raet1a, 

Raet1b, Raet1c and Raet1d (Cerwenka et al. 2000; Diefenbach et al. 2001) and the murine UL16-
binding protein-like transcript (MULT)-1 (Nausch et al. 2008). NKG2D ligands can be up-regulated 

by cellular stress, such as tumorigenic or viral transformation, and their expression renders target 
cells susceptible to NK-cell-mediated killing (Gonzalez et al. 2008; Nausch et al. 2008). 

The activation of NKG2D on NK and γδ T cells can lead to cytolytic activity. This fact has been 
demonstrated using transfectant cells expressing either MIC proteins (Bauer et al. 1999), ULBPs 

(Cosman et al. 2001), Rae-1 proteins or H-60 (Cerwenka et al. 2001; Steinle et al. 2001). In these 
studies, all the transfectants were susceptible to NK lysis, but the parent cell lines remained resis-

tant to NK lytic activity. These results have also shown that under certain circumstances, the 
NKG2D activating signal can overcome inhibitory signals triggered by MHC class I recognition. 

NKG2D-dependent lytic activity can be substantially inhibited using antibodies against NKG2D 
(Regunathan et al. 2005). The activation of NKG2D can also lead to cytokine production. In partic-

ular, production of TNF-α and IFN-γ by NK cells was increased by stimulation with soluble ULBP 
(Song et al. 2006). 

As previously mentioned, NKG2D can also play a significant role as a co-stimulatory receptor. In T 
cells, NKG2D co-stimulation occurs when complementary signalling pathways are activated simul-

taneously with the antigen-specific T cell receptor. Like CD28, NKG2D can be a potent T cell co-
stimulatory molecule, via the DAP10 adapter protein with a cytoplasmic YXXM motif which links 

with the PI3-kinase pathway (X, represents any a.a.) (Wu et al. 1999; Billadeau et al. 2003). Exper-
iments using blocking antibodies revealed that NKG2D activation can contribute to cell lysis during 

the later stages of HCMV infection, when expression of MHC-I was down-regulated and MIC pro-
teins were up-regulated. HCMV-infected cell lysis was dependent on the presence of T cell recep-

tors, and NKG2D receptors provided a co-stimulatory signal (Groh et al. 2001).
The NKG2D receptor can also play a role in cell-mediated tumour rejection. This fact has been 

demonstrated in a mouse system using the tumour-forming RMA cell line, where RMA transfectant 
cells expressing Rae-1 ligands were lysed in an NKG2D-dependent manner (Cerwenka et al. 

2001). In vivo experiments showed tumour rejection mediated by NK cells and no apparent effect 
against the non-transfected parent cell line. A study developed using similar methods confirmed 

that ectopic expression of the NKG2D ligands Rae-1ß or H60 in a variety of tumour cell lines re-
sulted in the firm rejection of the tumour cells (Cerwenka et al. 2001; Steinle et al. 2001). Cell de-

pletion experiments showed that both NK and CD8+ T cells were involved in this tumour rejection. 
Moreover, NKG2D-deficient mice have proved to be defective in tumour surveillance in models of 

early cancer malignancy onsets (Guerra et al. 2008; Raulet et al. 2009).
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1.4. NK cell inhibition and inhibitory receptors

Most NK cell inhibitory receptors belong to the C-type lectin-like family, Ly49, or the killer cell im-

munoglobulin-like receptor (KIR) superfamily, in mice and humans, respectively. Both mice and 
human inhibitory receptors transmit their inhibitory signals through ITIMs (Colonna et al. 1995). 

The ligands of NK cell inhibitory receptors are mainly MHC-I molecules and the prototypical mouse 
inhibitory receptors are Ly49A and Ly49C/I receptors that strongly bind to H-2Dd and H-2Kb, re-

spectively (Hanke et al. 2001). In humans, most of the inhibitory receptors are KIR receptors that 
also recognise MHC-I molecules, including HLA-A, -B, and HLA-C (Parham 2005). The KIR family 

can be divided into those with long or short cytoplasmic tails, KIR2DL and KIR3DL and KIR2DS 
and KIR3DS, respectively. The KIRs with a long tail are inhibitory receptors while the KIRs with 

short tails generate an activation signal (Thielens et al. 2012).
Most NK cell inhibitory receptors inhibit responses by engaging MHC class I molecules and recruit-

ing SHP-1, SHP-2 and other SHP-2 domain-containing phosphatases e.g. SHP-2 domain-contain-
ing inositol phosphate 5-phosphatase-1 (SHIP-1) (Rhee et al. 2012). Commonly, the inhibition initi-

ates when Src homology phosphatases (SHP-1 and -2) are recruited after phosphorylation of the 
ITIM's tyrosine residue (Binstadt et al. 1996; Otipoby et al. 2001; Daeron et al. 2008). It is believed 

that ITIM tyrosines are phosphorylated by Src family kinases (Lanier 2005). In fact, a study using 
KIRs showed that co-expression of the kinase, Lyn, with KIR resulted in KIR phosphorylation (Bur-

shtyn et al. 1996). Lck has also been shown to be essential for KIR phosphorylation (Binstadt et al. 
1996).  Interestingly, a recent study has proposed that the density and size of KIR microclusters  

also affect KIR phosphorylation and inhibition (Kumar et al. 2015).
All ITIMs include a common sequence of a.a {ILV}-X-X-Y-X-{LV} (X represents any a.a.) in the cy-

toplasmic tail of the inhibitory receptors. Interestingly, there are numerous ITIM-expressing, in-
hibitory receptors, and they can be found in most of the haematopoietic cell lineages e.g. T cells, B 

cells and macrophages (Daeron et al. 2008). Most KIRs contain two ITIMs – consensus motif V/
IxYxxL/V – while Ly49A contains one ITIM per subunit and one other possible tyrosine phosphory-

lation site with a sequence distinct from the ITIM consensus motif, the VxYxxV motif (Olcese et al. 
1996). Ly49 receptors have one ITIM sequence per subunit, forming two ITIMs per homodimer at 

the cell surface. In the CD94/NKG2A receptor complex, CD94 has a non-signalling intra-cytoplas-
mic tail and the inhibitory signalling occurs via two ITIMs present in NKG2A. After ITIM phosphory-

lation, SH2 domains interact with phosphorylated ITIM sequences and SHP1/2 phosphatases can 
therefore associate with multiple ITIM-containing inhibitory receptors  e.g NKG2A (Le Drean et al. 

1998), KIR (Olcese et al. 1996) , Ly49A (Daws et al. 1999), CD22 (Fujimoto et al. 1999), c-Kit (Ko-
zlowski et al. 1998) or FcγRIIb (D'Ambrosio et al. 1995). In human NK cells, ITIM phosphorylation 

in KIRs by the Lck molecule also leads to recruitment of SHP1 (Binstadt et al. 1996). The binding 
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of SH2 domains to the phosphorylated ITIMs releases the phosphatase catalytic sites of SHP-1/2, 

leading to dephosphorylation of multiple activating signalling subunits e.g. ZAP70, Syk, PLCy and 
LAT (Valiante et al. 1996; Palmieri et al. 1999).

 

1.4.1.  Ly49A

Ly49A is one of the best-studied mouse NK cell inhibitory receptors. Ly49A was the first inhibitory 
NK cell receptor described to recognise an MHC-I molecule as a ligand, H-2Dd (Karlhofer et al. 

1992). Ly49A is a 44-kDa member of the C-type lectin family, a disulfide-linked homodimer and a 
type II transmembrane receptor (Tormo et al. 1999). Ly49A monomers consist of a C-type lectin 

like domain (CTLD) that allows ligand binding, and a transmembranar region of a 70 a.a. helical 
stalk. The stalk region has been shown to be important in immunological synapse formation and 

Ly49A-mediated inhibitory functions (Ito et al. 2009). Ly49A engagement with MHC- molecules 
such as H-2Dd, H-2Dk or H-2Dp inhibits NK cell-dependent cytotoxicity. Ly49A is expressed mainly 

on a subset of NK and NKT cells, but can also be found on memory CD8+ T cells. This receptor is 
expressed on about 20% of total splenic NK cells in C57BL/6, C57BL/10 and B10 congenic mice. 

1.4.2. Ly49A signal transduction

Ly49A contains ITIM cytoplasmic sequences that mediate NK cell licensing and inhibitory signal 

transduction. It has been that Ly49A mediates inhibition by recruiting the phosphatases SHP1 and 
SHP2 in vitro, as well as indirectly the lipid phosphatase SHIP (Daws et al. 1999). The same report 

showed that engagement of Ly49A by its ligands (e.g. H-2Dd) can lead to rapid and transient re-
cruitment of SHP1 in vivo. In fact, SHP1 seems to be the main phosphatase for generating inhibito-

ry signals via Ly49A, but two different studies using NK cells from SHP1-deficient mice or catalyti-
cally inactive SHP-1-expressing mice have revealed that Ly49A-mediated inhibition is partially 

functional even in the absence of SHP1. In these studies, the membrane proximal N-terminal tyro-
sine present in the ITIM of the Ly49A cytoplasmic domain has been shown to be essential for in-

hibitory signal transduction (Nakamura et al. 1997; Lowin-Kropf et al. 2000). A lack of tyrosine 
residues in the cytoplasmic tail of the inhibitory Ly49A receptor lead Ly49A to function as Ly49D, an 

activating receptor, when engaged by H2D-d (Mason et al. 1996). Even though the characterisation 
of Ly49A signal transduction is relatively well studied and described, it is still unknown how Ly49A-

mediated inhibition occurs and opposes and overcomes antagonistic activating signals (e.g. 
NKG2D) (Regunathan et al. 2005). 
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1.4.3.  Ly49A ligands and Ly49A-mediated inhibition

As previously mentioned, the engagement of Ly49A with H-2Dd leads to NK cell inhibition. Ly49A 

strong binding and interaction with its main ligand, H-2Dd, was verified in different studies using 
tetramer binding, Ly49A biotinylation and cell conjugation assays (Matsumoto et al. 2001b; Wang 

et al. 2002; Chalifour et al. 2003; Jonsson et al. 2010). Ly49A engages H-2Dd with a high affinity 
(approximate Kd = 10µM), a similar affinity measured for pMHC-TCR binding, with agonist pep-

tides (Tormo et al. 1999). Besides H-2Dd, Ly49A has also been shown to bind Db, Dp and Dk 
MHC-I molecules (Chung et al. 2000). Binding of Ly49A to MHC-I occurs via a site below the pep-

tide binding groove, and it involves not only α1, α2, and α3 of the heavy chain but also β2m (Tormo 
et al. 1999). β2m residues, however, are species-specific, and human β2m residues cannot en-

gage Ly49A. Therefore only mouse β2m engages with Ly49A (Mitsuki et al. 2004). In fact, the crys-
tallographic structure of the Ly49A-H-2Dd complex revealed two distinct contact points of interac-

tion; a first site to one side of the peptide-binding groove that can interact with a single Ly49A sub-
unit, and a second site, mentioned above, beneath the peptide-binding groove that is the functional 

binding site on H-2Dd. The former site is believed to be used for both Ly49A trans and cis interac-
tions (Tormo et al. 1999; Wang et al. 2002). Interestingly, Ly49A recognition is MHC-I-peptide com-

plex restricted but not peptide-specific. Therefore, the presence of a peptide in the MHC-I molecule 
is essential for Ly49A binding, but the presence of a particular peptide is, apparently, not necessary 

(Correa et al. 1995; Orihuela et al. 1996; Matsumoto et al. 1998; Natarajan et al. 1999). It is worth 
noting however that peptide specificity has been shown to influence KIR and Ly49C mediated NK 

cell inhibition (Franksson et al. 1999; Benoit et al. 2005; Fadda et al. 2010; Borhis et al. 2013). 
However, the exact requirements for Ly49 MHC-I-peptide-dependent recognition remain unsolved 

and controversial. Ly49A binds H-2Dd expressed on the surface of potential target cells in trans, 
but it has also been suggested to associate with H-2Dd on the same NK cell in cis (Tormo et al. 

1999; Zimmer et al. 2001; Doucey et al. 2004).  It is believed that a single binding site is involved in 
both cis and trans interactions. For this reason, cis association is suggested to be responsible for 

restricting the number of Ly49A receptors available to bind H-2Dd on the surface of target cells, 
and the reason why functional Ly49A expression decreases in licensed Ly49A+ NK cells. A cis in-

teraction present in Ly49A is surprising since many others Ly49 receptors are not reported to inter-
act with MHC-I in cis and there are no cis interactions reported in human KIRs (Scarpellino et al. 

2007). Also, the functional role of a cis interaction is still unclear. In particular its role in NK cell li-
censing is still debatable with conflicting experimental evidence (Chalifour et al. 2009; Choi et al. 

2011; Bessoles et al. 2013; Ebihara et al. 2013).  
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To further investigate Ly49A, several studies generated Ly49A cDNA transgenic C57BL/6 mice. In 

these models Ly49A is expressed by all NK, T but also B cells . The transgenic expression of 
Ly49A in H-2b+ B6 mice prevented NK cells from rejecting an H-2d+ bone marrow allograft in vivo 

and  impaired in vitro lysis of tumour target cells expressing H-2Dd (Held et al. 1997; Kim et al. 
2000; Kim et al. 2006; Tanamachi et al. 2004). Interestingly, expression of the Ly49A transgene 

affects the endogenous Ly49 repertoire in H-2Dd mice (Dorfman et al. 1996). The transgenic ex-
pression of Ly49A in mice was also shown to affect T-cells by downregulating their proliferation in 

reaction to allogenic stimulation, as well as impairing their anti -viral and -tumor responses (Zajac 
et al. 1999; Brawand et al. 2000; Hanke et al. 2001; McMahon et al. 2002). When Ly49A binds to 

its MHC-I ligand, the threshold sensitivity for TCR-mediated activation is increased and the CD3-
induced up-regulation of CD69 in Ly49A+ CD8+ T lymphocytes is inhibited (Oberg et al. 2000; 

Roger et al. 2001). Interestingly, studies using Ly49A-transgenic mice have also demonstrated that 
the expression of Ly49A on T-cells increases the survival of potentially self-reactive T-cells by af-

fecting both positive and negative selection of thymocytes (Fahlen et al. 2000). These results sup-
port the evidence that Ly49A is a robust immune inhibitory receptor in both T and NK cells.

1.5.  The immunological synapse and NK cell signal integration 

NK cell signal integration is essential to ensure an accurate and regulated NK cell response to the 
surrounding environment. NK cell responses are a “sum” and combination of relative contributions 

of multiple activating and inhibitory receptors and their associated signals. However, how an NK 
cell “computes” and integrates all multiple stimuli into one rapid, local-directed, response, upon 

NKIS formation, is still unknown. This is in part due to the challenging or yet non-existent experi-
mental techniques that are necessary to accurately measure the nanometer scale organisation of 

receptors and signalling molecules in live cells (Pageon et al. 2012; Rossy et al. 2013). In fact, an 
ongoing discussion is to know if the balance of antagonistic signals, mediated by an equilibrium of 

phosphorylation (kinases) and dephosphorylation (phosphatases), depends on the relative co-lo-
calisation/segregation of receptors/signalling molecules upon synapse formation (Davis et al. 

2006). 
To investigate NK cell signal integration some studies have tried to isolate and study individually 

receptor-specific signalling pathways using insect cells (Bryceson et al. 2005). The guanine nu-
cleotide exchange factor, Vav1, an actin modulator signalling protein, has been suggested as an 

important point of immune cell signal integration (Mesecke et al. 2011). Activating signals from ac-
tivating receptors trigger phosphorylation of Vav1, whereas signals from inhibitory receptors leadt 

to Vav1 dephosphorylation by SHP-1 (Stebbins et al. 2003). This has been suggested to be the 
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first, early step, at which activating and inhibitory signals integrate. In another study, Long and Pe-

terson (Peterson et al. 2008) described the specific phosphorylation of Crk, a tyrosine adapter, as a 
consequence, specifically, of ITIM phosphorylation. This last study identified different states of 

phosphorylation of signalling target molecules associated with NK cell inhibition, pointing to a more 
complex and sophisticated explanation for signal integration. Nevertheless, it is unknown whether 

a relative co-localisation of activating and inhibitory receptors is important for NK cell signal inte-
gration. The state of the art regarding NK cell signal integration will be further described in sub-

chapter 1.4.4. 
Another popular strategy to study NK cell signal integration has been the use of immunofluores-

cence microscopy and, more recently, super-resolution imaging techniques, to understand the NK 
cell immunological synapse (NKIS) (Pageon et al. 2012). NK cell receptors accumulate at the IS 

organising into different domains, micro- or nano- clusters (Treanor et al. 2006; Abeyweera et al. 
2011; Pageon et al. 2013). In fact, a supramolecular arrangement of receptors and other signalling 

proteins upon IS formation has been reported for most immune cells e.g. T, B, NK and dendritic 
cells (Monks et al. 1998; Varma et al. 2006; Depoil et al. 2008). Many of these spatial and temporal 

changes in distribution of receptors in the IS imply spontaneous and cytoskeleton-dependent mol-
ecular mechanisms; some of them have shown to be actin and cytoskeleton-independent (Faure et 

al. 2003; Riteau et al. 2003; Standeven et al. 2004). 
There are many similarities between NK and T cell lytic synapses. Nonetheless, there are also 

some significant differences, mainly based on the fact that NK cells depend exclusively on a bal-
ance of signals delivered by germ-line encoded receptors. Identifying these differences and similar-

ities, in a spatial and temporal scale, will contribute to the understanding of the IS and immune cell 
signal integration functions. The state of the art regarding T and NK cell synapses and signal inte-

gration will be further described in the next subchapters.

1.5.1.  The T cell immune synapse and cell activation

A study by Kupfer (Monks et al. 1998) described a typical T cell synapse as being in a pattern of a 
"bull's eye". This study, performed approximately 18 years ago, popularised the term “immunologi-

cal synapse” describing a synapse between T cells and APC with the presence of two different 
concentric rings of receptors. At this time, it was presumed that the central aggregation of TCR-

pMHC, the cSMAC (central supramolecular activation complex), was the dynamic, active core of T 
cell activation sustaining T cell signalling. In this same study, the cSMAC was shown to be en-

closed by a ring of adhesion molecules, LFA-1 and ICAM-1, named as the pSMAC (peripheral 

�46



supramolecular activation complex). Subsequent work, using artificial planar lipid bilayers with em-

bedded MHC-I-peptide and ICAM-1 molecules, enabled the IS to be studied in more detail, in par-
ticular, cSMAC and pSMAC formation (Grakoui et al. 1999, 2015). An outer area of the pSMAC 

containing large ectodomain molecules such as CD45, CD43 or CD148 was later designated as 
the dSMAC (distal SMAC) (Freiberg et al. 2002). Even though the formation of this typical “bull’s 

eye” structure is iconic and observed for many different T cell synapses, this receptor organisation 
is not universal; its importance is limited because it is dependent on experimental conditions, and 

its functional role is not clear. In fact, the bull’s eye pattern is not found in many multifocal ISs 
formed by T and dendritic cells (Brossard et al. 2005). Interestingly, Th1 and Th2 T cells also pro-

duce morphologically different ISs, Th1 cells produce clear cSMAC and pSMAC regions, whereas 
Th2 cells produce multifocal ISs (Thauland et al. 2008). Initial studies suggested that Lck and 

PKCθ colocalisation at the cSMAC was essential for T cell activation (Monks et al. 1998). Howev-
er, it was later shown that this co-localisation occurs primarily in the pSMAC and not in the cSMAC 

(Lee et al. 2002). This experimental evidence suggested that the active TCR complexes exist and 
persist mainly in the outer pSMAC circle and not in the cSMAC as initially thought.

In fact, later studies have determined that T cell IS formation consists of an initial stage in which 
activating TCR clusters, microclusters, develop first in the dSMAC, then moving to the cSMAC re-

gion (Campi et al. 2005; Yokosuka et al. 2005). These early peripheral TCR microclusters were ini-
tially shown to be associated with ZAP70, Lck, LAT and SLP76. However, this association de-

creases as the microclusters move towards the cSMAC. Thus, the active T-cell receptor microclus-
ters seem to be confined to the p-SMAC. This centripetal movement of TCR microclusters towards 

the centre is dependent on F-actin and shapes the bull's eye pattern initially reported by Kupfer. 
This centripetal movement of TCR microclusters in the IS correlates with T cell activation over ex-

tended periods of time, suggesting constant formation of microclusters is a crucial event for contin-
ued TCR signalling (Varma et al. 2006). Hence, it was suggested that the active TCR signalling 

takes place mainly at the TCR microclusters located in the periphery of the IS instead of the cS-
MAC. In fact, cSMAC seems to be a TCR downregulation site in a matured, end of life synapse, 

where TCR internalisation and ubiquitination occurs leading to degradation (Cemerski et al. 2008).
TCR microclusters are observed associated with Lck, ZAP70, PKCtheta and the co-receptors 

CD28, CD4 and CD8. The treatment of T cells with a Src tyrosine kinase inhibitor, PP2, efficiently 
inhibits Lck and Fyn kinase activity preventing the recruitment of ZAP70. However, this inhibition 

does not affect the formation of TCR microclusters, which is independent of these kinases (Campi 
et al. 2005). This observation suggests that TCR microclusters may be the initial TCR triggering 

units. Therefore, it is now important to understand how TCR microclusters are formed and whether 
they are made upon IS formation at small contact points. In addition, there is a need to understand 
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how TCR microcluster formation fits in with the several existing TCR triggering models, considering 

its formation is independent of Src kinases. 
Recent studies have also demonstrated that TCRs may be pre-organised in nanoclusters on cells 

in the resting state (Schamel et al. 2005). These clusters are estimated to contain around 10 to 20 
TCRs. Experiments using single molecule detection by super-resolution microscopy showed that 

TCR nanoclusters further increase in size and combine with LAT after MHC-I-peptide engagement, 
growing into a microcluster (Lillemeier et al. 2006; Lillemeier et al. 2010). It is now debatable 

whether TCR signalling and the first signalling associations occur at the nano- or microcluster 
scale. 

One way to trigger T-cell activation is defined by initiation of TCR clustering by using cross-linking 
antibodies, e.g., anti-CD3, capable of inducing TCR clusters (Bunnell et al. 2002; Douglass et al. 

2005). Anti-CD3 embedded into lipid bilayers can also produce TCR microclusters and IS matura-
tion (Kaizuka et al. 2007). Whether these microclusters and SMACs are the same as those caused 

by the MHC-peptide complex in more physiological conditions is unknown. In suspension, CD4+ T 
cell activation can also take place using artificial defined MHC-II dimers with a particular spacing 

(Cochran et al. 2000). Exactly how TCR triggering occurs is unclear. Studies have revealed Ca2+ 
levels rose temporarily in response to an individual MHC-I-peptide (Irvine et al. 2002), but sus-

tained Ca2+ increases only occur in response to agonist MHC-I-peptide (Krogsgaard et al. 2005). 
Lipid planar bilayers displaying agonist MHC-I-peptide and ICAM-1 cause the accumulation of TCR 

microclusters immediately following ligand binding (Grakoui et al. 1999; Campi et al. 2005). Some 
studies propose that TCR microclusters aggregate due to a serial interaction and binding of MHC-I-

peptide with several TCRs within the same microcluster (Valitutti et al. 1995). These studies would, 
therefore, explain how TCR microclusters form and sustain even from contact with few MHC-I-pep-

tide complex molecules. However, the formation of TCR microclusters in T cell synapses has also 
been observed even with disruption of the MHC-I-peptide complexes (Varma et al. 2006). There-

fore, it is still unknown how the serial binding and engagement of TCRs and MHC-I-peptide pro-
motes cluster formation and how T cell activation occurs within TCR microclusters. Several studies 

have shown the importance of the actin cytoskeleton for TCR microcluster formation and T cell ac-
tivation (Bunnell et al. 2001; Campi et al. 2005; DeMond et al. 2008). Regarding T cell activation, 

an attractive hypothesis is that early T cell signal integration occurs within TCR microclusters by a 
transient selective segregation of large phosphatases (e.g. CD45 or CD148) and cytoplasmic ki-

nases upon synapse formation (Davis et al. 2006). This hypothesis, known as the kinetic-segrega-
tion model, is further supported by elegant experiments showing a pMHC-TCR size-dependent role 

in T cell activation (Choudhuri et al. 2005; Choudhuri et al. 2009; Cordoba et al. 2013). This hy-
pothesis will be discussed further in the following subchapters. 
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Super-resolution imaging is currently being applied to study the nanometer-scale organisation of 

receptors and ligands at the IS - most studies now focus on T-cell synapses. Many studies have 
used the photoactivated localisation microscopy (PALM) technique to study the distribution and 

interactions between the TCR and membrane-proximal adaptors and signaling proteins (including 
LAT) during T-cell activation (Lillemeier et al. 2010; Owen et al. 2010; Sherman et al. 2011; 

Williamson et al. 2011). One of these studies observed pre-clustering of TCR and LAT in resting T-
cells (Lillemeier et al. 2010). When the T-cells were activated, these clusters linked up but re-

mained as separate TCR and LAT aggregates, positioned side by side. Sherman et al. (2011) also 
observed nanoclusters of LAT in resting T-cells using the PALM method. The authors assert that 

this approach allowed the detection of nanoclusters, containing only a few molecules, where previ-
ously only microclusters could be observed. Using two-colour PALM has refined these observa-

tions. TCR and ZAP-70 nanoclusters were observed to co-localise following TCR ligation. TCR and 
LAT nanoclusters remained mostly separate, with a few overlapping regions of potential "hot-spot" 

LAT phosphorylation triggered by ZAP-70 (Sherman et al. 2011). The results obtained in these 
studies emphasise the importance of super-resolution imaging to clarify models of immune cell 

signalling. It is now clear that interacting proteins often meet briefly through the movements of 
nanometer-scale clusters to promote signalling.

A study using TIRF and confocal microscopy observed sub-synaptic vesicles carrying LAT repeat-
edly moving between clusters of SLP-76; this observation revealed that both surface clusters and 

vesicles containing LAT can be involved in TCR signalling (Purbhoo et al. 2010; Soares et al. 
2013). Another study using PALM, live PALM and stochastic optical reconstruction microscopy 

(STORM) pointed towards sub-synaptic vesicular LAT molecules only, rather than LAT nanoclus-
ters present on the plasma membrane, having an impact on TCR signalling (Williamson et al. 

2011). Moreover, a recent study indicates that T cell activation is also modulated by the polarised 
release of TCR-enriched vesicles at the immunological synapse (Choudhuri et al. 2014). These 

studies propose that vesicular traffic to and from the plasma membrane plays an important role in 
both coordinated T cell activation and delivering transcellular signals across synapses. 

In recent years the fact that T cell activation can be affected by inhibition exerted by inhibitory re-

ceptors, as in NK cells, has gained increased attention. This balance of activation and inhibition is 
strikingly similar to what has already been well established and verified in NK cells. In fact, T cells, 

like NK cells, can be regulated by many inhibitory receptors (Olcese et al. 1996; Colonna et al. 
1997; Ravetch et al. 2000; Fuertes Marraco et al. 2015). Two of the best-known examples of T cell 

inhibitory receptors are (i) the cytotoxic T lymphocyte antigen-4 (CTLA-4, CD152) and (ii) the pro-
grammed death one receptor (PD-1, CD279) (Chemnitz et al. 2004; Parry et al. 2005; Probst et al. 

2005). CTLA-4 competes with co-stimulatory CD28 for interaction with the ligand B7-1 (CD80) and 
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B7-2 (Mandelbrot et al. 1999; Collins et al. 2002). CTLA-4 relative localisation in the T cell IS is lig-

and dosage and binding dependent (Jackman et al. 2007). CTLA-4 recruits tyrosine phosphatases 
such as SHP1 and SHP2, inhibiting T cell activation (Marengere et al. 1996; Chuang et al. 2000; 

Baroja et al. 2002). CTLA-4-deficient mice present autoimmune disease with a dysregulated prolif-
eration of T cells and general inflammation (Waterhouse et al. 1995). Interestingly, the intracellular 

trafficking of CTLA-4 has shown a focal localisation towards areas of TCR binding (Linsley et al. 
1996). In addition, CTLA-4 was found to associate directly with the TCR complex ζ chain in primary 

T cells, inhibiting TCR phosphorylation following T cell activation (Lee et al. 1998; Guntermann et 
al. 2002). Importantly, all these studies suggest CTLA-4 and TCR colocalisation is required for in-

hibition. In fact, exciting novel cancer immunotherapies using an antibody targeting CTLA-4, have 
significantly improved the anti-tumour response in several studies and human clinical trials (Leach 

et al. 1996; Prieto et al. 2012; Robert et al. 2014).
PD-1, first identified in 1992 (Ishida et al. 1992), belongs to the CD28 family and is a co-inhibitor of 

T cells. PD-1 recognises two ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC). PD-1 is a marker of T 
cell exhaustion and is usually associated with tumours or chronic infections e.g. HIV or SIV (Day et 

al. 2006; Trautmann et al. 2006). The relative expression levels of PD-1 are a good predictor of T 
cell exhaustion. The higher the level of PD-1 expression, the greater the functional exhaustion ob-

served. Importantly, blocking PD-1 or its ligands can restore T cell functionality and discontinue the 
exhaustion phenotype and viremia. PD-1-deficient mice, as for CTLA-4, present autoimmune syn-

dromes (Nishimura et al. 2001). PD-1 seems to inhibit CD28-dependent PI3K activation (Parry et 
al. 2005). Interestingly, PD-1 has also been shown to cluster upon ligand binding and recruit  SHP2 

phosphatase, creating an inhibitory microcluster that induces the dephosphorylation of adjacent 
activating TCR signalling molecules. It was demonstrated that  PD-1 and TCR colocalisation in mi-

croclusters is also required for T cell activation suppression via PD-1. Importantly, this inhibition 
was reversed by blocking antibodies targeting PD-1 ligands (Yokosuka et al. 2012). Thus, the in-

hibitory function of the T cell inhibitory receptors CTLA-4, and PD-1 are essential to avoid hyper-
sensitive immune reactions or the development of autoimmune diseases. However, these same 

inhibitory pathways have also been exploited by pathogens and tumours to evade immune sur-
veillance (Vijayakrishnan et al. 2004; Day et al. 2006; Radziewicz et al. 2007). Nevertheless, tar-

geting of the inhibitory pathways in T cells has provided the best cancer immunotherapy strategies 
to date (Pardoll 2012). These recent discoveries highlight the importance of signal integration and 

the balance between activating and inhibitory receptors in all immune cells. Thus, more studies of 
NK and T cell ISs are necessary to assess differences and similarities, in particular, concerning 

molecular mechanisms of signal integration. Existing findings hint at a universal mechanism of im-
mune cell signal integration, and this will be further discussed in Chapter 6. 
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1.5.2.  The NK cell immune synapse

There are various roles associated with the NKIS, one of the most important being the generation 
of a confined area of cell-cell interface in which receptor-ligand complexes may be organised, 

forming a signalling scaffold on small close contact points between cells. In this interface, non-cor-
responding ligand-receptors complexes are possibly excluded from the close contact points of the 

IS and the signal integration equation (Davis et al. 1999). The NKIS plays an important role sup-
porting the link between the extracellular signals and the intracellular transport system to direct se-

cretion of lytic granules and cytokines (Orange et al. 2003; Orange 2008; Lettau et al. 2007). An-
other interesting feature of the NKIS is the fact that it can allow multi-directional lytic secretion. This 

characteristic allows a precise, local, induction of lysis toward separate targets. Therefore, an NK 
cell can induce lysis at one activating IS but spare a healthy target cell in a second IS contact 

(Carpen et al. 1983; Eriksson et al. 1999; Bryceson et al. 2005). The NKIS also allows for transfer 
of ligands and receptors between an NK cell and target cell (Vanherberghen et al. 2004). This fea-

ture is hypothesised to play a role in many cis interactions and negative feedback loops of sig-
nalling as well as to protect or induce the fratricide of NK cells (Dorfman et al. 1998; Nakamura et 

al. 2013).
Receptor clustering at the NK-cell lytic synapse has been observed in NK cells in vivo and in vitro. 

While functional microclusters have long been recognised in NK cells, they have only been studied 
in detail for inhibitory receptors (Fassett et al. 2001; Faure et al. 2003; Abeyweera et al. 2011; Pa-

geon et al. 2013). 
Besides receptor clustering, the polarisation of lytic granules at the synapse is also required for NK 

cell lytic function. This process begins with the movement of the granules along the cell's micro-
tubules towards the microtubule-organising centre (MTOC). It is believed that the signals neces-

sary for MTOC polarisation in NK cells include phosphorylation of ERK (extracellular-signal-regu-
lated kinase), activation of VAV1 and PYK2 (protein tyrosine kinase 2) activity (Sancho et al. 2000; 

Chen et al. 2006; Graham et al. 2006; Kim et al. 2010; Mentlik et al. 2010). Actin is also necessary 
for polarisation of lytic granules and MTOC; a particular region of the F-actin network must disas-

semble and form a conduit, through which the granules are conducted towards the plasma mem-
brane. The disassembly of F-actin is thought to be independent of MTOC polarisation (Orange et 

al. 2003), but the actual mechanism remains unknown. 
Actin organisation has been extensively studied in the context of the NKIS. In fact, it is hypothe-

sised that an early sign of cell commitment to the formation of a lytic synapse is actin reorganisa-
tion. Reorganisation of F-actin at the NK cell synapse occurs following VAV1 activity induced by 

activating receptors (Riteau et al. 2003; Graham et al. 2006), and is dependent on the Wiskott-
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Aldrich syndrome protein (WASp) (Calvez et al. 2011), which is known to promote branching of F-

actin. Several studies have observed a reduction in both aggregations of F-actin at the synapse 
and NK cell lytic activity either in the absence of WASp or in the presence of actin inhibitors (Gis-

mondi et al. 2000; Calvez et al. 2011). This WASp-dependent reorganisation of F-actin is also es-
sential to the changes in shape of NK cells which take place upon formation of a synapse (Orange 

et al. 2002; Badour et al. 2003; Wulfing et al. 2003).

Besides the lytic synapse, NK cells frequently form inhibitory synapses upon contact with healthy 
host cells. Resting NK cells contain lytic granules and continuously express activating receptors on 

their surface; for this reason, they also need a reliable mechanism of control and prevention of the 
formation of lytic synapses and inadvertent cytotoxicity. This inhibition occurs via an inhibitory 

synapse. In this synapse, inhibitory receptors containing long cytoplasmic tails with ITIMs, such as 
the killer-cell immunoglobulin-like receptors (KIRs), bind to their ligands in other cells and activate 

phosphatases such as SHP1 (SH2-domain-containing protein tyrosine phosphatase 1) as previ-
ously mentioned. The aggregation of KIRs and other molecules at the inhibitory synapse forms an 

inhibitory NKIS (Vyas et al. 2001; Mace et al. 2011; Abeyweera et al. 2013). Differences between 
the inhibitory and activating NKIS include the absence of lipid raft membrane domains (Lou et al. 

2000; Sanni et al. 2004), the reduced F-actin accumulation (Banerjee et al. 2010) and the recruit-
ment of SHP1 and other inhibitory signalling molecules (Yusa et al. 2002). It is hypothesised that 

the formation of an inhibitory synapse prevents the development of activating signals by inhibiting 
actin reorganisation (Stebbins et al. 2003; Peterson et al. 2008; Liu et al. 2012), hindering the re-

cruitment of activating receptors (Culley et al. 2009; Abeyweera et al. 2011) and facilitating the de-
tachment from target cells (Burshtyn et al. 2000; Abeyweera et al. 2013). Whether all these factors 

are involved, and the sequence and relative importance by which they occur influences the integra-
tion of signals is not known.

The three-dimensional organisation of an inhibitory NKIS has been described. It begins with re-
cruitment of KIRs into microclusters, followed by their migration to the periphery, although various 

studies have reported different molecular patterns. In one example, an inhibitory synapse formed 
between NK cells expressing KIR2DL1 and target cells expressing the cognate ligand HLA-Cw4. 

KIR2DL1 aggregated on the NK cell and paired with aggregated HLA-Cw4 on the surface of the 
target cell, and there was no accumulation of F-actin or polarisation of the MTOC. In contrast, if a 

KIR2DL1-expressing NK cell contacted a target cell expressing the non-cognate HLA-Cw3 ligand, 
the KIR2DL1 molecules did not aggregate at the synapse. Interestingly, it was also shown that in-

hibitory signalling at the NKIS regulates lipid raft polarisation but not the MHC- dependent cluster-
ing (Fassett et al. 2001; Banerjee et al. 2010).
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As previously mentioned, NK cells, like T cells, have been shown to form protein microclusters dur-

ing activation and pMHC-mediated inhibition. Early micrometer-scale imaging studies of both T and 
NK cell immune synapses revealed that interacting molecules at the cell surface present a 

supramolecular organisation (Monks et al. 1998; Davis et al. 1999; Grakoui et al. 1999; Vyas et al. 
2001). When an NK cell meets another cell and moves on without effector functions, there is still 

an event and an inhibitory synapse forms, which triggers specific inhibition signals, allowing the NK 
cell to proceed with immune surveillance without lytic activity (Abeyweera et al. 2013). In a proto-

typical inhibitory NKIS, receptor proteins have been observed to be organised with KIRs aggregat-
ing in the centre and LFA-1 in the periphery (Schleinitz et al. 2008). The separation between KIR 

and integrins at the inhibitory synapse seems to be determined by the density of MHC-I proteins on 
the surface of the target cell (Almeida et al. 2006), suggesting a link between the function of KIR 

(assessing levels of MHC-I expression) and its molecular organisation. Two interesting, distinct, 
studies of the NKIS using a photo cleavable pMHC complex and fluorescence lifetime imaging 

(FLIM) to report FRET observed inhibitory receptor microclusters (Treanor et al. 2006; Abeyweera 
et al. 2011). This will be further described in the next subchapter. 

Another important question about the NKIS concerns the involvement of the actin cytoskeleton. 

The actual mechanisms and influence of actin-dependent processes are still unclear and there are 
conflicting studies about its role being up- or downstream of signalling (Fassett et al. 2001; Riteau 

et al. 2003; Stebbins et al. 2003; Graham et al. 2006). One hypothesis is that the segregation of 
proteins depends on their localisation inside cholesterol-enriched lipid raft areas, where activating 

receptors aggregate and inhibitory receptors and phosphatases are expelled (Leupin et al. 2000). 
In fact, some studies have shown the movement of lipid rafts towards the immune synapse is con-

nected with NK cell activation, and that this movement is blocked when inhibitory receptors are en-
gaged (Lou et al. 2000; Watzl et al. 2003; Endt et al. 2007). Another hypothesis suggests an early 

actin-independent segregation of proteins at the immune synapse according to their dimensions 
and the presence or not of their corresponding ligand. Both experimental and mathematical mod-

elling studies have provided evidence for a kinetic segregation (K-S) model, both in T-cells  
(Choudhuri et al. 2005; Davis et al. 2006; James et al. 2012)  and NK cells  (Brzostek et al. 2010; 

Kohler et al. 2010; Alakoskela et al. 2011; Burroughs et al. 2011). The observations made in NK 
cells support the K-S model and further build upon evidence from T cells  predicting,  an even more 

general model. Therefore, lymphocyte activation triggering can be based on selective co-localisa-
tion or segregation of activating and inhibitory receptors upon IS formation. This will be further dis-

cussed in Chapter 6.
In summary, the NKIS is assembled in different stages (Figure 1.4), involving the coupling of recep-

tors and ligands, cytoskeletal rearrangement, cell polarisation and the release of lytic granules to 
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Figure 1.4. Schematic representation of the sequential steps in the NK cell lytic 
synapse. The formation of a lytic NK cell synapse can be divided into three stages: 

initiation, effector and termination stages. Abbreviations: F-actin, filamentous actin  
The rights and permission to reproduce this figure have been acquired from Orange 

(2008) and Nature Publishing Group and adapted with permission from Nature Re-
views Immunology, Jordan Orange, copyright (2008).



kill a target cell. Importantly, this process is most likely initiated and highly dependent upon the mi-

cro- and and nano-scale organisation of receptors upon NKIS formation (Orange et al. 2003). Su-
per-resolution imaging and other new technologies will be useful in the future to further expand 

knowledge of NK cell biology. 

1.5.3.  Imaging studies of the NK cell synapse and signal integration

The integration of NK cell signals takes place at the immune synapse, a structure formed at the 

point of contact between an NK and a target cell (Davis et al. 1999). Much has been published on 
NK cell activating and inhibitory signalling at the NKIS, but the order and sequence by which these 

signalling events take place is still unclear. The study of these details, when and where these inter-
actions occur, requires observing the organisation of the immune synapse at a temporal and 

nanometer scale using the most biological reproducible models. Recent high-resolution imaging 
techniques have started to contribute to the study of the NKIS and the spatiotemporal dynamics of 

signal integration in NK cells. 
Studies of the NKIS using total internal reflection fluorescence (TIRF) microscopy allowed the vi-

sualisation of proteins organised into small assemblies of micrometer to sub-micrometer scale, NK 
cell microclusters (Oddos et al. 2008). Human NK cell inhibitory receptor proteins, KIRs, have been 

shown to organise into microclusters (Treanor et al. 2006; Abeyweera et al. 2011). Interestingly, 
several IS studies have observed a reverse flow of actin carrying microclusters of activating recep-

tors in NK cells and TCRs in T cells from the periphery towards the centre of a forming synapse 
(Varma et al. 2006; Kaizuka et al. 2007; Abeyweera et al. 2011). It has also been observed that NK 

cell inhibitory receptors, and KIR in particular, aggregate at the synapse without involvement of the 
cytoskeleton (Standeven et al. 2004).

Previous studies have observed the phosphorylation of KIR2DL1 by detecting Förster resonance 

energy transfer (FRET) using fluorescence lifetime imaging (FLIM) (Treanor et al. 2006). The use 
of optical tweezers and confocal microscopy in studies of T cell and NK cell synapses allowed the 

visualisation of microclusters at interfaces between effector and target cells. This study is particu-
larly interesting as it imaged real NKIS, not using artificial substrates (e.g. ab-coated glass slides or 

planar lipid bilayers with anchored ligands). Moreover, this study confirmed the movement of mi-
croclusters of KIR2DL1 from the periphery to the centre of the inhibitory NK cell synapse (Oddos et 

al. 2008).
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Interestingly, DAP10, one of the NKG2D signalling adaptor proteins, accumulates in microclusters 

and move centripetally towards the centre (Abeyweera et al. 2011). In another study, it was report-
ed that NKG2D forms a ring through which the lytic granules are released (Brown et al. 2011). 

Microclusters of CD16 were observed to accumulate at the periphery of the cell-cell contact and 
move towards the centre of the synapse. The assembly of CD16 microclusters was apparently un-

dermined by the co-engagement of the inhibitory receptor CD94/NKG2A, showing that the forma-
tion of inhibitory microclusters impaired the activating microcluster formation. This could have been 

in part achieved by the phosphorylation of Crk, an adaptor protein which constitutes a cytoskeleton 
regulator of actin rearrangements. This suggestion is also based on the fact that this multifaceted 

signalling molecule, Crk, was shown to be phosphorylated after binding with CD94/NKG2A or 
KIR2DL1 (Peterson et al. 2008). Using lipid bilayers carrying IgG1 Fc to stimulate CD16, their hy-

pothesis was that Crk phosphorylation leads to the disruption of the F-actin network in the centre of 
the synapse, regulating the movement and formation of CD16 microclusters, therefore impacting 

the transduction of activating signals (Liu et al. 2012).
Another study using slides coated with stripes of activating and inhibitory ligands investigated NK 

cell signal integration. This study demonstrated that NK cells spread to form large, stable, symmet-
rical synapses if activating signals are predominant, whereas asymmetrical synapses occur if in-

hibitory signals prevail. Moreover, in this same study it was observed that NK cell signal integration 
determines synapse symmetry and cell migration (Culley et al. 2009).

In order to study the temporal dynamics of the immune synapse, a photocleavable peptide embed-
ded in a MHC molecule was developed to study the temporal and spatial sequence of T-cell 

synapse formation and signalling (Huse et al. 2007; Quann et al. 2009). This approach was also 
elegantly applied to the study of NKIS. In 2011, Abeyweera et al. used a photolabile peptide to ac-

curately control the timing of inhibition via the KIR2DL2 inhibitory receptor. The peptide was loaded 
in complex with HLA-Cw3 into lipid bilayers containing the adhesion molecule ICAM-1 and the acti-

vating ligand ULBP3. Inhibition was then induced at different times post NK cell contact with the 
lipid bilayer in order to study how early inhibitory signalling can impair NK cell activation. The re-

sults showed that inhibition could efficiently reverse activation signals, suggesting that NK cell sig-
nal integration is a rapid and flexible process that is capable of rapidly integrating signals, and not 

irreversibly commit to activation (Abeyweera et al. 2011). 
To date, several super-resolution (SR) techniques have been employed in order to study the im-

munological synapse. However, only a few studies have applied SR imaging techniques to study 
the NKIS. Nevertheless, interest in its use has been increasing (Pageon et al. 2012; Zheng et al. 

2015). Structured illumination microscopy (SIM) super-resolution images have revealed remodeling 
of the cortical actin mesh taking place during NK cell activation (Brown et al. 2011). This optical 

resolution allowed the observation of the actin mesh around the synapse allowing the passage of 
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lytic granules. In another study, the stimulated emission depletion (STED) microscopy technique 

also allowed super-resolution observation of a “hole” in the actin mesh within the centre of the acti-
vating synapse (Rak et al. 2011). Soon after, another study with very similar data and analysis was 

published using SR  to image the remodeled synaptic actin and different synergies between NK 
cell receptors and integrins (Brown et al. 2012). These two studies highlight the importance of actin 

in particular during the secretion process to allow the release of lytic granules through the cortical 
actin barrier. Recently, using ground-state depletion microscopy followed by individual molecule 

return (GSDIM) experiments it was reported that the inhibitory receptor KIR2DL1 is present as de-
fined nanoclusters in resting NK cells. These clusters become smaller and denser after ligation 

with anti-KIR2DL1 and anti-NKG2D monoclonal antibodies, and this phenomenon was actin-de-
pendent (Pageon et al. 2013).

Another example of NKIS imaging studies is the use of fluorescence correlation spectroscopy 
(FCS) to investigate the nanoscale organisation of receptors of licensed and unlicensed murine NK 

cells (Guia et al. 2011a). In this study, the transit time of cell surface proteins moving through vol-
umes of different sizes was recorded and compared to freely diffusing molecules. This showed that 

NK cell receptors were restricted differentially in their surface cell movements. The authors suggest 
that activating receptors are divided by the organisation of the plasma membrane, but inhibitory 

receptors are limited by the actin meshwork. However, in unlicensed NK cells, both activating and 
inhibitory receptors seem to be compartmentalised together by the actin meshwork. The authors 

thus suggest that changes in membrane organisation and distribution of activating receptors might 
be a mechanism to achieve NK cell tolerance (Guia et al. 2011a).

1.5.4.  Molecular mechanisms of signal integration

The understanding of NK cell signal integration is a challenging subject due to the existence of a 

great multiplicity and variety of NK cell receptors and their respectively associated signals. The cur-
rent state of the art indicates that, in the absence of antigen-specific receptors, the sum and com-

bination of germline-encoded receptors, of antagonistic and synergistic signals, govern NK cell re-
sponses (Long et al. 2013). However, key aspects of NK cell signal integration are yet to be under-

stood. How NK cells conciliate and integrate this variety of signals is unknown. Many years of ex-
perimental observations exclude the existence of one primary, dominant, activating receptor for the 

induction of NK cell activation, such as the TCR or BCR for T and B cells, respectively (Janeway et 
al. 2002). In the NK cell research field, it was recognised early on that NK cell responses are strict-

ly dependent on the combination and sum of synergistic and antagonistic signals which may in-
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duce activation but are finely tuned and regulated by inhibitory receptors (Figure 1.5). Interestingly, 

a similar model has been developing over the years for both T and B cells with the discovery of 
several co-stimulatory and co-inhibitory receptors that majorly impact immune responses.   

The NK cell balance of signals was elegantly studied by Regunathan et al. (2005) using a murine 
NK cell model. An interplay of signalling strength between the inhibitory receptors Ly49A/G and 

Ly49C/I and the activating receptor NKG2D, was shown to determine the magnitude of cell activa-
tion. In this study, NKG2D-dependent activating signals were shown to be differentially affected 

according to the level of activating ligand expression and the nature of MHC class I inhibitory re-
ceptors present at the immune synapse. Ly49A was effective at inhibiting NKG2D-dependent re-

sponses, even in the presence of high NKG2D ligand expression. In contrast, a high level of ex-
pression of NKG2D ligand could overcome Ly49C/I inhibition (Regunathan et al. 2005). In another 

study of NK cell signal interplay by Bryceson et al. (2005), NK cell cytotoxicity was observed 
against different ligands expressed in an insect cell line or associated with beads (Bryceson et al. 

2005). This study highlights the need for more than one central receptor to induce NK cell activa-
tion. In fact, it was shown that expression of ICAM-1 in Sf9 insect cells is sufficient to cause adhe-

sion of NK cells via LFA-1, producing stimulatory signals that trigger NK cell cytotoxicity. 
It has been suggested that NK cell signal integration occurs mainly by mediating signalling inter-

mediates such as Vav1, a regulator of actin formation, or Crk, an adaptor molecule that contributes 
to cytoskeletal arrangement and supports actin-dependent lamellipodia (Peterson et al. 2008; Liu 

et al. 2012). Corroborating this suggestion, the use of a KIR2DL1 receptor fusion to a mutant ver-
sion of SHP-1 revealed Vav1 as the only substrate of SHP-1 (Stebbins et al. 2003). Hence, it is 

possible that SHP-1-dependent phosphorylation of Vav1 results in prevention of actin-dependent 
events such as cytoskeletal organisation and adhesion. In addition, an inhibitory model has been 

proposed in which Crk phosphorylation inhibits activation signals by blocking F-actin formation (Liu 
et al. 2012). These findings lead to the suggestion of a determining role for Vav1 or Crk in NK cell 

signal integration. These studies have given robust evidence to support the hypothesis that  sus-
tained clustering of activating receptors is actin-dependent and signal integration is downstream 

event. However, there is strong evidence confirming the initial clustering of activating receptors is 
induced rapidly after ligand binding and is an actin-independent process, occurring upstream and 

preceding, the recruitment of Vav1 and Grb2 (Brown et al. 2011). Therefore, even though Vav1 and 
Crk-mediated actin-dependent processes such as cell adhesion and cytoskeleton arrangement are 

essential for target cell killing and to sustain continued activating microcluster formation (Abey-
weera et al. 2011), it is uncertain whether these signalling molecules can play a unique and signifi-

cant role in the very early, initial, interplay of signals for NK cell signal integration upon synapse 
formation.
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Figure 1.5. NK cell functions are regulated by a balance of activating and in-

hibitory signals.  NK cell function is controlled by NK cell activating and inhibitory 
receptors. Activation can result through different activation receptor stimuli, which 

can subsequently signal through ITAM-bearing adaptor proteins, such as DAP12, 
FcRgamma, and CD3zeta. Also, activation may occur via DAP10, an adaptor protein 

containing a signalling YXXM motif, which upon phosphorylation associates with 
PI3K. In contrast, NK cell inhibitory receptors, containing phosphorylated ITIMs, will 

recruit phosphatases such as SHP-1 or 2 to counterbalance an activation-dependent 
signalling cascade.  The rights and the permission to reproduce this picture have 

been acquired from Takeda and Yagita (2002) and Nature Publishing Group and 
adapted by permission from Macmillan Publishers Ltd: Nature Reviews Cancer, H. 

Yagita et. al., copyright (2002).



As previously mentioned, the molecular mechanisms of NK cell signal integration are likely to be  

intrinsically associated with early events of NKIS formation. There is much compelling evidence 
that supports this claim. One example is the differential accumulation and segregation of receptors 

upon NKIS formation, in which receptors and signalling molecules organise separately into micro-
clusters, according to differences in activating and inhibitory stimuli (Abeyweera et al. 2011).  In 

another example, micropattern printing of separated activating and inhibitory ligands revealed 
spreading and actin polymerisation arrest when an NK cell does not find more activating ligands. 

Dominance of activating signals is required for NK cell spreading to be maintained (Culley et al. 
2009). This may be relevant for NK cells to be able to direct their lytic response towards the target 

cell and not other healthy neighbouring cells, accurately (Eriksson et al. 1999). In a typical inhibito-
ry synapse, inhibitory receptors form microclusters and SHP-1 and -2 phosphatases co-localise 

with these clusters (Burshtyn et al. 1996; Olcese et al. 1996; Faure et al. 2003). This type of 
synapse is of short duration; its interface contact areas rapidly shrink, and cells remain mobile, with 

shortening contact times of interaction with target cells. In contrast, in a prototypical activating 
NKIS, NK cells have greater spreading and form a longer, more adherent synapse (Cartwright et 

al. 2014). Activating molecules such as Lck, WASP, SLP76, and LAT are concentrated in the im-
mune synapse. In an activating synapse, NK cell migration arrests and the cell spreads, increasing 

the interaction area, with the target cell. Upon stable synapse formation, NK cells form an actin ring 
at the cell-cell interface (Orange 2007). Inhibitory receptor signals can disrupt synapse symmetry 

and shift the balance, enabling cells to continue moving and to not kill target cells. In B and T cells, 
the degree of spreading in the IS correlates with the BCR or TCR affinity for a specific antigen and 

its density (Fleire et al. 2006). In contrast, it is generally accepted that the NK cell synapse does 
not exhibit a correlation between synapse formation and receptor binding affinity. NK cells are 

thought to sustain their IS mainly according to the density of activating and inhibitory ligands (Re-
gunathan et al. 2005; Almeida et al. 2006). However, this idea has been recently challenged with 

experimental evidence that microcluster density and tightness also depends on receptor binding 
affinity and that this has functional implications (Borhis et al. 2013; Cassidy et al. 2014). Thus, 

even though ligand density has been shown to be crucial in the NKIS, a role for binding affinity is 
also evident. More studies about the relative binding and affinity of inhibitory receptors for different 

pMHC-I complex combinations are necessary. Therefore, in this respect, NK cells seem to behave 
similarly to T and B cells.  

An important question concerning NK cell signal integration is to know whether the tyrosines of 
both ITIM and ITAM sequences are phosphorylated concurrently. If that is the case, the recruitment 

and activation of tyrosine phosphatases by phosphorylated ITIMs could provide an explanation for 
inhibition. The dephosphorylation of tyrosines in stimulatory receptors (e.g. ITAM-associated recep-

tors and DAP10/12-associated receptors such as NKG2D) and other subunits of the activation sig-
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nalling pathway would be due to the proximal action of recently recruited tyrosine phosphatases, 

as previously suggested (Vyas et al. 2001; Vyas et al. 2004). This would, therefore, imply the co-
localisation of activating and inhibitory receptors upon immunological synapse formation which 

hasn't yet been confirmed experimentally. If correct, this could be a molecular basis for  NK cell 
activating and inhibitory signal integration. This hypothesis will be further discussed in this thesis in 

Chapter 6.

1.6.  The kinetic-segregation model and the role of ligand dimen-

sions in lymphocyte functions

The 'kinetic-segregation' (KS) model of TCR triggering consists of two fundamental elements: (i) 

receptor segregation, and (ii) binding kinetics. In this model the TCR is a passive molecule limited 
to ligand engagement only and does not undergo conformational changes, and T cell activation is 

the result of the activity of associated signalling proteins at the membrane proximal cell surface of 
T cells. Importantly, the events proposed by this model are different from those that support and 

explain sustained IS formation. The IS structure depends on actin dynamics and follows different 
signalling molecule activation. In summary, the KS model hypothesises that: (i) There is an equilib-

rium of continuous  tyrosine phosphorylation and dephosphorylation in a resting T cell. The intra-
cellular, membrane proximal, signalling molecules are continually being transiently phosphorylated. 

Src kinases are often activated by ITAM activation in the TCR-CD3 complex but, immediately, de-
phosphorylated through proximal acting phosphatases e.g. CD45 or CD148. Therefore, the final 

net phosphorylation is kept at a balanced level, setting an activation threshold to overcome; (ii) 
Upon contact with an APC, proteins at the T cell APC interface segregate selectively depending 

upon their ectodomain size (Dustin et al. 1998). The small receptor-ligand complexes form close-
contact points, leading to TCR cluster development where large phosphatases, such as CD45 and 

CD148, are excluded; (iii) Due to the segregation of large ectodomain phosphatases, the phospho-
rylated TCR-CD3 complexes are less prone to be dephosphorylated within the cluster, lowering the 

activation threshold. Thus, the increase in net phosphorylation of TCR-CD3 complexes drives T 
cell activation. Moreover, antigen-specific and high-affinity MHC-TCR binding is believed to in-

crease net phosphorylation of ITAMs due to an increased time of TCR confinement within the clus-
ter, and longer exposure time of kinases to phosphorylated ITAMs. Phosphorylated CD3 ITAMs 

then recruit Zap70, which leads to the phosphorylation of signalling adaptor molecules such as 
LAT, Vav, and Grb2. As previously mentioned, it has been demonstrated that the beginning of TCR 

signalling occurs mainly in small TCR 'microclusters' in the periphery of the T cell IS  (Lee et al. 
2002; Campi et al. 2005; Yokosuka et al. 2005). Interestingly, it has also been shown that CD45 is 
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excluded from these close contact points and TCR microclusters, as initially predicted by the KS 

model (Cordoba et al. 2013). Thus, TCR triggering was compromised if the ectodomains of CD45 
or CD148 phosphatases were truncated. Moreover, different experiments have revealed that TCR 

triggering in CD45 knockout T cells can not be restored by a form of CD45 in which its extracellular 
domain is as small as the Thy-1 receptor. Nevertheless, T cell activation can be restored by a 

chimeric form of CD45 with the large ectodomain of CD43 (Irles et al. 2003). In addition, a truncat-
ed CD148 greatly impairs TCR triggering (Cordoba et al. 2013). Interestingly, the KS model pre-

dicts that an extension of the dimensions of the pMHC-TCR complex will likely impair TCR trigger-
ing. To test this hypothesis, a single chain trimer MHC-I molecule was used together with extended 

versions generated by the insertion of two, three or four IgSf domains in the extracellular domain. 
Interestingly, this extension lead to a gradual decrease of TCR activation, proportional to pMHC-I 

extension (Choudhuri et al. 2005). In addition, these differential dimensions control the phos-
phatase-kinase balance. An elongation of the pMHC-TCR complex lead to impaired ITAM tyrosine 

phosphorylation and Zap70 recruitment at the contact area without influencing TCR or co-receptor 
binding (Choudhuri et al. 2009).

1.6.1.  MHC-I single chain trimers and elongated T and NK cell lig-

ands

An MHC-I molecule requires full assembly of H chains with β2-microglobulin (β2m) and a peptide 

to be efficiently presented, expressed and recognised at the cell surface and induce T- or NK-cell 
immunity (Deng et al. 1998; Raghavan et al. 2008). Artificial MHC assembly and experimental ma-

nipulation have therefore been of great interest, with potential therapeutic applications (Hansen et 
al. 2010). Several studies have reported the successful artificial engineering of MHC-I molecules 

by directly connecting a peptide ligand to the H chain using a short linker (Greten et al. 2002). Oth-
er studies have also reported coupling of β2m to the N-terminus of MHC-I molecules using a spac-

er, and the covalent linkage of a peptide to free β2m, which can then associate with H chains and 
generate functional trimers. The covalent linkage of the three components, peptide, β2m and H 

chain, via two flexible linker sequences, has been used to generate single chain trimers (SCTs). 
These SCTs were able to stimulate efficiently Ag-specific T- and B-cells as well as NK cells, and 

were stained by different anti-MHC-I antibodies indicating correct folding (Yu et al. 2002; Hansen et 
al. 2006). However, the extent to which the covalent attachment of peptides to β2m excludes the 

binding of competing free peptide ligands remained unclear. Structure-based approaches were 
then employed to accommodate better C-terminal peptide extensions (Lybarger et al. 2003), as 
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well as to introduce strategically a disulfide bond to confine the peptide to the MHC-I peptide bind-

ing platform (Truscott et al. 2007). SCTs have also been used to investigateT cell activation in vitro. 
Using SCTs it has been demonstrated that both cytolysis and IFN-γ production correlate with dif-

ferent levels of pMHC trogocytosis (Hudrisier et al. 2005). Extended versions of an H-2Kb SCT 
have been used to demonstrate that TCR triggering is critically dependent on the dimensions of its 

peptide-MHC ligand (Choudhuri et al. 2005; Choudhuri et al. 2009).

The use of SCTs has proven to be very useful, however, it must be taken into consideration that 

NK cell receptors bind different structural points of MHC-I molecules from those recognised by 
TCRs. Therefore, there it is possible that SCTs may not be identified by certain NK receptors. It 

has been reported that Ly49 receptors interact with MHC-I molecules beneath the peptide binding 
groove. Thus, Ly49-MHC-I interaction may be hindered by the presence of the linker between the 

heavy chain and β2m . In fact, an SCT-like molecule, a single chain Dd covalently linked to β2m 
was not recognised by Ly49A+ expressing NK cells or Ly49A pentamers (Natarajan et al. 1999; 

Chung et al. 2000). This evidence suggested that the presence of the Hc- β2m linker conflicts with 
the NK receptor-ligand interaction. However, the construct generated by Chung and colleagues 

was not an SCT and lacked a peptide covalently attached to the MHC-I molecule. Similar con-
structs as this have shown to be of "peptide-empty" nature but, in contrast, “new-generation” SCT 

constructs don't express peptide empty MHC-I molecules, and the covalently attached peptide can 
occupy the peptide binding groove all the time (Wang et al. 2002; Yu et al. 2002). Interestingly, it 

has been previously demonstrated that the presence of a peptide is essential to the Ly49A-MHC-I 
interaction (Carlin et al. 2011). Therefore, it is predicted that Ly49A may recognise an H-2Dd SCT 

molecule even though it failed to bind an H-2Dd SCT-like molecule in previous studies (Chung et 
al. 1999; Matsumoto et al. 2001a). Interestingly, SCTs have been shown to be recognised by other 

NK cell inhibitory receptors. Expression of H-2Kb SCT with the OVA peptide in an MHC-I triple 
knockout B6 mouse allowed NK cell licensing of NK cells that were expressing the cognate Ly49C 

receptor (Kim et al. 2005), demonstrating that Ly49C can interact with the Kb SCT.  Ly49C binds to 
a similar site on H-2Kb as Ly49A binds to H-2Dd to trigger a functional response. SCTs allowed the 

successful study of the mechanism of NK cell licensing by the creation of a B6 congenic mouse 
expressing an H2-Kb SCT transgene and no other MHC-I molecules. Using this H-2Kb SCT mouse 

it was possible to confirm that NK cells are licensed by the engagement of inhibitory receptors with 
self MHC molecules (Kim et al. 2005). Moreover, recently, an MHC-I inducible mouse model was 

also developed using an SCT-Kb MHC-I molecule. The SCT Kb-OVA MHC-I molecule was again 
demonstrated to efficiently bind the Ly49C/I inhibitory receptor, inducing NK cell licensing, and also 

was effectively recognised by specific CD8+T cells (Ebihara et al. 2013). Human SCT MHC-I mol-
ecules have also been produced and shown to be recognised by TCRs and human NK cell in-
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hibitory receptors. Expression of HLA-E SCT has been shown to inhibit activation of  NK cells by 

engaging the inhibitory receptor CD94/NKG2A (Crew et al. 2005). HLA-Cw6 SCT elongation, de-
veloped by Brzostek (2010), was also shown to abrogate KIR2DL1 mediated inhibition (Kohler et 

al. 2010). 

1.6.2.  Experimental evidence for the role of molecular dimensions in 

NK cell responses and signal integration

As mentioned in the previous subchapter, SCT MHC-I molecules have been valuable tools to test 
the importance of molecular dimensions in immune cell functions. It has been shown, on numerous 

experimental occasions, that the molecular dimensions of receptor-ligand pairs have a proportional 
effect on NK cell immune functionality. Elongation of activating and inhibitory NK cell receptor lig-

ands has been shown to affect NK cell activation or inhibition, respectively (Brzostek et al. 2010; 
Kohler et al. 2010).  In the study of Brzostek et al., elongated forms of the mouse NKG2D ligand 

H60a, with insertions of two Ig domains from human CD2, or four Ig domains from human CD4, 
were generated. These inserts had previously been used by the same group to study the role of 

ligand dimensions in T-cell activation (Choudhuri et al. 2005). H60a and its elongated versions 
were stably expressed in the RMA cell line, and used to investigate the role of ligand dimensions in 

NK-cell activation (Brzostek et al. 2010). This study has shown that staining of RMA cells express-
ing H60a, H60a-CD2 or H60a-CD4 by the NKG2D tetramer matches the pattern of antibody stain-

ing, suggesting that the elongation of H60a does not alter binding of NKG2D. In this same study 
the interactions between H60a and NKG2D were examined using a cellular conjugation assay. NK 

cells were observed to form few conjugates with untransfected target cells, but conjugates in-
creased when RMA cells expressed H60a. The formation of conjugates was equally well estab-

lished between NK cells and RMA cells expressing the normal or the elongated H60a-CD4, indicat-
ing that elongation of H60a does not disrupt binding of NKG2D to its ligand. Moreover, when RMA 

cells expressed the regular H60a ligand, high levels of cell lysis were observed using IL-2 stimulat-
ed NK cells as effectors, but killing of RMA cells expressing the elongated H60a ligands was less 

efficient. Killing assays using ex vivo NK cells produced similar results. These findings show that 
elongation of H60a reduces NKG2D-dependent activation of NK cells. An SCT of Qa1b, a ligand 

for CD94/NKG2A, and an SCT of the H-2Kb molecule, a ligand for the Ly49C receptor, and their 
respective elongated versions were also used to study the effect of elongation on NK cell inhibitory 

ligands. As for the H60a ligand, the ligand elongations were made by the insertion of additional 
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IgSf domains. Interestingly, the authors reported that the elongation of ligands for both the inhibito-

ry Ly49C/I and CD94/NKG2A receptors reduced NK-cell inhibition (Brzostek et al. 2010). There-
fore, these results showed that ligand dimensions are important for both NK cell inhibition and acti-

vation, and similar principles may apply to receptor triggering on all lymphocytes. It is not under-
stood yet whether the Ig spacer domains inserted into the elongated ligands are inert or might have 

an effect on the results. However, it seems unlikely that the introduction of spacer domains would 
provoke the opposite outcomes of decreasing NK cell activation in H60a experiments but increas-

ing NK cell activation in H-2Kb and Qa1 experiments. 
In another study wild-type MICA protein was sufficient to trigger activation of NKL or NK cells, but 

elongated versions of MICA were less effective, and MICA length inversely correlated with the 
functional response (Kohler et al. 2010). It was also shown that elongation does not impede 

NKG2D binding to MICA, but does impair the activation signalling pathway, detected as SLP-76 
phosphorylation. These findings suggest that elongation of MICA hinders NKG2D triggering, which 

is consistent with the study showing reduced NK cell activation efficacy with elongation of H60a. 
This same study used a single-chain trimer of HLA-Cw6 with an incorporated peptide recognised 

by KIR2DL1. The expression of normal length HLA-Cw6 on 721.221 cells effectively inhibited the 
killing activity of YTS cells expressing KIR2DL1. Elongated versions of HLA-Cw6, however, re-

duced KIR2DL1-mediated inhibition of NK cell lysis. This inhibition was inversely correlated with 
the length of HLA-Cw6. Phosphorylation of the ITIM cytoplasmic tyrosine residues was necessary 

for the inhibitory effect of KIR2DL1. Interestingly, this study indicated that elongated and normal 
length HLA-Cw6 spontaneously segregate at the immune synapse, showing that differences in di-

mensions are sufficient to induce separation of receptor/ligand complexes at the synapse. This ex-
perimental observation was made using confocal microscopy and Pearson's colocalisation quo-

tient, which does not demonstrate directly the relative nanometer colocalisation of the receptors. 
Nevertheless, this study suggested that inhibitory receptors need to co-localise with binding acti-

vating receptors in the immune synapse in order to effectively inhibit NK cell activity. Therefore, 
matched sizes of MICA and HLA-Cw6 were important both for co-localisation within the synapse 

and for signal integration, and the co-localisation was found to increase when HLA-Cw6 and MICA 
have similar dimensions. Normal length HLA-Cw6 was found to only inhibit activation triggered by 

normal length MICA, and elongated HLA-Cw6 could only inhibit activation by elongated MICA pro-
teins. Therefore, effective signal integration between NKG2D and KIR2DL1 requires size-matched 

NKG2D/MICA and KIR2DL1/HLA-Cw6 complexes, so that they can co-localise within the immune 
synapse. The importance of matched dimensions of NKG2D/MICA and KIR2DL1/HLA-Cw6 com-

plexes suggested that this might be required for NK cell signal integration (Kohler et al. 2010). The 
available structural data support this hypothesis, suggesting that, despite some variation in struc-

ture and length of immune receptors, most receptor/ligand complexes have similar dimensions (10 
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to 15nm) and are dependent upon common signalling subunits (Dushek et al. 2012). In conclusion, 

these findings suggested the existence of a general lymphocyte receptor mechanism of signal in-
tegration from activating and inhibitory receptors, which depends on relatively small ligand dimen-

sions (Davis et al. 2006).

1.6.3.  Aims of the thesis

The work presented in this thesis aimed to measure the co-localisation of activating and inhibitory 
receptors in NK cells upon IS formation. The hypothesis investigated was that  differential NKG2D 

and Ly49A co-localisation upon NK IS formation provides a molecular mechanism for early NK cell 
signal integration. This hypothesis was tested using NKG2D-GFP and Ly49A-RFP-expressing pri-

mary NK cells ex vivo derived from retrogenic mice, in cell-cell conjugates with NIH3T3 target cells. 
These target cells express endogenous ligands for the NKG2D activating receptor, and transfec-

tants were generated to co-express H-2Dd ligands for the Ly49A inhibitory receptor.  The transfec-
tants expressed either H2-Dd SCT or H2-Dd-CD4 SCT MHC-I molecules (a native or elongated 

version of the Ly49A ligand, respectively), in order to test the effects of inhibitory ligand extension. 
The co-localisation of NKG2D-GFP2 and Ly49A-RFP was investigated on a nanometer scale by 

measuring Förster resonance energy transfer (FRET) between the fluorescent-tagged receptors. 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Chapter 2.   Material and Methods 

Laboratory work was carried out at the Department of Immunology, St Mary’s Campus, Imperial 

College London, in collaboration with the Department of Immunology, Hammersmith Campus, Im-
perial College London, and the Medical Research Council Laboratory for Molecular Cell Biology, 

University College London, United Kingdom. 
All laboratory work was completed in accordance with local health and safety rules.

2.1. Molecular Biology

2.1.1. Polymerase chain reaction (PCR)

PCR reactions were carried out using a Pfu DNA Polymerase kit (Life Technologies EP0501). Re-
actions were performed in a total reaction volume of 50 µl, including 5 µl of 10x polymerase buffer 

with MgSO4, 10 mM of dNTPs, 20 to 100 ng of template DNA and 1 µl of 10mM forward and re-
verse primers (custom made by Invitrogen). Following addition of 1µl Pfu polymerase, samples 

were placed in a thermal cycler (Perkin Elmer) at 95oC for 10 minutes to ensure an efficient initial 
denaturation of the DNA template. The thermal cycling performed used a 25-35 cycle programme 

of 1 min denaturation at 96oC, 2 min annealing at 50-55oC and approximately 2 min primer exten-
sion at 72oC, according to the estimated amplified fragment size. Thermal cycler conditions were 

slightly adjusted when required through the different experiments, to optimise DNA amplification. 
Size and quantity of PCR products were assessed using 1-1.2% agarose gel electrophoresis, and 

standard-sized DNA ladders were used as markers (HyperLadder I and IV, Bioline 33025). Purifica-
tion of reaction products was carried out using a Quick PCR purification kit (Qiagen 28106), follow-

ing the manufacturer’s instructions. DNA concentration was determined using Nanodrop technolo-
gy (Nanodrop 1000). For details of primer sequences and plasmids used see appendix I and III.

2.1.2. Restriction digestion

Enzymes used in restriction digestions were all purchased from New England Biolabs. HindIII and 
XhoI double digests were used to clone the NKG2D and Ly49A constructs into the pTagGFP2 and 

pTagRFP expression vectors, respectively. SalI and EcoRI double digestions were used to sub-
clone NKG2D(S/L)-GFP2 and Ly49A-RFP fusion constructs into the pMIGR1 retroviral vector.  

HindIII and XhoI double digests were used to clone the DAP10 and DAP12 constructs into the 
pcDNA3.1(hyg+) mammalian expression vector. Approximately 0.3 to 1 µg of the DNA fragment 
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and 1 μl of vector (1 µg/μl) were digested for approximately 1h at 37oC in a total volume of 50µl 

with 5 μl of NEB 10x recommended restriction buffer, according to the manufacturer’s instructions. 
Following digestions, DNA fragments were purified using a PCR purification kit (Quick PCR purifi-

cation kit, Qiagen 28106 or PureLink® Quick Gel Extraction Kit, Life Technologies, K2100-12) and 
then verified by gel electrophoresis. Digestion products were analysed using gel electrophoresis in 

a 1.2% agarose gel, 1x Tris/Borate/EDTA [TBE] buffer + 1:1000 SYBR® Safe DNA Gel Stain (Life 
Technologies S33102). Samples were added after addition of 5x DNA Sample Loading Solution 

(Bioline 37045) in a dilution of 1:5, alongside 7 μl of HyperLadder I (Bioline 33025). Electrophoresis 
gels were analysed using a Bio-Rad ChemiDoc XRS Imager. The digested fragments, as well as 

the digested vector backbone, were extracted with PureLink® Quick Gel Extraction Kit (Life Tech-
nologies, K2100-12), following the kit’s instructions, and eluted in 30 μl of nuclease free H2O (Nu-

clease-Free Water AM9932).

2.1.3. Ligation 

Ligations of purified vectors and PCR product digests were carried out in an Eppendorf tube, in a 

total volume of 20 µl reaction mixture, at room temperature for 10 minutes. The ligation reaction 
contained the following reagents: 10 µl 2x of Quick Ligase Buffer (NEB B2200S), 1 µl of each di-

gested vector of interest, 8 µl of amplified PCR product previously digested with the restriction en-
zymes of interest and 1 µl of Quick T4 DNA Ligase. Following the reaction, competent bacteria 

were transformed with an aliquot of the ligation mixture (see 2.1.4).

2.1.4. Transformation

XL 10-Gold competent E. coli (Stratagene) or Max Efficiency DH5α bacteria (Invitrogen 
18258-012) were used for transformation of ligation reactions or plasmid DNA. Bacteria were 

thawed on ice for 10 minutes and 2 µl of ligation reaction or standard plasmids (10pg to 200g DNA) 
were added per vial to 50 µl of competent bacteria. After 30min incubating on ice, cells were sub-

jected to a heat shock of 42oC for 30 seconds in a water bath, followed by 2min on ice. 300 µl of 
super optimal broth with catabolite repression (SOC) medium (Invitrogen 15544) was added, and 

the samples were incubated for 1h at 37oC in the shaker at 225 RPM. Bacteria were then plated 
onto Lysogeny broth (LB) medium agar plates containing 100 µg/ml of ampicillin (Sigma-Aldrich) or 

kanamycin and incubated overnight at 37oC. The following day, colonies were inoculated to 1 ml of 
LB medium containing ampicillin or kanamycin and incubated overnight at 37oC in a shaker at 225 
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RPM. Bacteria were grown as needed in either small volumes (approximately 1ml, MiniPrep) or 

large volumes (approximately 500ml, MaxiPrep) and spun down in a micro centrifuge at 12,500 
RPM or ultracentrifuge at 11,000 RPM, respectively. Small scale plasmid preparations were pre-

pared using MiniPrep kits (Qiagen 27106) and large scale plasmid preparations were done using 
HighSpeed or Endo-free MaxiPrep kits (Qiagen 12162), both following the manufacturer’s instruc-

tions.

2.1.5. Reverse transcription 

Previsouly extracted ribonucleic acid (RNA) from approximately 107 splenocytes from a C57BL/6 

mouse was thawed in order to generate the cDNAs encoding mouse DAP10 and DAP12 using a 
reverse transcriptase (RT) reaction kit (QIAGEN OneStep RT-PCR Kit 210210). For the reaction, 

approximately 500 ng of the RNA template sample was used with the following reagents (per reac-
tion): 2 μl QIAGEN One Step RT-PCR Enzyme mix, 2 μl 10 mM deoxyribonucleotide triphosphates 

(dNTPs), 10 μl 5x QIAGEN OneStep RT-PCR Buffer, 10 μl 5x Q-Solution, 1 μl Forward and Re-
verse primers of interest (10mM), and RNase-free water was added to make up a total volume of 

50ul/reaction. The thermal cycler was programmed following the manufacturer’s instructions and 
after amplification the cDNA samples were analysed using 1% gel agarose electrophoresis and 

then stored at -20°C. The amplified fragments were subsequently cloned into the pcDNA3.1(hyg+) 
plasmid using gene-specific primers with flanked sites coding for the restriction enzymes of inter-

est.

2.1.6. DNA sequencing

DNA of all constructs and plasmid inserts was sequenced at the Imperial College MRC CSC Ge-

nomics Core Laboratory (Hammersmith Campus) to confirm the sequences were correct.

2.1.7. Design of primers

NKG2D short (NM_001083322) and long (NM_033078.3) isoforms, Ly49A (NM_016659.3), DAP10 

(NM_011827.3) or DAP12 (NM_011662.2) from Mus musculus sequences were identified using the 
Pubmed database (http://www.ncbi.nlm.nih.gov/). Based on their DNA sequence information, 

primers were designed using Primer3Plus software (http://www.bioinformatics.nl/cgi-bin/primer3-
plus/primer3plus.cgi/). The primers of interest were ordered for sequencing and restriction site 

flanked sequences were included as appropriate for sub cloning (Invitrogen). For subcloning of 
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DAP 10 and DAP12 into the pcDNA3.1(hyg+) plasmid, a 5’ forward (Fw) primer containing a HindIII 

restriction site (A’AGCTT) and a 3’ reverse (Rev) primer containing a XhoI restriction site (C’TC-
GAG) were used. For sub cloning of NKG2D isoforms and Ly49A into the pTagGFP2 and pTagRFP 

plasmids, respectively, 5’ forward (Fw) primers containing a XhoI restriction site (C’TCGAG) and 3’ 
reverse (Rev) primers containing a XmaI restriction site (C’CCGGG) were used. For sub cloning 

tagGFP2-NKG2D S/L and tagRFP-Ly49A into the retroviral stem cell vector pMIGR1, 5’ forward 
(Fw) primers containing a EcoRI restriction site (G’AATTC) and 3’ reverse (Rev) primers containing 

a SalI restriction site (G’TCGAC) were used. For sub cloning Dd SCT and Dd CD4 SCT into the 
pcDNA3.1(hyg+) plasmid, a 5’ forward (Fw) primer containing a HindIII restriction site (A’AGCTT) 

and a 3’ reverse (Rev) primer containing a XhoI restriction site (C’TCGAG) were used.  For sub 
cloning the IRES sequence into pMIGR1_tagRFP-Ly49A both primers used contained a SalI re-

striction site (G’TCGAC). Finally, for sub cloning tagGFP2-NKG2D S/L sequences into pMI-
GR1_IRES_tagRFP-Ly49A, both primers used contained an EcoRI restriction site (G’TCGAC). For 

a full list of plasmids and primers see appendix I and II.

2.2.  Cell Culture

All tissue cell culture work was conducted in a class II Microbiological safety cabinet (Medical Ais 

Technology Lda.). A Sorvall T6000B centrifuge was used for most of the cell centrifugations. 

2.2.1  Cell counting 

A cell suspension in 20 μl was mixed with an equal volume of trypan blue reagent (Life Technolo-

gies 15250) and loaded into a pre-assembled haemocytometer chamber (FastRead 102).  Viable 
cells were counted under a light microscope and the final concentration for each cell suspension 

was determined by the average count of viable cells per large square (n) multiplied by 104, thus a 
final cell concentration equals n x 104 /ml.

2.2.2. Cell lines and Transfection

2.2.2.1  RMA and B3Z cells

RMA or EL4 cells (American Tissue Culture Collection, ATCC® TIB-39™) are a murine T lym-
phoblast lymphoma, a mutagenised variant of Rauscher virus-induced T cell lymphoma cells de-
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rived from a C57BL/6N mouse (Gays et al. 2000). B3Z cells are a CD8+ T cell hybridoma cell line, 

specific for the SIINFEKL peptide of ovalbumin. B3Z expresses β-galactosidase under control of 
the IL-2 promoter (Karttunen et al. 1992). 

RMA and B3Z cells were cultured in complete RPMI 1640 medium (Gibco) supplemented with 10% 
fetal calf serum (FCS, Gibco), 100U/ml penicillin/streptomycin (Gibco) and 1% L-Glutamine (2mM, 

Gibco), and incubated at 37oC in a cell culture incubator with an atmosphere of 5% CO2.

RMA Transfection

Cells were transferred into fresh culture media in a 1:5 ratio every two days. RMA cells were trans-

fected with pKG4 or pcDNA3.1(hyg+) plasmids expressing H60a or elongated H60a (H60aCD4) 
and Dd SCT or elongated Dd SCT (DdCD4 SCT) by electroporation (programme C009, nucleofec-

tion kit L, Amaxa Biosystems), following the manufacturer’s instructions. Stable transfectants were 
selected by adding a final concentration of 1 mg/ml geneticin (50mg/ml stock, Gibco) or 0.5 mg/ml 

hygromycin (50mg/ml stock, Gibco) to the culture media. Cells were enriched for H60a or Dd SCT 
cell surface expression using a BD FACS ARIAIIIU Cell Sorter (St. Mary's Flow Cytometry Core 

Facility). The transfectants were maintained in 1mg/ml geneticin or 0.5 mg/ml hygromycin and 
H60a or Dd SCT cell surface expression was regularly assessed by flow cytometry.

2.2.2.2. CHO cells

CHO-K1 cells (ATCC® CCL-61™) are a subclone of a parental CHO cell line, derived from an 
ovary of an adult Chinese hamster (Kao et al. 1968). CHO cells were cultured in Ham's F12 Nutri-

ent Mixture (Gibco, 21765-037) supplemented with 10% FCS, 100U/ml penicillin/streptomycin and 
2mM L-Glutamine at 37oC in an atmosphere of 5% CO2. CHO cells were introduced into fresh cul-

ture media in a 1:8 ratio every two to three days.

CHO Transfection

CHO cells were transfected using Lipofectamine 2000 reagent (Life Technologies 11668027), fol-

lowing the manufacturer’s instructions. CHO cells in a 6 well plate at about 70% confluence were 
cultured in complete Ham's F12 Nutrient Mixture with lipofectamine 2000:DNA mixture at 37oC for 

30 minutes. CHO cells transfected to express NKG2D-GFP2 short and long isoforms, DAP 10, 
DAP 12, H60a or Dd SCT and their elongated forms were maintained in Ham's F12 Nutrient Mix-

ture supplemented with 0.5 mg/ml geneticin, 0.5 mg/ml hygromycin or both, as appropriate. The 
cell surface expression of the NKG2D, H60a and Dd SCT constructs were regularly assessed by 

flow cytometry.
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CHO Sub-cloning

Some CHO cell transfectants were further selected and cloned using a limiting dilution technique. 

Briefly, transfected CHO cells were added to flat-bottom 96 well plates in a volume of 200µl Ham's 
F12 Nutrient Mixture medium with 0.8mg/ml geneticin or hygromycin per well, at an average con-

centration of 2.5 cells per ml (0.5 cells per well). Wells containing single clones were selected ap-
proximately 12 days later. Clones were further expanded and screened for NKG2D, H60a or Dd 

SCT cell surface expression by flow cytometry.

2.2.2.3. HEK 293T and Phoenix ecotropic cells

HEK 293T cells (ATCC® CRL-3216™) are a human embryonic kidney epithelial cell line commonly 

used for transfection and the production of lentivirus or retrovirus viral supernatants (Pear et al. 
1993). Phoenix eco(tropic) cells (ATCC® CRL-3214™) are a packaging cell line, a modified line of 

human 293T cells transformed to constitutively express Gag-Pol introduced with a hygromycin  se-
lection marker and an ecotropic virus envelope protein. Cells were grown in 75 cm2 T flasks with 

Isocove’s Modified Dulbecco medium (IMDM) (Gibco BE12722F), supplemented with 10 % FCS 
(Gibco) and 1 % L-glutamine 200mM (GIBCO 25030) (2 mM). Cells were detached with a 0.5% 

Trypsin-EDTA solution (10x Trypsin, Gibco 15400-054) and changed into fresh IMDM medium in a 
1:10 ratio every two to three days after growing up to an 80-90% confluence.

293T and Phoenix eco Transfection

293T and Phoenix eco cells were transfected using the Lipofectamine 2000 reagent (Life Tech-
nologies 11668027), following the manufacturer’s instructions. For more information on Phoenix 

eco packaging cells transfection, retrovirus production and transduction see 2.5.

2.2.2.4. NIH/3T3 cells

NIH/3T3 cells (ATCC® CRL-1658™) are a commonly used cell line of mouse embryonic fibroblasts 

from the NIH/Swiss mouse strain (Todaro GJ 1963). This cell line is easily transfected, and has 
been extensively used for DNA transfection studies. The NIH/3T3 cells used in this study were 

kindly provided by Dr. Nadia Guerra (Imperial College London). NIH/3T3 cells were grown in either 
IMDM or RPMI supplemented with 10 % FCS (Gibco) and 1 % L-glutamine 200mM (GIBCO 

25030) (2 mM).
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NIH/3T3 transfection

NIH/3T3 cells were transfected using the Lipofectamine 2000 reagent (Life Technologies 

11668027), following the manufacturer’s instructions. The transfectants were maintained in 0.5mg/
ml geneticin and Dd or DdCD4 SCT cell surface expression was regularly assessed by flow cytome-

try.

2.2.2.5. OP9 cells

OP9 cells (ATCC® CRL-2749™) are stromal embryonic stem cells that can be used in co-culture 

with mouse stem cells to induce their differentiation into different haematopoietic cell lineages (e.g. 
B cells) (Nakano et al. 1994). OP9-GFP cells used in this study were kindly provided by Dr. Hugh 

Brady (Imperial College London) (Crotta et al. 2014). Cells were cultured in Isocove’s Modified 
Dulbecco medium (IMDM) (Gibco BE12722F), supplemented with 10 % FCS (Gibco) and 1 % L-

glutamine 200mM (GIBCO 25030) (2 mM). Cells were changed into fresh medium every 3 days 
and were incubated at 37°C in a 5% CO2 atmosphere. For NK cell differentiation in vitro using OP9 

co-culture, 3x105 OP9 cells per well were seeded in 24 well flat-bottomed plates. Previously sorted 

BM Lin- cells (see 2.3.4.) were counted and re-suspended at 30,000 cells/ml in complete RPMI 

medium supplemented with IL15 (30ng/ml, Life Technologies cat. PMC0155). The Lin- cell suspen-

sion was co-cultured with OP9 feeder cells in 1 mL per well of the 24 well plate containing OP9 

feeder cells and incubated at 37°C in 5% CO2 for 4 days. On day 5, cells were cultured with fresh 

RPMI medium supplemented with IL15 (30ng/mL, Life Technologies cat. PMC0155). Cells were 

changed into fresh medium every 3 days and were allowed to differentiate for between 8 to 14 
days.

 

2.3. Murine primary cell culture and isolation

All primary cells were cultured in complete RPMI 1640 medium, as in 2.2.2.1, and further supple-
mented with 20mM HEPES buffer (Gibco 15630-056), Sodium Pyruvate 1x (Gibco 11360-070), 

MEM Non-Essential Amino Acids Solution 1x (Gibco 11140-068) and 2-β-Mercaptoethanol added 
to a final concentration of 50 µM. All cells were grown under humidified conditions at 37°C and 5 % 

CO2. 

2.3.1 NK cells 

Spleens were harvested from 4 to 16 weeks old male C57BL/6 mice (housed under standard con-
ditions at the Imperial College St Mary’s or Hammersmith CBS Animal Facilities (for more informa-

tion see 2.3.4). Spleens were extracted, mashed in a Petri dish and a single cell suspension was 
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prepared by filtering through a cell strainer into a 50mL tube. Cells were washed with complete 

RPMI medium and re-suspended in red blood cell lysis buffer 1x (eBioscience cat 00-4300-54) for 
5 minutes. RPMI medium was added to the tube to stop lysis and cells were washed twice with 

complete RPMI medium. NK cells were isolated by magnetic activated cell sorter (MACS) using the 
Miltenyi Mouse NK Isolation Kit II (Cat 130-096-892), following the manufacturer’s instructions. Us-

ing the same methodology, NK cells were also harvested from NKG2D-/- B6 mice, kindly provided 
by Dr. Nadia Guerra. For the enrichment of a specific NK cell subset, the cell population of interest 

was stained with a biotin-conjugated antibody, specific for the receptor of interest, and subjected to 
MACS using anti-biotin microbeads (Miltenyi Biotec).

2.3.2  Primary NK cell culture and ex vivo expansion

Isolated unlabeled NK cells were cultured in supplemented RPMI 1640 medium with 1000U/ml 
human recombinant IL-2 (Cetus Corporation) and incubated at 37oC in a 5% CO2 atmosphere for 6 

to 8 days. Purity of the NK cell cultures was checked by flow cytometry analysis following staining 
with anti-NK 1.1, -DX5 and -NKp46 antibodies.

2.3.3 Bone marrow cells

Bone marrow (BM) cells were harvested from the donor mice of interest: cells were flushed from 
both femurs and tibias with complete RPMI medium using a 30 gauge needle and passed through 

a 70 µm cell strainer. Cells were washed twice with complete RPMI medium and re-suspended in 
RBC lysis buffer 1x (eBioscience cat 00-4300-54) for 5 minutes on ice. Cells were spun down at 

1500 rpm for 10 minutes, washed twice with PBS and re-suspended in complete RPMI medium. 
HPC progenitors and stem cell populations were then further selected from murine BM cells using 

two different methodologies depending on the application:
 (i) BM cells were MACS sorted for a non lineage-committed cell population (Lin-) in order to differ-

entiate HPC progenitor cells into NK cells in vitro (Williams et al. 1999). This enriched population of 
Lin- progenitor cells was transduced and cultured in a specific cytokine containing medium in order 

to differentiate into NK cells (see 2.3.4 and 2.2.2.5).
(ii) Alternatively, BM cells were collected from donor mice previously injected intraperitoneally (i.p.) 

with 150mg/kg 5-fluorouracil (5FU, Invivogen) 48 to 72 hours before BM cell extraction. These cells 
were not magnetically sorted and were grown in an HPC cytokine rich medium in vitro.  After 7 

days culture and transduction with retrovirus, cells were injected into previously irradiated recipient 
mice in order to generate retrogenic mice  

(Bettini et al. 2013) (see 2.4.1).
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2.3.4 HPC isolation and ex vivo differentiation into NK cells

Extracted BM cells were selected using the Lineage Cell Depletion Kit, mouse (Cat. 130-090-858) 

MACS kit to select for a non lineage-committed cell population. 2x106 Lin- cells were transduced 
with the retrovirus of interest (see 2.5.2) and seeded in a 12 well plate in 2 ml of differentiation-

conditioned RPMI medium supplemented with IL7 (0.5 ng/ml, Life Technologies, cat. PMC0071), 
Fms-related tyrosine kinase 3 ligand, Flt3L (50 ng/ml, Peprotech 250-31L) and stem cell factor, c-

kit ligand (SCF, 30 ng/ml, Life Technologies, cat PHC2115). On day 3 after culture, cells received 
0.5 ml fresh differentiation-conditioned RPMI medium. On day 5, cells were cultured with RPMI 

medium supplemented with IL15 (30ng/ml Life Technologies cat. PMC0155). On day 8 after cul-
ture, cells received an extra 0.5 ml RPMI medium supplemented with IL15. On day 10 of culture, 

cells were allowed to differentiate and cultured in RPMI medium supplemented with IL15 (30ng/ml, 
cat. PMC0155) and IL2 (1000U/ml Cetus Corporation). On day 14, differentiated NK cells were an-

alysed using flow cytometry.

2.4. Mice

C57BL/6J (B6, H-2b), C57BL/6J Klrk1-/- (NKG2D-/-, H-2b), and Rag2-/- (RAG-/-, B6, H-2b) mice 

were used in this study. NKG2D -/- mice were kindly provided by Dr. Nadia Guerra (Imperial Col-
lege London) and were used as BM donors for both in vitro (see 2.3.4) and in vivo experiments 

(see 2.4.1). For the in vivo experiments, i.e. the generation of retrogenic mice, B6 or Rag-/- mice 
were used as recipients and all mice were culled between 4 and 16 weeks of age. NKG2D-/- 

mouse colony genotyping was performed by the research groups of Dr. Fiona Culley and Dr. Nadia 
Guerra. Mice were housed in specific pathogen free conditions and were bred at Imperial College 

London Hammersmith and St Mary’s campus’ animal facilities. All animal experiments were per-
formed in accordance with Home Office Animals (Scientific Procedures) Act of 1986 and carried 

out under an UK certified Home Office license (project license number 70/8002).

2.4.1. Retrogenic mice and cell adoptive transfer

BM cells were collected from donor mice, previously injected i.p. with 150mg/kg 5-fluorouracil 

(5FU, Invivogen) 48 to 72 hours before culling. The BM cell general yield was approximately 107 
cells per mouse. Cells were re-suspended to approximately 5x106 cells/ml and transduced once or 
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twice for expression of the receptor of interest (see 2.5). Cells were subsequently cultured in com-

plete RPMI medium supplemented with IL-3 (20 ng/mL, Life Technologies, PMC0034), IL-6 (50 ng/
mL, Life Technologies, PMC0034) and stem cell factor (SCF) (50 ng/mL, Life Technologies, PM-

C2114). Cells were changed into fresh RPMI medium every 3 days and were incubated in a 37 °C 
incubator at 5% CO2 for a maximum of 7 days before injection. 48 hours following transduction the 

percentage of transduced GFP+ or RFP+ cells was determined by flow cytometry.  Before intra-
venous injection, transduced cells were harvested and centrifuged at 1200 rpm for 10 minutes at 

room temperature and re-suspended in PBS in a 200μl volume per mouse injection. Recipient 
mice were administered with Bactrim (final concentration of 50 mg/kg in drinking water) before irra-

diation and injection, as well as for the duration of the experiment. Recipient mice were sub-lethally 
irradiated with 600 rad and each mouse was injected in the tail vein with at least 5x106 cells, un-

less stated otherwise. The mice were regularly bled, once a week, by nicking the tail vein and 
checked for reconstitution by using flow cytometry.

2.5. Retrovirus production and transduction

All transductions were carried out using a murine stem cell retroviral gene transfer pMIGR1 based 

vector (Addgene Plasmid #27490) under category 2 safety lab conditions (Pear et al. 1998). 

2.5.1. Phoenix cells transfection 

Phoenix eco(tropic) cells were plated in a 6 well plate and transfected with 3µg vector of interest 

DNA and 1µg pEco helper plasmid per well using Lipofectamine 2000 (Life Technologies 
11668027), following the manufacturer’s instructions. Day 1 after transfection cells were washed 

twice in Hank's Balanced Salt Solution (HBBS) and fresh IMDM medium was added to each well. 
On the following day, viral supernatant was harvested and centrifuged to remove cell debris and 

either stored at -80ºC or used for transductions. Transfection efficiency was analysed by flow cy-
tometry.

2.5.2. Mouse cells transduction

HPC cells were transduced using a spin infection protocol. 5x106 HPC cells were re-suspended in 
2 ml of viral supernatant with 8µg/ml polybrene and centrifuged at 1,500 RPM for 1.5 hours at 

room temperature. For double transductions cells were re-suspended in 1ml of each viral super-
natant. Cells were transduced once or twice depending on the relative efficiency of transduction, 
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analysed by flow cytometry. After transduction, cells were re-suspended in fresh RPMI medium 

supplemented with cytokines at the final concentrations described above  (see 2.4.1. and 2.3.4.). A 
similar protocol was also used for B3Z cell transduction. 

2.6. Flow cytometry and cell sorting

Flow cytometry work was carried out using a BD LSR Fortessa machine and cell sorting was car-
ried out using a BD FACS ARIAIIIU Cell Sorter at the St. Mary's Flow Cytometry Core Facility 

(NHLI, Respiratory Infections). Data acquired was analysed using FlowJo software (Tree Star, 
Inc.).

2.6.1. Surface antibody staining

5x105 to 1x106 cells were placed in FACS tubes. Cells were washed twice with PBS supplemented 
with 5% FCS (FACS buffer) and re-suspended in a volume of 100µl FACS buffer with the mono-

clonal antibodies of interest added in appropriate concentrations (see list of antibodies in table 2.1). 
Cells were incubated in the dark for 30 minutes, washed twice with PBS and resuspended in 150µl 

of FACS buffer before analysis.

2.6.2. Intracellular antibody staining

Foxp3 Fixation/Permeabilization Concentrate and Diluent (eBioscience Cat. No. 00-5521) were 

used according to the manufacturer’s instructions. 5x105 cells were fixed and permeabilised using 
1 mL of Foxp3 Fixation/Permeabilization working solution and incubated at room temperature for 

30 minutes. Cells were washed in PBS and stained with the intracellular antibodies of interest in 
appropriate concentrations. Cells were washed twice in PBS and analysed by flow cytometry.

2.6.3. Intracellular cytokine staining

5x105 IL2 stimulated NK cells were incubated in plates pre-coated with the antibodies of interest in 
the presence of 5 µg/µl brefeldin A (Biolegend). After 4 hours of incubation, cells were collected, 

stained for IFN-y, fixed and analysed by flow cytometry (see 2.6.2). 

�77



2.6.4. Cell sorting

Approximately 5x105 to 1x106 cells were placed in FACS tubes for cell sorting and stained if nec-

essary as mentioned above (see 2.6.1). Cells were re-suspended in complete RPMI medium to a 
concentration of 5x106 cells/ml. Cells were sorted according to their fluorescence markers using a 

single and live cell gating strategy. Cells were sorted for a level of purity of >95% and the level of 
expression was subsequently assessed at regular intervals.
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2.6.5.  Antibodies

Table 2.1. Table of mouse antibodies used. FACS -  flow cytometry; FA - functional assay, Stim - stimulato-
ry, N/A - not applicable. 

List of Mouse Antibodies

Antibody / 
specificity

Clone /  

reference

Label 
Dilution Isotype Application Supplier

NKG2D C7 PE 1:100
Armenian 

Hamster IgG
FACS Biolegend

NKG2D C7
Biotin 

1:100
Armenian 

Hamster IgG
FACS Biolegend

Ly49A YE1/48.10.6 Biotin 1:100 Rat IgG2a, κ FACS/FA/Stim Biolegend

NK 1.1 PK136 PerCP 1:100 Mouse IgG2a, κ FACS Biolegend

NKp46 29A1.4 PeCy7 1:100 Rat IgG2a, κ FACS Biolegend

CD3 17A2 PeCy7 1:100 Rat IgG2b, κ FACS Biolegend

CD49b DX5 APC 1:100 Rat IgM, κ FACS Biolegend

H2Dd 34-2-12 PE 1:100
Mouse (C3H/

HeJ) IgG2a, κ
FACS Biolegend

H2Dd 34-5-85 Biotin 1:100 Rat IgG2a, κ FACS Abcam

H60 205326 PE 1:100 Rat IgG2a, κ FACS R&D systems

Rat IgG1,isotype 

control NKG2D
RTK2071 LEAF purified 1:100 Rat IgG1, κ FA/Stim Biolegend

Rat IgG2,isotype 
control Ly49A

RTK2758 Biotin 1:100 Rat IgG2a, κ FA/Stim Biolegend

CD8 53-6.7 BV605 1:100 Rat IgG2a, κ FACS Biolegend

IFN-y XMG1.2 BV605 1:100 Rat IgG1, κ FACS Biolegend

NK1.1 PK136 APC 1:100 Mouse IgG2a, κ FACS Biolegend

Ly49D 400000 PE 1:100 Rat IgG2a, κ FACS Biolegend

Ly49C/I 14B11 Biotin 1:100
Syrian Hamster 

IGg1
FACS Biolegend

NKG2D CX5 LEAF purity 1:100
Armenian 

Hamster IgG
FA/Stim Biolegend

Streptavidin N/A PE 1:200 N/A FACS Biolegend

Streptavidin N/A FITC 1:200 N/A FACS Biolegend
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2.7.  Functional assays

2.7.1. Flow cytometry-based NK cell cytotoxicity assay

Target cells were stained with a CellTrace™ CFSE Cell Proliferation Kit (Life Technologies, 

C34554) or CellTrace™ Violet Cell Proliferation Kit (Life Technologies, C34557) and 1x105 target 
cells were placed in FACS tubes. Purified splenic NK cells expanded in IL2 for 6 to 9 days were 

used as effector cells at different effector:target cell ratios. Cells were incubated together for 6 
hours at 37°C and fixed with 4% PFA for 15 minutes. Before FACS acquisition, cells were re-sus-

pended in PBS with 30nM of 4',6-diamidino-2-phenylindole (DAPI, Life Technologies, D1306). In 
each tube, 10 µl of bright beads (Life Technologies, C36950) were added for precise cell counting 

and the relative number of cells lysed was extrapolated according to the manufacturer’s instruc-
tions.   

2.7.2. 51Cr release cytotoxicity assay

1x106 target cells were labelled with 50 to 100  µCi 51Cr (1 mCi/ml, PerkinElmer, NEZ030S001MC) 
in 200 µL of complete RPMI medium for 1h at 37oC in 5% CO2 atmosphere, followed by two wash-

es in 15 mL of RPMI medium. Cells were re-suspended at 200,000 target cells/ml and 10,000 cells 
per well were added to a 96 round-bottom cell culture plate (50µl volume). NK cells at the appro-

priate effector:target cell ratio or control medium or detergent to measure spontaneous and maxi-
mum 51Cr release were added to these wells to make up a total volume of 100µl per well and 

plates were incubated for 4 hours at 37 °C in a 5% CO2 atmosphere.
Following centrifugation of the plates, 50 µl aliquots of the supernatants were removed and dried 

on LumaPlate plates (Packard) overnight. Radioactivity was measured using a TopCount mi-
croplate scintillation counter (Packard) and a mean value of triplicate samples was used for each 

experimental point. The percentage of specific lysis (% lysis) was calculated using the standard 
formula:
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2.7.3. Cellular conjugation assay

NIH3T3 or RMA target cells were labelled with a CellTrace™ Violet Cell Proliferation Kit (Life Tech-

nologies, C34557). After labelling, cells  were washed four times and rested for 1 hour at 37ºC. 
Equal numbers of effector cells (expressing fluorescent receptors) and target cells were mixed in a 

200ul volume and centrifuged to stimulate conjugate formation. Cells were then incubated for a 
further 5 minutes and fixed using 4% PFA for 15 minutes. Cells were then gently resuspended in 

FACS buffer and analysed by flow cytometry. The relative ratio and percentage of duplets and 
double positive events were taken as estimates of conjugate formation.

2.8.  Fluorescence Microscopy 

2.8.1.  Confocal imaging and Immune synapse preparation

Target cells were stained with a CellTrace™ Violet Cell Proliferation Kit (Life Technologies, 
C34557) and NK cells were stimulated and expanded with IL2 in culture for 6 to 8 days. Immuno-

logical synapses were formed by incubating target cells together with NK cells at a ratio of approx-
imately 1:3 NK cell:target cell ratio. Target cells were seeded onto µ-Slide 8 Well Glass Bottom 

plates (Ibidi, 80827) 24 hours before use and left in cell culture in complete RPMI medium 
overnight at 37°C. NK cells were then added on top of the adherent monolayer of target cells, cen-

trifuged at 1500 rpm and left to form synapses for approximately 5 minutes at 37°C. Cells were 
then fixed in 4% PFA for 15 min, washed in PBS twice and 200 µL of Mowiol was added to each 

well. Immunological synapses were acquired from these plates during the following 4 weeks. Con-
focal images were acquired using a Leica TCS SP5 confocal microscope (Leica DMI6000) with a 

63× oil-immersed objective. Images were processed using Fiji software (ImageJ, NIH, Bethesda, 
MD). 

2.8.2. FRET analysis

FRET analysis was performed using the ImageJ plugin AccPbFRET (http://www.biophys.dote.hu/
accpbfret/) for analysis of acceptor photobleaching FRET images. FRET analysis was carried out 

in accordance with the developer’s instructions (Roszik et al. 2008). The UV laser (excitation filter 
BP340-380) was used to identify target cells and a z-stack plane region of interface between the 

target cell and the NK cell was considered a synapse. For FRET analysis, images were taken from 
the donor (TagGFP, 488nm excitation laser) and acceptor (TagRFP, 514nm excitation laser) chan-

nels before and after acceptor photobleaching. To avoid crosstalk and compensation between dif-
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ferent excitation channels, images were captured in sequential mode. Each synapse corresponded 

to a single z-stack and all confocal images were collected using a pinhole of 1Airy Unit diameter, 
automatically adjusted to maintain the same optical section thickness between channels of approx-

imately 856nm.

2.9.  Data analysis and statistical tests

Flow cytometry files (FCS.) were analysed using FlowJo 8.7 software (TreeStar Inc.). Data analy-

sis was mainly carried out and processed using spreadsheet software Numbers (version 2.3). Sta-
tistical analysis including arithmetic means, standard deviations, one way ANOVA and Mann-Whit-

ney and Wilcoxon matched pairs rank tests were done using Prism 6 (GraphPad). Results were 
considered statistically significant when the associated p-value was lower than 0.05  (* <0.05, ** 

<0.01, *** <0.001).
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Chapter 3.   Fluorescent tagged NK cell receptors and 

elongated ligands

3.1. Introduction

NK cell biological functions are dependent on a multitude of signals delivered exclusively by germ-

line encoded receptors (Vivier et al. 2011). The integration of distinct signals triggered by activating 
and inhibitory receptors determines the quality and the intensity of NK cell responses. However, 

how exactly NK cells “compute” a functional readout from multiple and antagonistic signals, rapidly 
and locally upon immunological synapse formation, is yet unknown. An increasing number of re-

cent studies suggest a correlation between NK cell receptors organisation upon IS formation, sig-
nal integration and effector functions (Brzostek et al. 2010). However, a physiological experimental 

model to further characterise the relationship between receptor organisation and NK signal integra-
tion is still necessary. In this study, fluorescent tagged NK cell receptors and elongated ligands 

were used to study the spatial organisation of NK cell receptors and signal integration in primary 
NK cells.

3.2. Aims

The main aim was to study the molecular mechanisms behind NK cell signal integration. Here, a 
strategy was developed to study the relative co-localisation or segregation, upon formation of the 

immunological synapse, of two opposing, activating and inhibitory, NK cell receptors. Hence, for 
the present chapter, the aims of the following experiments were:

- to generate and fluorescent tagged activating (NKG2D-GFP2) and inhibitory (Ly49A-RFP) NK 
cell receptors, in a stem cell retroviral vector system (pMIGR1), to be expressed in immune cell 
lines and primary NK cells of C57BL/6 background;

- to generate and characterise target cell lines expressing various combinations of NK cell lig-
ands, and their respective elongated versions (H60a, H60a-CD4, SCT-Dd, SCT-DdCD4).
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3.3.  Fluorescent tagged NK cell receptors

The use of fluorescent protein (FP) fusions is a common strategy for studying the localisation of 
proteins and their interactions (Stadler et al. 2013). Recently, a series of studies have also em-

ployed FP-tagged NK cell receptors or ligands to study various aspects of NK cell biology:

i) NKp46-eGFP (mouse) was expressed in vivo in the C57BL/6 background, using a knock in 
mouse model, to investigate NK cell licensing. The eGFP fusion receptor replaced the en-

dogenous NKp46 and did not seem to affect NKp46 dependent IFN-y production or cell sur-
face expression (Guia et al. 2011b). 

ii) KIR2DL1-GFP, Cw6-mCherry and KIR2DL2-mCherry (human) were expressed in human NK 
tumour line (NKL) cells, revealing differential microcluster formation and co-localised areas 

(Treanor et al. 2006). 
iii) NKG2D-GFP (human) was expressed in NKL transfected cells to study the organisation of 

NKG2D at the immune synapse (Brown et al. 2011). 
iv) KIR2DL1-tdEosFP (human) was expressed in NKL transfected cells and used to characterise 

the spatial patterning of KIR2DL1 using PALM and GSDIM super-resolution microscopy (Pa-
geon et al. 2013).

v) H2Dd-RFP and Ly49A-GFP (mouse) were used to study the clustering between ligand and 
receptor expressed in J7 cells. Ly49A-GFP did not inhibit IFN-γ production, indicating that 

GFP-fusion compromises Ly49A inhibitory capabilities (Ito et al. 2009). 

In the studies mentioned above, the efficiency of expression, clustering and maintenance of func-
tionality varies according to the NK cell receptor/ligand used. Most of the FP-tagged receptors or 

ligands were expressed in NK cell-like cell lines.

In this work, two prototypical NK cell receptors fused with GFP2 or RFP were generated for ex-
pression by a stem cell retroviral vector (see Figure 3.1):

- NKG2D (both short and long mouse isoforms) fused with TagGFP2 (NKG2D-S-GFP2 and 

NKG2D-L-GFP2, respectively);
- Ly49A, fused with TagRFP (Ly49A-RFP).

In this study NKG2D fused with GFP2 and Ly49A fused with RFP were used because they are pro-
totypical mouse activating and inhibitory NK cell receptors, respectively, and their functional bal-
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Figure 3.1. Simplified scheme of NKG2D-GFP2 and Ly49A-RFP at the NK cell 

surface. A) NKG2D fused GFP2. Homodimeric NKG2D receptor; each of the light 
purple and dark purple monomers were fused with a GFP2 molecule, resulting in two 

GFP2 molecules per NKG2D receptor. NKG2D cell surface expression is dependent 
on its association with either of its adaptor proteins DAP 10 or DAP 12. NKG2D-GFP2 

receptors were generated for both NKG2D mouse isoforms, short and long. B) Ly49A 
fused RFP. Ly49A NK cell receptors exist at the cell surface in the form of disulphide-

linked homodimers, each fused with an RFP molecule. Image representation is not to 
scale and is adapted from Li, Wang, and Mariuzza, 2011 and Dimasi and Biassoni, 

2005. Originally published in The Journal of Experimental Medicine. doi: 10.1084/jem.
20102548

A) B)



ance, signal integration, is well described (Regunathan et al. 2005). Moreover, both of these NK 

cell receptors have a variety of tools commercially available to facilitate their use and further study. 
The choice of these two fluorescent proteins was related to the fact that the fluorescence spectra 

of GFP2 along with RFP form an excellent overlap of donor emission and acceptor excitation spec-
tra resulting in an effective FRET pair for co-localisation studies (Shcherbo et al. 2009).

3.4  NKG2D-GFP2

In a study by Brown et al. in 2011, a human NKG2D tagged with GFP was expressed in NKL cells 
to study NK cell IS formation. The human GFP-tagged NKG2D forms microclusters and adopts a 

ring shaped organisation upon IS formation with target cells expressing the NKG2D ligand MICA. 
The human GFP tagged NKG2D was reported to be functional, but no direct NKG2D-mediated 

killing was demonstrated (Brown et al. 2011). Here, the two forms of mouse NKG2D fused with 
GFP were generated. Unlike the human version of the receptor, mouse NKG2D produces two al-

ternatively spliced isoforms:  (i) short (NKG2D-S) and long (NKG2D-L) isoform. The two mouse 
isoforms differ only by 13 amino acids at the N-terminus, but have distinct signalling capacities in 

association with DAP10 or DAP12 (for more information see Chapter 1, 1.4) (Diefenbach et al. 
2002). The consequences of tagging GFP to both mouse NKG2D isoforms haven’t been reported 

yet and were investigated in this study. A variant of GFP, TagGFP2, was used in this work. This 
version matures 1.6-fold faster than TagGFP and is characterised by an improved performance in 

fusions (Subach et al. 2008). TagGFP2 will be referred to subsequently as GFP2 for simplicity. The 
following paragraphs describe the process of generating both mouse NKG2D isoforms fused with 

GFP2 (NKG2D-S-GFP2 and NKG2D-L-GFP2), and their association with DAP 10 and DAP12.

3.4.1 Strategy to generate NKG2D-S-GFP2 and NKG2D-L-GFP2

The strategy used to generate both isoforms of NKG2D-GFP2 is illustrated in Figure 3.2. For each 
construct, the C-terminal end of DNA encoding GFP2 was tagged to the N- terminal end of 

NKG2D. This allowed the expression of the FP at the extremity of the intracellular tail of each 
monomer of NKG2D, as this receptor is a transmembrane protein of type II (Garrity et al. 2005). 

The restriction enzymes used for sub cloning were XhoI and XmaI, inserted into the 5’ and 3’ end 

primers, respectively. XhoI and XmaI restriction sequences were previously confirmed not to exist 

in the internal DNA sequences of GFP2-NKG2D short or long isoforms (for more information see 
Appendix II, Figure 3.2). 
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Figure 3.2. Schematic representation of the strategy used to generate NKG2D-GFP2. 

To generate NKG2D-GFP2, both isoforms of NKG2D, long and short, were sub cloned into 
the pTagGFP2-C mammalian expression vector (Evrogen, cat. FP191) using a mouse 

NKG2D cDNA clone (NM_033078) expression vector (Origene,  MC204602). NKG2D iso-
forms were amplified and generated by PCR using primer sequences containing 5’ XhoI and 

3’ XmaI restriction sites. Distinct 3’ end reverse primers were used to selectively amplify the 
short or long isoform of NKG2D. The pTagGFP2-C plasmid was digested with XhoI and 

XmaI enzymes and purified to clone the previously amplified NKG2D fragments. The digest-
ed vectors’ backbones and the PCR fragments were extracted in gel, ligated and trans-

formed into competent bacteria. A selection of plasmids were sequenced and one plasmid 
for each construct was chosen for future transfection and subsequent subcloning into pMI-

GR1. 



3.4.2  NKG2D-GFP2 cell surface expression and its association with 

DAP10 and DAP12 adaptor proteins

As previously mentioned, mouse NKG2D associates differently with DAP10 or DAP12 according to 
the isoform expressed. NKG2D-S associates with both DAP10 and DAP 12 and NKG2D-L as-

sociates stably and efficiently with DAP10 only (Diefenbach et al. 2002) (see Chapter 1, 1.2.2). 
NKG2D-L and NKG2D-S distinct capacity to associate with DAP10 and DAP12 is intriguing be-

cause the two isoforms differ only in 13 extra a.a. (MALIRDRKSHHSE) found in the NH2 terminal 
end of the cytoplasmic tail. It was hypothesised that the impairment of DAP12 association with 

NKG2D-L is caused by steric hindrance by the longer tail of NKG2D-L, rendering the NKG2D-L/
DAP12 complex unstable (Rosen et al. 2004). If that is the case, adding a fluorescent molecule 

(e.g. GFP) to the cytoplasmic end of NKG2D-S would be expected to interfere with its normal as-
sociation with DAP12. Nevertheless, and independently of the GFP fusion, NKG2D cell surface 

expression is dependent upon the efficient association with at least one of its adaptor proteins, 
DAP 10 and DAP12 (Diefenbach et al. 2002). Therefore, by studying NKG2D-GFP2 cell surface 

expression in co-transfection studies, its association with DAP 10 and DAP 12 may be analysed 
indirectly. 

While conducting this study, the following questions were addressed:

- Is NKG2D-GFP2 efficiently expressed at the cell surface? 

- Does GFP2 fusion impair NKG2D association with adaptor proteins?
- Are there significant differences in NKG2D association according to the isoform and/or adaptor 

protein expressed?

3.4.2.1   Generation of DAP 10 and DAP 12 mammalian expression vectors

Both DAP 10 and DAP 12 are essential innate immune signalling subunits expressed in all myeloid 

and NK cells (Lanier 2009). Both proteins are highly conserved and found in mammals, amphib-

ians and fish, evidence of their important role in vertebrate immunity (Guselnikov et al. 2003). The 

two signalling molecules can associate with multiple receptors (e.g. NKG2D, Ly49D and Ly49H) via 
an aspartic acid residue located in their transmembrane regions. DAP 12 contains one ITAM sig-

nalling motif which, upon tyrosine phosphorylation, recruits and activates Syk and ZAP70 in NK 
cells (Lanier et al. 1998). DAP 10 is encoded by the gene HSCT and contains a YINM sequence 
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that upon phosphorylation can bind to the phosphatidylinositol-3 kinase (PI3K) and Grb2 and sub-

sequently to Vav1 (Wu et al. 1999). 
In order to test NKG2D-GFP2 cell surface expression in association with DAP10 or DAP12,two dif-

ferent mammalian expression vectors, pcDNA3.1-DAP10 and pcDNA3.1-DAP12 were generated. 
DAP10 and DAP12 cDNAs were both obtained via a reverse transcription reaction using C57BL/6 

mice splenic RNA. The amplified cDNA fragments were successfully sub-cloned into a pcDNA3.1 
(hyg+) vector containing a hygromycin B resistance gene for later selection (see Figure 3.3). Both 

DAP10-and DAP12-expressing mammalian DNA vectors were used to transfect 293T and CHO 
cells (see Figure 3.4 and 3.6, respectively).  

3.4.2.2   Mouse NKG2D-GFP2 isoforms efficiently associate with DAP10 and are 

expressed at the cell surface

In order to verify whether NKG2D-GFP2 can fold correctly and be expressed at the cell surface in 
association with DAP10 and DAP12, both HEK293T cells, a human fibroblast-like cell line, and 

CHO cells, a Chinese hamster ovary cell line, were used for co-transfection studies. These cell 
lines were selected because they are easy to transfect using a cationic liposome based reagent, 

which results in high transfection efficiencies (Thomas et al. 2005). NKG2D cell surface expression 
was detected using an anti-NKG2D antibody (clone CX5, cat 130207). NKG2D-GFP2 isoforms 

were efficiently transfected into 293T or CHO cells and none of the isoforms showed significant 
NKG2D at the cell surface on its own. This was expected, as it has previously been described in 

the literature that NKG2D cell surface expression is dependent on its association with at least one 

intracellular adaptor protein, e.g. DAP 10, DAP 12 or Fc𝛄 (Diefenbach et al. 2002). None of the in-

tracellular immune signalling subunits necessary for NKG2D cell surface expression are reported 
to be expressed in 293T or CHO cells. 

In this study, when NKG2D-GFP2 was co-transfected with its adaptor proteins, it was observed 

that the GFP signal linearly correlates with the NKG2D staining, indicating cell surface expression 
of NKG2D, in particular in the presence of DAP 10 but only reduced levels in the presence of 

DAP12 (Figure 3.4). Using NKG2D mean fluorescence intensity (MFI) as a raw flow cytometry 
measure of association, it may be inferred that both isoforms can significantly associate with DAP 

10, but interestingly, DAP10 can associate significantly better with the short isoform than with the 
long isoform. Therefore, these results demonstrate that the GFP fusion on both mouse NKG2D-

GFP2 isoforms does not significantly impair its capacity to efficiently associate with DAP10, allow-
ing for an efficient NKG2D cell surface expression (see Figure 3.5).
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Figure 3.3. Schematic representation of the strategy used to generate DAP10 and 
DAP12 mammalian expression vectors, pcDNA3.1-DAP10 and pcDNA3.1-DAP12. pcD-

NA3.1 (hyg+) (Life Technologies, plasmid V870-20) was double digested with HindIII and XhoI 
(5’ and 3’ end, respectively) in order to excise the internal multiple cloning site (MCS). The 

double digested vector backbone was then purified and used for sub-cloning of pcDNA3.1-
DAP10 and pcDNA3.1-DAP12. DAP 10 and DAP 12 DNA fragments were generated and am-

plified by PCR using primer sequences containing 5’ HindIII and 3’ XhoI restriction sites. The 
two fragments were double digested and purified. The digested vectors backbones and the 

PCR fragments were extracted in gel, ligated and transformed into bacteria. A selection of 
plasmids was sequenced for confirmation.
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Figure 3.4. Expression of NKG2D-GFP2 short and long isoforms at the cell surface. 293T 

cells were transiently co-transfected with pTagGFP2-NKG2D short or long isoform and either 
DAP12  or DAP10 as indicated. Cells were analysed by flow cytometry for NKG2D surface ex-

pression. NKG2D cell surface staining correlates with the degree of association with the corre-
sponding adaptor proteins. NKG2D staining is represented on the Y axis and GFP signal on 

the X axis. Numbers indicate the percentage of cells in the respective quadrant. A representa-
tive experiment is shown.

NKG2D + DAP 12NKG2D + DAP 10NKG2D alone
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Percentage of NKG2D+/

GFP+ ± SD

untransfected 
control (%)

DAP 12 (%) DAP 10 (%)

NKG2D long 6.9 ± 1.0 14.7 ± 3.3 62 ± 4.6

NKG2D short 6.4 ± 2.1 23.5 ± 2.8 74.7 ± 4.4

Figure 3.5. NKG2D-GFP2 short isoform associates with both DAP10 and DAP 12. NKG2D 
short isoform can associate with DAP12 and both isoforms efficiently associate with DAP10. Both 
DAP 10 and 12 associate significantly better with the short than with the long NKG2D-GFP2 iso-
form. Here we considered the percentage of NKG2D(positive)/total GFP(positive) population. The 
bar graphs show the mean percentage ± SD from four replicates, and groups with different statis-
tical significance are as shown: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ns, no statistically 
significant difference (p>0.05). The data are representative of two separate experiments.
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Figure 3.6. NKG2D-GFP2 short isoform efficiently associates with DAP10 in CHO cells. In an 
attempt to further study NKG2D-S association with DAP12 and DAP10, CHO cells were transiently 

transfected with pTagGFP-NKG2D-S and either DAP12 or DAP10. CHO cells were analysed using 
flow cytometry for NKG2D surface expression. The NKG2D cell surface staining correlates with 

the degree of association with the adaptor proteins. In this co-transfection model, using CHO cells, 
NKG2D-GFP2 short isoform can only associate with DAP10. The data are representative of two 

separate experiments. 

NKG2D-GFP2 short + DAP12 NKG2D-GFP2 short + DAP10



3.4.2.3 NKG2D-GFP2 short isoform associates with both DAP10 and DAP12

The relative percentage of NKG2D (positive) cells in total GFP (positive) co-transfected popula-

tions was analysed (Figure 3.5). The relative percentage of the double positive populations were 
considered to be a better measure of cell surface expression than NKG2D MFI alone. It was con-

cluded that NKG2D-L-GFP2 associates with DAP10 but, interestingly, NKG2D-S-GFP2 can as-
sociate with both DAP10 and DAP12. This result is relevant, as it is in agreement with what is de-

scribed in the literature, where NKG2D-S, but not NKG2D-L, associates with either DAP10 or 
DAP12  (Diefenbach et al. 2002). An equivalent capacity of NKG2D-S-GFP2 to associate with 

DAP10 and DAP12 was not observed here, but a statistically significant association of NKG2D-S-
GFP2 with DAP12 was confirmed. Contrary to what is described in the literature, it was evident that 

NKG2D-S-GFP2 associates more efficiently with DAP10 than with DAP12. Thus, the addition of 
GFP onto the cytoplasmic tail of the NKG2D short isoform negatively affects the association with 

DAP12. These results corroborate the hypothesis that the extended cytoplasmic tail of NKG2D-L is 
the cause for the lack of association with DAP12 (Rosen et al. 2004). Thus, our results show that 

increasing the cytoplasmic tail of NKG2D short isoform by fusing it with a GFP molecule is likely to 
cause disruption and compromise to some extent its association with DAP12. Therefore, NKG2D 

association with DAP12 is dependent on the length of the NKG2D cytoplasmic tail, however the 
association of DAP10 is probably less dependent on this factor. These differences might also be 

explained due to the smaller size of DAP10 (~7kDa) compared with DAP12 (~12kDa), making 
DAP10’s association with NKG2D less likely to be compromised. Interestingly, it was also verified 

that NKG2D-S-GFP2 can interact better with DAP10 than NKG2D-L-GFP2. In conclusion, the fu-
sion of GFP2 to NKG2D affects the association with DAP12 to some extent but not the association 

with DAP10. Also, NKG2D-S-GFP2 can associate with either DAP10 or DAP12 more efficiently 
than NKG2D-L-GFP2. 

In order to further study the NKG2D-S-GFP2 association with DAP12, CHO cells were also used in 

a co-transfection system. In these cells NKG2D-S-GFP2 efficiently associates with DAP10, but not 
DAP12 (Figure 3.6), corroborating our previous results using 293T cells (Figures 3.5 and 3.6). This 

provided further evidence that DAP12 association with NKG2D-S-GFP2 is impaired. 

In summary, here the capacity of both NKG2D splice variants fused with GFP2 to associate with 
DAP10 and DAP12 was analysed in both CHO and 293T cells. DAP10 supported significant cell 
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surface expression for both NKG2D-GFP2 isoforms, as determined by flow cytometry. Importantly, 

NKG2D-S-GFP2 associated with DAP12, but significantly less than with DAP10

Although cell surface expression of NKG2D-GFP2 was not compared directly with its non GFP-
tagged form, these experiments should be performed in the future in order to directly compare the 

relative association of the two forms with DAP10, DAP12 and Fc𝛄. The main conclusions are:

• NKG2D-GFP2 is efficiently expressed at the cell surface;

• NKG2D-GFP2-L efficiently associates with DAP10 but not with DAP12;

• NKG2D-GFP2-S efficiently associates with DAP10 and weakly with DAP12;

• NKG2D-GFP2-S associates more efficiently with both DAP10 and DAP12 than the long isoform;

• GFP2 fusion to NKG2D, or any other extension of the cytoplasmic tail of NKG2D-S, is predicted 

to impair or reduce the association of NKG2D-S-GFP2 with DAP12. 

3.4.3  Generation of NKG2D-GFP2 expressing retroviral vectors

pMIGR1 is a murine stem cell virus (MSCV) based vector constructed by the Juli Miller and Pear 
laboratory and derived from the pMSCV-IRES-GFP vector (Pear et al. 1998). pMIGR1 has been 

shown to be successfully transfected into 293T cells, producing viable retroviral supernatants 
which can be used to transduce mouse primary stem cells (Holst et al. 2006). In order to transduce 

mouse stem cells with both mouse NKG2D-GFP2 isoforms,two pMIGR1 based stem cell vectors, 
pMIGR1-NKG2D-S-GFP2 and pMIGR1-NKG2D-L-GFP2 were generated. The protocol used to 

generate both isoforms of NKG2D-GFP2 retroviral vectors is illustrated in figure 3.7. Each GFP-
fused NKG2D mouse isoform was sub cloned into the digested pMIGR1 backbone vector. NKG2D-

S-GFP2 and NKG2D-L-GFP2 DNA fragments were sub cloned using EcoRI and SalI restriction 

enzyme sequences inserted into the 5’ and 3’ end primers, respectively. EcoRI and SalI restriction 

sequences were previously confirmed not to exist in the internal DNA sequences of GFP2-NKG2D 
short and long isoforms (for more information see Appendix II). Both pMIGR1-NKG2D-GFP2 ex-

pressing vectors were later used to transduce C57BL/6 mice primary haematopoietic stem cells, to 
generate retrogenic mice (see Figure 3.8 and Chapter 4).
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Figure 3.7. Schematic representation of the protocol used to generate pMIGR1-
NKG2D-GFP2. pMIGR1 (Addgene plasmid 27490) was double digested using EcoR1 and 

SalI (5’ and 3’ ends, respectively) in order to excise the internal sequences of IRES and GFP. 
The double digested vector backbone was then purified and used for sub cloning of NKG2D-

GFP2 DNA sequences from pTagGFP2-NKG2D. NKG2D-GFP2 isoforms were amplified and 
generated by PCR using primer sequences containing 5’ EcoRI and 3’ SalI restriction en-

zyme sequences. The two fragments were double digested and purified. The digested vec-
tors’ backbones and the PCR fragments were extracted in gel, ligated and transformed into 

bacteria. A selection of plasmids were sequenced for confirmation and one plasmid of each 
construct was chosen for future retroviral transduction.

NKG2D-S-GFP2NKG2D-L-GFP2
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Figure 3.8. Schematic representation of the pMIGR1 retroviral gene transfer system 

using the Phoenix 293T ecotropic packaging system. The helper vector plasmid and the 
pMIGR1 retroviral vector containing the gene of interest were co-transfected into Phoenix 

293T cells. Following transfection, the viral supernatant was collected and the mouse host 
cells can be transduced. In summary, this process involved: (i) co-transfection of 293T cells, 

where retroviral particles are generated and capable of infecting rapidly dividing murine cells, 
and (ii) the transduction of murine cell lines or primary mouse cells using the viral super-

natant collected from the 293T co-transfection culture.



3.4.3.1  NKG2D-GFP2 transduction using pMIGR1-NKG2D-GFP2

In order to transduce primary mouse stem cells we used an MSCV-based retroviral vector and the 
Phoenix ecotropic packaging system, which are widely used to deliver genes to rapidly dividing 

mouse cells (Cherry et al. 2000). This retroviral transduction system was based on three main con-
stituents: (1) pMIGR1, the retroviral vector expressing the construct of interest, (ii) 293T cells 

(ecotropic Phoenix cells), a packaging cell line expressing the retroviral proteins gag, pol and env 
(env determining the viral tropism for mice cells, ecotropism) and, finally, (iii) the helper plasmid, 

pCLEco, which further enhances the expression of gag, pol and env proteins, maximising retroviral 
titres (Naviaux et al. 1996). 

Briefly, Phoenix ecotropic cells were co-transfected with the helper plasmid, pCLEco, and pMIGR1-
NKG2D-GFP2. Viral supernatant was collected 48h after transfection, stored at -80ºC or promptly 

used for transduction (Figure 3.8). The results show that 293T cells were efficiently transfected 
with pMIGR1-NKG2D-GFP2, expressing a high percentage of GFP positive (GFP+) cells following 

transfection. The percentage of transfectants (GFP+ cells) ranged between 50 to 80% (Figure 3.9).

3.4.3.2  pMIGR1-NKG2D-GFP2 efficiently transduces immune cells

In order to test NKG2D-GFP2 transduction,the B3Z cell line was used. This cell line is a murine, 
H2Kb haplotype CD8+ T cell hybridoma with specific reactivity against the ovalbumin peptide SIIN-

FEKL (Karttunen et al. 1992). B3Z cells were transduced using a single spin infection protocol (see 
Chapter 2, 2.5.2). The results demonstrate that B3Z CD8+T cells were efficiently transduced with 

pMIGR1-NKG2D-GFP2 (both isoforms). A high level of B3Z GFP+ cells was observed following 
transduction, with the percentage of GFP+ cells ranging normally between 50 and 80% (Figure 

3.10A). This shows that the viral supernatant produced by the co-transfection of 293T cells with 
pMIGR1-NKG2D-GFP2 contained viable retroviral particles capable of expressing NKG2D-GFP2. 

The high efficiency of transduction of B3Z cells is not surprising, since these cells are rapidly divid-
ing cells derived from a B cell lineage, both characteristics well known to be favourable for retrovi-

ral transduction (Karttunen et al. 1991). These results confirm the viability of our retroviral vector 
system to deliver the NKG2D-GFP2 receptor into murine immune cells. 

Moreover, stable B3Z clones expressing different levels of NKG2D-GFP2 were efficiently isolated 
using the limiting dilution technique, confirming the stability of the retroviral transduction over time 

and genome integration (Figure 3.10B). B3Z cells presented a very limited NKG2D cell surface ex-
pression, possibly reflecting the poor expression of DAP10 and the lack of DAP12 expression, as 

DAP12 is not normally expressed in CD8+T cells (Diefenbach et al. 2002). Interestingly, we  a 
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Figure 3.9. 293T cells were efficiently transfected with pMIGR1-NKG2D-GFP2. 293T 
Phoenix ecotropic cells were used as the packaging cell line for the production of retroviral 

particles expressing NKG2D-GFP2. As expected, transfected 293T cells showed a high effi-
ciency of transfection, indicated by the GFP+ population for both pMIGR1-NKG2D-S-GFP2 

and pMIGR1-NKG2D-L-GFP2. GFP+ signal is represented in the Y axis and forward side scat-
ter, height, in the X axis. Numbers indicate the percentage of cells in the respective gating. A 

single experiment is shown, which is representative of more than 30 separate experiments.
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Figure 3.10. B3Z cells were stably transduced with pMIGR1-NKG2D-GFP2.
A) B3Z cells were efficiently transduced following a single spin infection with pMIGR1-

NKG2D-GFP2 viral supernatant for both NKG2D-S-GFP2 and NKG2D-L-GFP2 retroviral 
vectors. The efficiency of B3Z transduction was generally above 60%. Both vectors encoding 

either the NKG2D-GFP2 short or long isoform were shown to be efficiently transduced. 
Transduction was stable and NKG2D-GFP2-expressing B3Z clones were selected with vari-

ous GFP intensities. GFP signal is represented on the Y axis and NKG2D cell surface ex-
pression on the X axis. Numbers inside quadrants indicate the percentage of cells in the re-

spective quadrant. B) NKG2D-GFP2 expressing B3Z clones were isolated by limiting dilu-
tion. The control (solid grey) corresponds to untransduced B3Z cells and a low (blue) and a 

high (red) NKG2D-GFP2-expressing B3Z clones were isolated, confirming stable transduc-
tion over time.



higher level of NKG2D cell surface expression was observed on B3Z transduced cells when 

NKG2D-S was used in comparison with NKG2D-L, consistent with the previous results obtained 
with 293T cells (Figures 3.4 and 3.11A). It was also possible to image NKG2D-GFP2 being ex-

pressed at the cell surface in B3Z transduced cells, with accumulation of GFP+ signal associated 
with the cell membrane. 

 
Besides B3Z cells, three other immune cell lines were tested with pMIGR1-NKG2D-GFP2 trans-

duction: RMA, RAW 264.7, and YTS eco cell lines. The RMA (or EL4) cell line (ATCC® TIB-39™) 

is a murine T cell lymphoma line widely used as a NK cell target. RAW 264.7 (ATCC® TIB-71™) is 

a murine macrophage cell line transformed by the Abelson murine leukaemia virus, which is known 
to express NKG2D at the cell surface (Raschke et al. 1978). Finally, YTS eco is a human NK tumor 

cell line, kindly donated by the Strominger lab, which does not express any known NK inhibitory 
receptors or human NKG2D, but expresses the a.a. transporter protein known to confer suscepti-

bility to infection with ecotropic retroviral particles (Orange et al. 2003). In all three cell lines the 
MSCV-based pMIGR1-NKG2D-GFP2 retroviral transduction failed to generate significant numbers 

of NKG2D-GFP2 expressing cells (Figure 3.11). Some of the RMA cells were transduced at very 
low levels. This is probably due to the fact that these cells might not have the surface ecotropic re-

ceptor that renders cells susceptible to this retroviral transduction (Albritton et al. 1993). RAW 
264.7 and YTS eco cell lines were not transduced by pMIGR1 based retroviral vector. Thus, in fu-

ture work the use of a lentiviral based vector expressing NKG2D-GFP2 is recommended in order to 
obtain a wider variety of immune cells, including non rapidly dividing cell lines, efficiently trans-

duced.

Here, both isoforms of the retroviral vector pMIGR1-NKG2D-GFP2 were shown to produce viable 
retroviral particles, capable of transducing immune cells to express NKG2D-GFP2 at the cell sur-

face. In summary, the main conclusions are:

• Phoenix 293T cells were effectively transfected with both isoforms of the retroviral vector pMI-

GR1-NKG2D-GFP2;

• Both NKG2D-GFP2 isoforms were stably expressed at the cell surface of immune cells (B3Z);

• The retroviral system based on pMIGR1-NKG2D-GFP2 constitutes a viable gene transfer sys-
tem, producing functional NKG2D-GFP2-expressing retroviral vectors, which allow the stable 

expression of NKG2D-GFP2 in immune cells.  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Figure 3.11. RAW 264.7, RMA and YTS eco cell lines failed to be transduced with pMI-
GR1-NKG2D-GFP2. Following two cycles of spin infection none of the three cell lines was 

significantly susceptible to retroviral transduction of NKG2D-GFP2, as can be seen by the 
very small percentage of cells in the positive gating selection. GFP signal is represented on 

the Y axis and forward side scatter, height, on the X axis. Left column corresponds to un-
transduced cells, middle and right columns correspond to transduced cells analysed 24 

hours post spin infection. Numbers indicate the percentage of cells in the respective gating. 
A representative experiment is shown.

RAW 264.7

YTS eco

RMA



3.5  Ly49A-RFP

In this section the generation of an inhibitory mouse NK cell chimeric receptor, Ly49A fused to RFP, 
is described. The RFP fusion was made onto the cytoplasmic end of Ly49A, preserving its ITIM 

domains. The consequences of tagging RFP to Ly49A were not previously known and were char-
acterised in this study. A similar fusion strategy using GFP has been previously reported, which al-

lowed for efficient Ly49A cell surface expression and similar levels of GFP expression in compari-
son with anti-Ly49A staining (Ito et al. 2009). However, in the same study, the Ly49A-GFP chimeric 

receptor failed to inhibit IFN-y production in lentiviral transduced LAK cells following anti-NK1.1 
mAb stimulation, suggesting the GFP fusion impaired Ly49A inhibitory capacity (Ito et al. 2009). In 

this studyTagRFP was used, a monomeric orange fluorescent protein derived from the sea 
anemone Entacmaea quadricolor (Merzlyak et al. 2007). The use of commercially available Tag-

RFP presents several advantages: (i) it is approximately three times brighter than mCherry and (ii) 
it can function as an optimal FRET acceptor using GFP as the donor (Shaner et al. 2004).

3.5.1 Strategy to generate Ly49A-RFP

The strategy used to generate Ly49A-RFP is illustrated in Figure 3.12. For this construct, the C-

terminal end of DNA encoding RFP was tagged to the N-terminal end of Ly49A. As this receptor is 
a transmembrane protein of type II, this allowed the expression of the RFP at the end of the intra-

cellular tail of Ly49A, preserving its ITIM domains (Tormo et al. 1999). The restriction enzymes 

used in sub cloning were XhoI and XmaI, inserted into the 5’ and 3’ end primers, respectively. XhoI 

and XmaI restriction sequences were previously confirmed to not exist in the internal DNA se-
quences of RFP and Ly49A (for more information see Appendix II, Figure 3.12).

3.5.2  Generation of Ly49A-RFP expressing retroviral vector

In order to transduce mouse stem cells with Ly49A-RFP, a pMIGR1-based stem cell vector, pMI-
GR1-Ly49A-RFP, was generated. The strategy used is illustrated in Figure 3.13. Briefly, Ly49A-

RFP was sub cloned into the digested pMIGR1 backbone vector. Ly49A-RFP DNA was sub cloned 

using EcoRI and SalI restriction enzyme sequences inserted into the 5’ and 3’ end primers, respec-

tively. EcoRI and SalI restriction sequences were previously confirmed not to exist in the internal 
DNA sequences of Ly49A and RFP (for more information see Appendix II). pMIGR1-Ly49A-RFP 

was later used to transduce immune cell lines and C57BL/6 mice primary stem cells (see Chapter 
4).
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Figure 3.12. Schematic representation of the strategy used to generate Ly49A-

RFP. Ly49A was sub cloned into the pTagRFP-C mammalian expression vector (Evro-
gen, cat. FP141) using a mouse Ly49A cDNA clone (NM_016659) expressing vector 

(Origene,  MC208829). Ly49A was amplified by PCR using primer sequences contain-
ing 5’ XhoI and 3’ XmaI restriction sites. Both pTagRFP-C and the Ly49A DNA fragment 

were digested with XhoI and XmaI restriction enzymes. The digested vector backbone 
and the PCR fragment were extracted in gel, ligated and transformed into bacteria. A 

selection of plasmids were sequenced and one plasmid was chosen for future studies 
and transfection.

Ly49A-RFP
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Figure 3.13. Schematic representation of the protocol used to generate pMIGR1-
Ly49A-RFP. pMIGR1 (Addgene plasmid 27490) was double digested with EcoRI and SalI (5’ 

and 3’ end, respectively) in order to excise the internal sequences of IRES and GFP. The 
double digested vector backbone was then purified and used for sub cloning of Ly49A-RFP 

DNA sequences from pTagRFP-Ly49A. The Ly49A-RFP fragment was amplified by PCR us-
ing primer sequences which included the 5’ EcoRI and 3’ SalI restriction enzyme sites. The 

fragment was then double digested and purified. The digested pMIGR1 backbone and the 
PCR fragments were extracted in gel, ligated and transformed into competent bacteria. A 

selection of plasmids were sequenced and one plasmid vector was selected for future retro-
viral transduction experiments.

Ly49A-RFP



3.5.2.1  Ly49A-RFP transduction using pMIGR1-Ly49A-RFP

The method used for transduction of Ly49A-RFP was the same used for transduction using pMI-
GR1-NKG2D-GFP (see 3.4.1). In brief, 293T Phoenix ecotropic cells were co-transfected with the 

helper plasmid pCLEco and the Ly49A-RFP retroviral vector, pMIGR1-Ly49A-RFP2. The viral su-
pernatant was collected 48h following transfection, stored at -80ºC or promptly used for transduc-

tion (Figure 3.14). Our results show a high efficiency of transfection, with a percentage of RFP+ 
cells ranging normally between 60 and 80% (Figure 3.14).

3.5.2.2  pMIGR1-Ly49A-RFP efficiently transduces immune cells

In order to test the transduction of Ly49A-RFP  the B3Z cell line was used, as previously used in 
NKG2D-GFP2 transduction (see 3.4.3.2). B3Z cells were transduced using a single spin infection 

protocol (see 2.5.2). The results showed that B3Z CD8+T cells were efficiently transduced with 
pMIGR1-Ly49A-RFP, expressing a high percentage of RFP+ cells following transduction, generally 

above 50% (Figure 3.15). This indicates the viral supernatant produced by the co-transfection of 
293T cells with pMIGR1-Ly49A-RFP efficiently produced viable retroviral particles capable of ex-

pressing Ly49A-RFP.  These results confirm the viability of our retroviral vector system in delivering 
Ly49A-RFP onto murine immune cells. Moreover, stable B3Z clones expressing various levels of 

Ly49A-RFP were isolated which further confirms the stability of the retroviral transduction over time 
and genome integration. Transduced B3Z cells showed a strong linear correlation between the 

RFP signal and Ly49A cell surface expression (Figure 3.15). We were able to observe a clear ac-
cumulation of RFP signal associated with the cell membrane of transduced cells (Figure 3.16), so it 

was possible to confirm and image Ly49A-RFP efficiently being expressed at the cell surface of 
immune cells. In summary, the main conclusions are:

• 293T Phoenix cells can effectively be transfected with the retroviral vector pMIGR1-Ly49A-RFP; 

• This retroviral system constitutes a viable gene transfer system, producing Ly49A-RFP express-

ing retroviral vectors, which allow the stable transduction and expression of Ly49A-RFP in im-
mune cells;

• Ly49A-RFP is stably expressed at the cell surface of murine immune cells. 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Figure 3.14. 293T cells are efficiently transfected with pMIGR1-Ly49A-RFP. 293T cells 

showed a high efficiency of transfection, indicated by the RFP+ population representative of 
Ly49A-RFP receptors produced. RFP signal is represented on the Y axis and forward side 

scatter, height, on the X axis. Numbers indicate the percentage of cells in the respective gat-
ing. A single experiment is shown, representative of over 30 separate experiments.
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Figure 3.15. B3Z cells were stably transduced with pMIGR1-Ly49A-RFP. A) The top left 

plot shows untransduced control B3Z cells, which are RFP-negative. The top right plot 
shows 82.1% of RFP positive cells, which confirms an efficient transduction of Ly49A-RFP. 

The bottom plot shows a positive correlation between RFP and Ly49A signals, indicating 
Ly49A cell surface expression. Numbers indicate the percentage of cells in the respective 

gating. B) Transduction was stable and Ly49A-RFP expressing B3Z clones were selected 
with various RFP intensities. RFP signal is represented on the X axis and cell count on the Y 

axis. The data are representative of more than 3 separate experiments.
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Figure 3.16. NKG2D-GFP2 and Ly49A-RFP expressed at the cell surface of B3Z cells. 
B3Z cells were efficiently transduced with both pMIGR1-Ly49A-RFP and pMIGR1-NKG2D-

S-GFP2. Confocal imaging revealed that both Ly49A-RFP and NKG2D-GFP can be ex-
pressed at the cell surface. The white line in the images on the left represents the cell sec-

tion where GFP or RFP intensities were measured. The intensity graphs on the right show 
that higher levels of RFP or GFP intensity are observed at the plasma membrane periph-

ery, confirming Ly49A and NKG2D accumulation at the cell membrane surface. White ar-
rows indicate Ly49A-RFP2 or NKG2D-GFP2 at the cell membrane. The scale bar corre-

sponds to 6 microns.  
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3.5.3  Strategy to generate bicistronic retroviral vectors expressing both 

NKG2D-GFP2 (long and short isoforms) and Ly49A-RFP

In order to express NKG2D-GFP2 and Ly49A-RFP simultaneously, two versions of the bicistronic 

expression vector pMIGR1-Ly49A-RFP-IRES-NKG2D-GFP2 (long and short isoforms) were gen-
erated. This vector allows the expression of Ly49A-RFP followed by NKG2D-GFP2, separated by 

an IRES region (see Figure 3.17). The bicistronic retroviral vector was co-transfected into 293T 
Phoenix cells in order to test for NKG2D-GFP2 and Ly49A-RFP expression. 293T Phoenix eco 

cells were efficiently transfected, but the expression of Ly49A-RFP, the first transcript, was much 
more predominant that the second transcript, NKG2D-GFP2, for both constructs (Figure 3.18). The 

same pattern of expression was observed in mouse stem cells transduced with pMIGR1-Ly49A-
RFP-IRES-NKG2D-GFP2 (long and short isoforms) using the viral supernatant resulting from the 

transfections mentioned above (data not shown). 

A discrepancy in expression between the first and second transcripts following an IRES region is 
commonly described in the literature (Bouabe et al. 2008). In this study, the same phenomenon 

was observed, with the first transcript, Ly49A-RFP, being more efficiently expressed than NKG2D-
GFP, the second transcript following the IRES region. Other hypotheses which might explain this 

discrepancy are a failure of a complete IRES mediated separation of the constructs or an incom-
plete, or partial, translation of the transcripts. Moreover, the fact that pMIGR1-Ly49A-RFP-IRES-

NKG2D-GFP2 is a very large DNA vector might constitute a disadvantage for transfection and 
transduction due to inefficient packaging or expression. In addition, the percentage of double posi-

tives found using this bicistronic vector was lower than the percentage obtained using both NKG2D 
and Ly49A viral supernatants separately (see Chapter 4, Figure 4.2). In summary, and taking into 

consideration the previous points, this vector was not used for subsequent work. Even though the 
main goal was to express both receptors simultaneously, viral supernatants of pMIGR1-NKG2D-

GFP2 (short and long isoforms) and pMIGR1-LY49A-RFP,  were produced and used separately. 
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Figure 3.17. Schematic representation of the strategy used to generate pMIGR1-RFP-Ly49A-

IRES-NKG2D-GFP2. The internal sequence of IRES was amplified by PCR with two restriction en-
zyme sites flanking the fragment, SalI and EcoRI, in the 5’ and 3’ ends, respectively, and its se-

quence was confirmed. The IRES fragment was digested and then purified and sub cloned into 
pTagRFP-Ly49A to generate pMIGR1-RFP-Ly49A-IRES. The RFP-Ly49A-IRES fragment was am-

plified and generated by PCR using primer sequences containing 5’ and 3’ end EcoRI restriction 
sites. This fragment was double digested and purified and then sub cloned into pMIGR1-TagGFP2-

NKG2D to generate pMIGR1-RFP-Ly49A-IRES-NKG2D-GFP2. The digested vectors’ backbones 
and the PCR fragments were gel extracted, ligated and transformed into competent bacteria. A se-

lection of plasmids were sequenced and one plasmid for each construct, pMIGR1-RFP-Ly49A-
IRES-NKG2D-S-GFP2 and pMIGR1-RFP-Ly49A-IRES-NKG2D-L-GFP2, was chosen for future 

transfections.
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Figure 3.18. 293T cells were transfected with pMIGR1-Ly49A-RFP-IRES-NKG2D-GFP 

(short and long isoform). pMIGR1-Ly49A-RFP-IRES-NKG2D-GFP transfected 293T cells 
showed medium efficiency of transfection. The expression of Ly49A-RFP is indicated by 

the RFP+ population, and is significantly higher than the expression of NKG2D-GFP recep-
tors indicated by the GFP+ population. Interestingly, the higher the expression level of 

Ly49A-RFP, the more likely it was for the second cistron, NKG2D-GFP2, to be also effi-
ciently expressed. The observed levels of double transfected cells were low, ranging be-

tween 2 and 10%. RFP signal is represented on the X axis and GFP signal on the Y axis. 
Numbers indicate the percentage of cells in the respective quadrant. The data are repre-

sentative of at least 3 separate experiments.



3.6.  Elongation of NK cell ligands

3.6.1 Activation ligands

Two elongated NKG2D ligands were generated in previous studies: (i) elongated mouse H60a and 
(ii) elongated human MICA (Brzostek et al. 2010). These elongated forms of H60a and MICA were 

efficiently expressed in the mouse RMA and human NKL cell lines, respectively (Kohler et al. 
2010). Our laboratory previously produced three different versions of an extended H60a molecule 

with the introduction of -CD2 (two IgSF domains), -CD22 (three IgSF domains) and -CD4 (four 
IgSF domains) (Brzostek et al. 2010). The elongation of MICA was also made by inserting two, 

three or four folding Ig domains from CD2, CD22, and CD4, respectively (Kohler et al. 2010). H60a 
elongation did not impair binding by NKG2D either in a soluble form, using NKG2D tetramer stain-

ing, or on the surface of NK cells in a cell conjugation assay (Brzostek et al. 2010). Also, the three 
elongated MICA proteins were shown to bind equivalently well to NKG2D, confirming that elonga-

tion of MICA did not abrogate binding at cell-cell interfaces (Kohler et al. 2010). For both ligands, 
H60a and MICA, the number of cell-cell conjugates formed between the elongated or non-elongat-

ed forms expressed on target cells  and NK cells were identical. Interestingly, elongation of NKG2D 
ligands clearly showed a detrimental effect on triggering NKG2D-dependent lysis (Brzostek et al. 

2010). 

3.6.2  Inhibitory ligands

In order to generate elongated NK cell inhibitory ligands, MHC-I molecules were generated as sin-

gle chain trimers (SCTs), with modifications introduced in order to extend the extracellular region of 
the MHC-I molecule (Yu et al. 2002). To date, several elongated SCT pMHC-I complexes, both 

murine and human, have been generated:

1.  KbOVA SCT, Mouse H2-Kb MHC-I with OVA peptide SCT, and its elongated forms, were used 
to investigate various aspects of lymphocyte cell triggering. Three forms of elongated Kb were 

expressed as SCT, elongated with two IgSF domains (from human CD2), three IgSF domains 
(from murine CD22) and four IgSF domains (from human CD4) in the membrane proximal re-

gion (Choudhuri et al. 2005). KbOVA SCT and its elongated forms were used to study both (a) 
TCR and (b) NK cell triggering:
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a)  Elongated pMHC-I were used to directly test the K-S model of TCR receptor triggering. 

Increasing extension of KbOVA SCT expressed on CHO cells reduced activation of OVA-
specific B3Z T cells, leading to progressively less TCR triggering (Choudhuri et al. 2005). 

Moreover, this elongation disrupted tyrosine phosphorylation and Zap70 recruitment without 
affecting TCR binding (Choudhuri et al. 2009). 

b)  KbOVA SCT elongated forms were also used to study NK cell functions. Elongation of 
KbOVA SCT has been shown to reduce inhibition of CHO cell lysis and IFN-γ production by 

Ly49C/I+ enriched NK cells. Ly49C/I-dependent inhibition of CHO cell lysis was also shown 

to be compromised even when using CD45-/- NK cells (Brzostek et al. 2010).

2. Dd SCT, Mouse H2-Dd MHC-I with P18 peptide SCT was generated together with three elon-
gated forms, similar to the KbOVA SCT (-CD2, -CD22, -CD4). These were shown to be ex-

pressed and correctly folded at the cell surface of CHO cells, and efficiently bound by a P18 
peptide-specific T cell hybridoma. Expression of the non-elongated Dd SCT induced robust T 

cell activation, however, all three elongated forms of Dd SCT failed to stimulate the specific T 
cell hybridoma (Brzostek 2010). The effect of elongation of Dd SCT on Ly49A-dependent inhi-

bition of NK cells has not yet been described.

3. Qa1Qdm SCT, Mouse Qa1, a non-classical MHC-I molecule with Qdm peptide, was elongated 
as described above, with three elongated forms produced by the insertion of Ig domains from 

CD2, CD22 and CD4. Expression of Qa1Qdm SCT did not inhibit lysis by CD94/NKG2A/C/E-
enriched NK cells  as expected (Brzostek 2010), but elongation of Qa1Qdm SCT did reduce 

inhibition of IFN-γ production by CD94/NKG2A/C/E-enriched NK cells (Brzostek et al. 2010).

4. Cw6 SCT, Human HLA-Cw6 SCT with the endogenous peptide YQFTGIKKY was elongated 
by the introduction of  IgSF domains fromCD2, CD22, andCD4 into the membrane proximal 

stalk region of the SCT (Brzostek 2010). The elongated forms of Cw6 SCT were able to bind 
KIR2DL1 and there was reduced KIR2DL1-mediated inhibition, showing size-dependent seg-

regation at the IS (Choudhuri et al. 2009; Kohler et al. 2010).

In this work, two elongated NK cell ligands mentioned above were studied further, the activating 
H60a and the inhibitory Dd SCT (see Figure 3.19). The NK cell ligands used were: 

- Non elongated H60a;
- H60a elongated by the insertion of four IgSF domains, H60a-CD4;

- Non elongated Dd SCT;
- Dd SCT elongated by the insertion of four IgSF domains, Dd-CD4 SCT.
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Figure 3.19. Schematic representation of elongated forms of H60a and Dd SCT. 

The insertion of four IgSF domains give a predicted elongation of 12nm. Adapted from 
figures available in PDB accession codes 1QO3, 1HYR, and P01730 (CD4_HUMAN) 

from UniProtKB (Li and Mariuzza 2014). 



3.6.3  NK cell ligands, H60 and Dd SCT

In this study two different NK cell ligands were used (i) H60a, a NKG2D mouse activating ligand 
and (ii) H2Dd, a mouse MHC class I molecule expressed as a single chain trimer, Dd SCT. 

i)  H60a is a minor histocompatible antigen first identified as an NKG2D ligand by its capacity to 

bind dimer NKG2D-fc fusion proteins or tetrameric NKG2D-streptavidin complexes (Takada et 
al. 2008). H60a consists of an MHC-I-like α1α2 domain molecule, linked to the cell membrane 

via a hydrophobic transmembrane and cytoplasmic region structurally similar to MICA. An ex-
tended version of H60a with the insertion of functionally inert human CD4 ectodomains, H60-

CD4, was used in this work. 

ii) H2Dd is a mouse MHC-I molecule that is recognised by several Ly49 NK cell receptors, includ-
ing the prototype Ly49A inhibitory receptor and the Ly49D activating receptor (George et al. 

1999). The crystal structure of Ly49A bound to H2Dd has been solved, revealing regions of 
contact occurring beneath the peptide binding platform of H2Dd and with the β2 microglobulin 

(Natarajan et al. 1999). In the work described in this thesis, the H2Dd MHC-I molecule was ex-
pressed as a single chain trimer. The expression of H2Dd as a single chain trimer and the re-

spective elongation using CD4 was previously carried out by Dr. Joanna Brzostek (Brzostek, 
2010).

3.6.3.1  Strategy to generate H60a and Dd SCT and their elongated versions

Experiments with elongated NK cell ligands demonstrated a detrimental effect on their inherent ac-

tivating or inhibitory function (Brzostek et al. 2010). It is important to further investigate the cause 
and roles of the impairment caused by the elongation of NK cell ligands on NK cell effector func-

tions. 

Extended versions of H60a have been successfully expressed in mammalian cell lines like HeLa, 
CHO or RMA cells (Brzostek, 2010). HereH60a and its extended form, H60a-CD4, were used by 

transfecting two mammalian cell lines with a H60a and H60a-CD4 expressing eukaryotic pKG4 
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Figure 3.20. Schematic representation of the mammalian expression vectors pcDNA3.1 H2Dd 

SCT, pcDNA3.1 H2Dd CD4 SCT, pKG4-H60a and pKG4-H60a-CD4. Four eukaryotic mammalian 
vectors were used in order to express the four different NK cell ligands. A) The mammalian expres-

sion vector, pcDNA3.1, conferring resistance to hygromycin B, was used to express H2Dd SCT and 
the elongated version H2Dd-CD4 SCT. B) The eukaryotic mammalian expression vector, pKG4, con-

ferring resistance to geneticin (G418), was used to express H60a and its elongated version, H60a-
CD4. For each plasmid the correspondent ligand representation is depicted at its side.

B.

A.



vector containing a geneticin (G148) resistance gene (Figure 3.20). 

For an inhibitory NK cell ligand the Dd SCT construct and its elongated version Dd-CD4 SCT were 

used. The H2Dd SCT construct was generated by an overlap PCR of the Dd heavy chain and an 
existing SCT construct, followed by a mutagenesis reaction to change the peptide sequence to the 

P18 peptide. H2Dd SCT extended versions have previously been expressed in CHO cells. H2Dd 
SCT was shown to be efficiently expressed at the cell surface and folded correctly independently of 

TAP, activating the B4.2.3 T cell hybridoma specific for P18 peptide (Brzostek, 2010).
HereH2Dd SCT and its extended form, H2Dd-CD4 SCT were used by transfecting three different 

mammalian cell lines with a H2Dd SCT- and H2Dd-CD4 SCT expressing eukaryotic pcDNA3.1 vec-
tor containing a hygromycin B resistance gene (Figure 3.20). 

3.6.4  Expression of H60 and Dd SCT, and their elongated versions on 

mammalian cell lines

In order to test NK cell receptor/ligand co-localisation upon IS formation, target cells were created 
expressing a series of ligand combinations. The correct folding of the elongated H60a-CD4 and 

H2Dd-CD4 SCT molecules was analysed, as well as their expression on the cell surface of target 
cell lines. H60a and its elongated molecule were transfected into RMA and CHO cells. H60a cell 

surface expression was assessed using the anti-H60 antibody (clone 205326, R&D systems). 
H2Dd SCT and its elongated molecule were transfected into CHO and NIH3T3 cells. H2Dd SCT cell 

surface expression was assessed using two different anti-H2Dd antibodies (clones 34-2-12 and 34-
5-8S). A similar pattern of staining was observed when the two different anti-H2Dd antibodies were 

used, suggesting that the insertion of the IgSF ectodomains did not affect H2Dd SCT folding or cell 
surface expression. 

3.6.4.1  RMA transfection of H60a and Dd SCT and their elongated versions

RMA cells, as most mouse T cell lines, are known to be difficult to transfect using regular transfec-
tion methods like calcium gradient changes or lipossomal reagents. Thus, an electroporation 

method based on the Amaxa nucleofectin kit was used to transfect these cells with H2Dd SCT, 
H2Dd -CD4 SCT, H60a and H60a-CD4. The eukaryotic expression vector pKG4 (geneticin, G148, 

resistant) was used to express H60a and H60a-CD4, and the pcDNA3.1(hyg+) vector was used to 
express H2Dd SCT and H2Dd -CD4 SCT (Figure 3.20). 
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Figure 3.21. RMA cells were efficiently transfected with H60a and H60a-CD4. H60 cell 

surface staining (clone 205326, R&D systems) is represented on the X axis and cell counts 
on the Y axis. The control (solid grey) corresponds to untransfected RMA cells. H60a (blue) 

and H60a-CD4 (red) correspond to RMA clones with similar levels of ligand expression. Sta-
ble transfection was monitored over time and maintained under geneticin selection. Data are 

representative of over 5 separate experiments.



H60 and H60a-CD4 were efficiently transfected and further selected using geneticin, and were ex-

pressed at the cell surface of RMA cells (Figure 3.21). An initial round of transfection gave an ex-
pression efficiency of 10 to 20% and this percentage increased to 100% under geneticin selection 

over two weeks. RMA clones expressing H60 and H60-CD4 were isolated by limiting cell dilution 
and H60 confirmed to be expressed at the cell surface. Several clones were isolated and relative 

levels of H60 expression were stable and periodically monitored by flow cytometry.
Unlike for H60a and H60a-CD4 expression, RMA transfection with H2Dd SCT and H2Dd-CD4 SCT 

stable expression proved to be very difficult. RMA cells were efficiently transfected with the plas-
mids pcDNA3.1-H2Dd SCT and pcDNA3.1-H2Dd -CD4 SCT using Amaxa nucleofectin kit electropo-

ration (protocol C005). Twenty four hours post transfection a significant percentage of RMA cells 
(approximately 20%) expressed both ligands, however the H2Dd positive staining dramatically de-

creased one or two days later, even under hygromycin B selection (Figures 3.22 and 3.23). Neither 
limiting dilution nor hygromycin B selection were effective at producing an individual clone capable 

of stable expression of H2Dd SCT. Therefore, it seems that the expression of H2Dd SCT and H2Dd -
CD4 SCT ligands, but not H60a and H60a-CD4, is associated with significant cellular stress in 

RMA cells, leading to apoptosis. Cells expressing higher levels of H2Dd SCT were in fact more like-
ly to present autofluorescence, indicating they were in the initial stages of apoptosis. Thus, expres-

sion or protein folding of H2Dd SCT might exert cellular stress, leading to programmed apoptosis 
once expressed in RMA cells (Jesenberger et al. 2002). This finding created the need for an alter-

native plan to using RMA cells as the target cells. Instead, CHO and NIH3T3 cells were used to try 
and overcome the limitations found in the previous RMA model, and to analyse the correct folding 

and cell surface expression of H2Dd SCT and H2Dd-CD4 SCT. Evidence of Ly49A expression in 
RMA cells is also another advantage to not use this cell line due to possible H2Dd cis interactions 

with Ly49A (Doucey et al. 2004).

3.6.4.2  CHO transfection of H60 and H2Dd and their elongated versions

The CHO cell line is well known to be a relatively easy cell line to transfect using liposomal 

reagents (Jordan et al. 1996). In fact, this cell line has previously been used to study and confirm 
the correct folding and expression of NK cell elongated ligands. Even though CHO cells do not 

constitute the ideal target cell line for our experimental system, due to their reactivity to the Ly49D 
NK cell activating receptor, this cell line constitutes a good starting point to test cell surface expres-

sion and folding of H2Dd SCT and H2Dd -CD4 SCT. 
In this study, lipofectamine 2000 was used to transfect CHO cells with H2Dd SCT, H2Dd -CD4 SCT, 

H60a and H60a-CD4. The eukaryotic expression vector pKG4 was used to express H60a and 
H60a-CD4 (geneticin resistant) and the pcDNA3.1(hyg+) vector was used to express H2Dd SCT 
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Figure 3.22. RMA cells were transiently transfected with H2Dd SCT and H2Dd-CD4 SCT.  
RMA cells were efficiently transfected with pcDNA3.1-H2Dd SCT or pcDNA3.1-H2Dd-CD4 SCT 

using Amaxa nucleofectin kit electroporation (protocol C005). An initial round of transfection 
presented an efficiency of 5 to 20%, twenty four hours following transfection. H2Dd cell surface 

staining (clone 34-2-12) is represented in the X axis and 488/530 (ex/em) channel in the Y axis. 
Numbers indicate the percentage of cells in the respective quadrant. Data are representative of 

at least 3 separate experiments. One representative experiment is shown.
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Figure 3.23. H2Dd SCT constructs are unstable when expressed in RMA cells. RMA 
cells were efficiently transfected with pcDNA3.1-H2Dd SCT using Amaxa nucleofectin kit 

electroporation (protocol C005). However, the relative percentage of H2Dd SCT rapidly de-
creased soon after transfection, even under hygromycin selection culture. Similar results 

were obtained for the elongated version, H2Dd-CD4 SCT (data not shown). H2Dd cell surface 
staining (clone 34-2-12) is represented in the X axis and 488/530 (ex/em) channel in the Y 

axis. Numbers indicate the percentage of cells in the respective gating. Data are representa-
tive of at least 3 separate experiments. One representative experiment is shown.
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Figure 3.24. CHO cells were efficiently transfected with H60a and H60a-CD4. CHO cells 

were efficiently transfected with pKG4-H60 or pKG4-H60-CD4 followed by geneticin, G418, 
selection culture. An initial round of transfection presented an efficiency of 30 to 50%, which 

increased to 100% under geneticin selection over two weeks. H60a cell surface staining 
(clone 205326, R&D systems) is represented on the X axis and cell counts on the Y axis. 

The control (solid grey) corresponds to untransfected CHO cells. H60a (blue) and H60a-CD4 
(red) correspond to ligand expressing CHO populations. One representative experiment is 

shown.
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Figure 3.25. CHO cells were efficiently transfected with both H2Dd SCT and H2Dd-

CD4 SCT. CHO cells were efficiently transfected with pcDNA3.1-H2Dd SCT or pcDNA3.1-
H2Dd-CD4 SCT followed by hygromycin B selection culture. An initial round of transfec-

tion presented an efficiency of 20 to 40%, increasing to 100% under hygromycin selection 
over two weeks. Two anti-H2Dd monoclonal antibodies (clones 34-2-12 and 34-5-8S) tar-

geting two different H2Dd epitopes were used in order to demonstrate the correct folding 
and cell surface expression of both H2Dd MHC-I single chain trimers. H2Dd cell surface 

staining is represented in the X axis and cell counts in the Y axis. The control (solid grey) 
corresponds to untransfected CHO cells. H2Dd SCT (blue) and H2Dd-CD4 SCT (red) cor-

respond to ligand expressing CHO cells. One representative experiment is shown.



and H2Dd -CD4 SCT (hygromycin resistant). 

All four NK cell ligands were effectively expressed at the CHO cell surface (Figures 3.24 and 3.25). 
Unlike RMA cells, CHO cells did not present any problem when transfecting and expressing H2Dd 

SCT and H2Dd -CD4 SCT. Two anti-H2Dd monoclonal antibodies, specific for different epitopes of  
H2Dd were used (Figure 3.25). The anti-H2Dd antibody clone 34-2-12 (Biolegend, cat 110602) 

recognises the α3 domain of H-2Dd MHC-I alloantigen expressed on nucleated cells of the H-2Dd 

haplotype. The anti-H2Dd antibody clone 34-5-8S (Abcam, cat ab25230) is specific for a conforma-

tional epitope found on the N-terminal domain of the α1 and α2 chains of mouse H2Dd when they 
are associated with β2 microglobulin. Both of these antibodies efficiently stained CHO cells trans-

fected with either H2Dd SCT or its elongated version. These results indicate that H2Dd SCT can be 
correctly folded and expressed at the cell surface of mammalian cells, as previously reported (Br-

zostek, 2010). The difficulties observed with H2Dd SCT expression in RMA cells might be due to a 
cell line specific feature, as previously discussed. In fact, it is well known that different cell lines 

have different sensitivities to over expressed or misfolded proteins, presenting distinct cytotoxicity 
levels associated with protein degradation systems (Jesenberger et al. 2002). Moreover, T cell 

lines, such as RMA cells, are widely known for being difficult to transfect using conventional trans-
fection methods. The use of a lentiviral vector to express these ligands is recommended in future 

experiments.

3.6.4.3  NIH3T3 transfection of H2Dd SCT and its elongated version

NIH3T3 cells are a mouse cell line which was first isolated in 1969 (Jainchill et al. 1969). Just like 

CHO cells, these cells are known to be easily transfected using common liposomal-based reagents 
(Andersson et al. 1979). Importantly, NIH3T3 cells present several advantages for our experimen-

tal model in comparison with CHO cells. Besides being easy to transfect, NIH3T3 cells present: (i) 
a q haplotype, with no significant reactivity towards Ly49A (Matsumoto et al. 2001b), (ii) an adher-

ent morphology in cell culture with a large and flat cell surface allowing imaging of the NK cell IS 
directly en face (iii) endogenous expression of NKG2D ligands, e.g. H60 (Jonsson et al. 2010). 

In this study, a liposomal reagent, lipofectamine 2000, was used to transfect  NIH3T3 and CHO 
cells. We used the eukaryotic expression vector pcDNA3.1(hyg+) to express H2Dd SCT and H2Dd-

CD4 SCT. As previously mentioned, transfection of NIH3T3 with NKG2D ligands was not neces-
sary, as this cell line naturally expresses high levels of NKG2D ligands, including H60a (Figure 

3.26). Both H2Dd SCT and H2Dd-CD4 SCT NK cell ligands were effectively expressed at the NI-
H3T3 cell surface (Figure 3.27). Similarly to CHO cells and contrary to RMA cells, there were no 
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Figure 3.26. NIH3T3 cells endogenously express H60a. NIH3T3 stained with an anti-H60a 

antibody shows high levels of expression of H60a at the cell surface (blue). H60a cell surface 
staining (clone 205326, R&D system) is represented on the X axis and cell counts on the Y 

axis. In this histogram the control (solid grey) corresponds to unstained NIH3T3 cells and the 
anti-H60a staining (blue) H60a-expressing NIH3T3 cells. One representative experiment is 

shown.
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Figure 3.27. NIH3T3 cells were efficiently transfected with H2Dd SCT and H2Dd-CD4 

SCT. NIH3T3 cells were transfected with pcDNA3.1-H2Dd SCT or pcDNA3.1-H2Dd-CD4 
SCT. An initial round of transfection presented an efficiency of 5 to 10%, increasing to 100% 

under hygromycin selection over two weeks. H2Dd SCT and H2Dd-CD4 SCT expressing NI-
H3T3 clones were selected by limiting dilution of polyclonal transfectants 2 weeks after 

transfection. H2Dd cell surface staining (clone 34-2-12) is represented in the X axis and cell 
counts in the Y axis. The control (solid grey) corresponds to untransfected NIH3T3 cells and 

H2Dd SCT (blue) and H2Dd-CD4 SCT (red) correspond to the expressing NIH3T3 clones. 
One representative experiment is shown.



problems transfecting and expressing H2Dd SCT and H2Dd-CD4 SCT in NIH3T3 cells. Two anti-

H2Dd antibodies staining for different regions of the H2Dd SCT were used, and both gave evidence 
of cell surface expression of H2Dd SCT, indicating correctly folded SCTs. Clones expressing H2Dd 

SCT and H2Dd-CD4 SCT were isolated by limiting dilution and maintained under hygromycin selec-
tion. Considering NIH3T3 endogenous expression of H60a, three different combinations of NK cell 

ligands were generated on target cells: (i) NIH3T3 only, expressing endogenously NKG2D ligands 
(H60a) - representing an NK activating target cell, (ii) NIH3T3 expressing H60a transfected with 

H2Dd SCT - representing an NK inhibitory target cell and (iii) NIH3T3 expressing H60a transfected 
with H2Dd-CD4 SCT - representing a disrupted NK inhibitory target cell where inhibitory functions 

are expected to be impaired due to NK cell ligand elongation (Figure 3.27). 
In summary, generation of these target cell lines enabled further work to investigate NK cell co-lo-

calisation studies using the FRET pair GFP2/RFP (in NKG2D/Ly49A), to be further detailed in 
Chapter 5.

3.7.  Elongated NK cell ligands affects NK cell responses

Recent studies from our lab have previously demonstrated that elongating NK cell ligands has a 

detrimental effect on NK cell functional responses (Brzostek et al. 2010). Importantly, the longer 
the ligand extension, the more compromised its associated function becomes. Interestingly, this 

characteristic was confirmed for both T and NK cell immune responses, showing a common trait in 
immune cell functions (Choudhuri et al. 2005). This indicates a general size dependent rule for sig-

nal integration and triggering mechanisms of immune responses, as previously suggested (Davis 
et al. 2006). Moreover, this helps to explain the evolutionary conserved small extracellular dimen-

sions of specific ligand/receptor complexes, and the importance of the formation of close contact 
points upon IS initiation. If ligand elongation caused a functional disruption per se, a change in 

functionality that correlated with  the size of the ectodomains introduced would not be expected. 
This observation constitutes a fundamental line of experimental evidence supporting the kinetic-

segregation model of immune cell receptor triggering and recent theoretical variations (Davis et al. 
2006). Here the effects of ligand elongation on effector function were studied using primary NK 

cells.

3.7.1  Elongation of H60a reduces NK cell activation
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IL2-stimulated C57BL/6 NK cells lyse H60a-expressing RMA target cells (Diefenbach et al. 2001). 

However, the elongation of H60a reduces in vitro and in vivo lysis by NK cells (Brzostek et al. 
2010). In this study, previous results were confirmed by observing that NK cells are significantly 

less efficient at killing H60a-CD4 expressing RMA cells than RMA cells expressing H60a in its na-
tive form, in an NKG2D dependent manner (Figure 3.28). We used IL2-expanded NK cells derived 

from NKG2D competent (+/+) and NKG2D deficient (-/-) mice as effector cells, against RMA target 
cells expressing H60a or H60a-CD4. As reported, RMA H60a cells were efficiently lysed at different 

effector:target (E:T) ratios by NKG2D+/+ but not NKG2D-/- IL2-expanded NK cells (Figure 3.28). 
This observation highlights the fact that the difference of lysis observed is NKG2D-dependent. The 

precise molecular mechanisms behind these experimental differences are intriguing and yet to be 
fully understood. It is unlikely that this difference is related to discrepancies in the level of expres-

sion of H60a or H60a-CD4 at the cell surface of RMA target cells, as they showed similar levels of 
expression, as confirmed by anti-H60a antibody cell surface staining (Figure 3.21). Also, the killing 

differences observed are not expected to be due to the introduction of the IgSF domains, as they 
are functionally inert and relatively widespread in most immune receptors (Barclay 1999). Another 

fact to consider is possible relative bending of the elongated ligand, but since the IgSF domains 
are known to be very rigid (Chothia et al. 1997) a significant bending is unlikely. In fact, it has been 

previously reported that the elongated ligands impose a small, but significant, increase in the inter 
membrane spacing in the IS (Choudhuri et al. 2005). 

The elongation of ligands is hypothesised to affect mostly the establishment of close intermem-

brane proximal contacts, normally established according to the receptor/ligand complexes’ sizes, 

with possible consequences for formation of microclusters. The characterisation of inter-membrane 
distances observed when using different ligand sizes should be further investigated in future stud-

ies. Cell conjugation dynamics, IS formation, microcluster organisation, duration of cell:cell contact 
and surface area of contact upon NK cell IS formation are some of the features which require fur-

ther studies using these elongated ligands.

3.7.2  Effect of H60a elongation on cell-cell conjugate formation

The effects of NK cell ligand elongation on cell-cell conjugate formation have been previously re-

ported (Brzostek et al. 2010). Using a two colour conjugate assay, the elongation of NK cell ligands 
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Figure 3.28. Elongation of H60a reduces NK cell activation. RMA H60a (H60a, closed circles) 
and RMA H60a-CD4 (H60aCD4, open circles) transfected cells expressing similar levels of lig-

ands (Figure 3.21) were used as target cells. IL-2-expanded NK cells from C57BL/6 mice, 
NKG2D+/+ (black) and NKG2D-/- (red), were used in an LDH-based cytotoxicity assay at the in-

dicated effector:target (E:T) ratios. Data show mean+SD %lysis (n=3), and groups with different 
statistical significance are as shown: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns, no statisti-

cally significant difference (p>0.05). Two-way analysis of variance (ANOVA) and pairwise com-
parisons (E:T ratio) were used. Data are representative of two independent experiments.



has been shown not to have a significant impact on conjugate formation. More specifically, ten 

minutes after mixing cell populations, there were no significant differences observed on the num-
bers of conjugates formed either by cells expressing the extended versions of the ligand or by the 

non-elongated native version. In this study conjugate formation was tested using three distinct tar-
get cell lines: (i) RMA, (ii) RMA H60a and (iii) RMA H60a-CD4 cells. Conjugate formation was test-

ed 5 minutes after mixing effector and target cell populations. NK cell conjugation was measured 
using cell surface staining markers, namely NK1.1 and NKp46 (both normally absent on RMA 

cells), by testing for intermembrane exchange of the NK cell markers from effector to target cells, in 
particular the transfer of NKp46 to RMA cells. Therefore not only conjugate formation per se was 

assayed, but also the efficient cellular exchange of receptors or ligands between effector and tar-
get cells, which has been previously reported in the literature to occur at an effective activating 

synapse (Caumartin et al. 2007).

As shown in Figure 3.29, using RMA cells as target cells, there was no significant RMA:NK cell 
transfer of NK cell markers This observation is in line with evidence gathered in recent studies, 

which showed that in a typical inhibitory synapse the IS is short-lived and does not form a tight or 
durable intercellular contact (Culley et al. 2009). However, using H60a expressing RMA cells, a 

significant percentage of RMA H60a:NK cell conjugates presented signs of transfer of the NK cell 
marker, NKp46. This transference is likely representative of an activating synapse, H60a-NKG2D 

dependent. Intriguingly however, using RMA-H60a-CD4 as target cells, transfer of the NK cell 
marker was detected, but a decrease in the relative percentage of cells presenting NKp46 was ob-

served in comparison with RMA-H60a cells. This observation may be explained by the extension of 
the H60a ligand, however, more studies will need to be performed to further confirm this phe-

nomenon. In previous studies, duration of conjugate formation (IS strength) was found to  correlate 
with functional responses (Culley et al. 2009). Taking into consideration that elongation of ligands 

correlates with diminished NK cell functional responses, these diminished functional responses 
might be associated with a diminished IS strength or conjugate formation. 

Thus, the transfer of high levels of NKp46 in RMA H60a:NK cell conjugates reflects a  strong IS, 
while the reduced transfer observed in RMA H60a-CD4:NK cell conjugates reflects a “weaker acti-

vation” of the NK cells, which might be due to immune synapses being established with significant-

ly less strength. This observation would be in agreement with previously studies regarding func-

tionality. 

This study presents the first evidence of a correlation between NK cell ligand elongation, function-
ality and IS “strength”. These results do not contradict the previous reports about conjugation of 

elongated ligands, in fact complementing them with new information and a quantitative factor. In 
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Figure 3.29. Transference of NKp46 from effector to target cells is diminished in NK 

IS mediated by H60a-CD4 ligand. RMA H60a and RMA H60a-CD4 transfectants were 
mixed with IL2-stimulated NK cells. Cells were mixed to promote conjugate formation at a 

3:1 ratio (target:NK cells), and co-cultured for 5 minutes at 37°C before being fixed in 4% 
PFA. Samples were promptly analysed by flow cytometry and stained for NK cell specific 

markers, NK1.1 and NKp46. The NKp46+/NK1.1+ population represents NK cells, and 
the NKp46-/NK1.1- population represents target cells. Single NK46+ cells are cells that 

efficiently exchanged intermembranar material upon a NK:target cell IS. NK1.1 cell sur-
face staining is represented in the Y axis and NKp46 cell surface staining is represented 

in the X axis. Numbers indicate the percentage of cells in the respective gating. Data are 
representative of 2 separate experiments.



previous experiments the target and effector cells were labelled with different membrane dyes, 

providing clues regarding the establishment of conjugates at a specific time point, in a positive/
negative result regarding conjugate formation. However, in this study the intermembraner ex-

change of receptors between effectors and target cells was examined, and indirectly assessed not 
by conjugate formation specifically, but the intercellular transfer of receptors and relative synapse 

strength, with possible reflections on cytotoxicity. In the experiment, the relative percentage of tar-
get cells with the NKp46 cell surface marker was considered an indicator of “synapse strength” as 

recently reported in the literature.  In fact, a recent study reported that NKp46 clusters at the NKIS 
and regulates NK cell polarisation (Hadad et al. 2015). Also, the presence of an NKp46 ligand on 

RMA cells is possible as it is well known that NKp46 recognises different tumour cell lines, however 
the specific NKp46 ligands are not yet fully described (Cagnano et al. 2008).

The novelty observed in comparison with previous studies can be explained by the use of different 

technical approaches applied to study cell conjugation, as previously discussed. These new obser-
vations should be repeated in future in order to improve understanding of the relationship between 

NK cell ligands and IS formation. The use of various experimental approaches and time points of 
cell-cell conjugation, various NK cell ligands and degrees of ligand extension should be helpful to 

study the factors determining this relation in closer detail. Moreover, it would be interesting to in-
vestigate whether an inverse tendency is observed using elongated NK cell inhibitory ligands. In a 

typical inhibitory NK cell IS, in the presence of NK cell activating ligands, the elongation of NK cell 
inhibitory ligands would be predicted to gradually increase intercellular transfer of receptors be-

tween effector and target cells. Should these observations be verified in the future, it will provide 
strong evidence of a correlation between NK cell ligand elongation, functionality and a “less func-

tional” IS, possibly explained by a deficient kinetic-segregation dynamic between receptor/ligand 

complexes at the IS.

3.8. Conclusions

In Chapter 3 molecular tools were developed to further study NK cell signal integration and co-lo-

calisation upon NK cell IS formation. Fluorescent tagged NK cell receptors and their respective 
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elongated ligands were generated and analysed. In summary, the main developments described in 

this chapter are:

• NKG2D-fused GFP (short and long isoforms of NKG2D) and Ly49A-fused RFP NK receptors 
were generated. NKG2D-GFP and Ly49A-RFP receptors were efficiently expressed at the cell 

surface, as demonstrated by flow cytometry and confocal microscopy.

• NKG2D-GFP can efficiently associate with DAP10 and DAP12,confirming there the GFP fusion 
tag does not interfere with this association. NKG2D-GFP2-L efficiently associates with DAP10 but 

not with DAP12. NKG2D-GFP2-S efficiently associates with DAP10 and weakly with DAP12. 
NKG2D-GFP2-S associates more efficiently with both DAP10 and DAP12 than the long isoform.

• NKG2D-GFP2 short and long isoforms and Ly49A-RFP retroviral vectors were efficiently generat-

ed. The retroviral system based on pMIGR1-NKG2D-GFP2 and pMIGR1-Ly49A-RFP constitutes 
a viable gene transfer system, producing functional NKG2D-GFP2- or Ly49A-RFP-expressing 

retroviral vectors, allowing the stable transduction of NKG2D-GFP2 or Ly49A-RFP in immune 
cells.

• H60a and H60a-CD4-expressing RMA cells, H60a, H60a-CD4, Dd and Dd-CD4-expressing CHO 

cells, and Dd and Dd-CD4-expressing NIH3T3 cells were generated.

• Elongation of H60a was confirmed to reduce NK cell activation in a NKG2D-dependent manner. 
Differences in inter membrane transfer of receptors was observed upon IS formation, namely that 

the transfer of NKp46 from effector to target cells is diminished in the NK IS mediated by extend-
ed H60a-CD4 ligands.

In the future, a better characterisation,of the potential and applications of each FP-tagged NK cell 

receptor/ligand combination would be very interesting. In this study NKG2D-fused GFP was shown 
to effectively associate with DAP10 and/or DAP12, depending on the NKG2D-GFP isoform ex-

pressed. Further characterisation of the consequences of tagging GFP2 to mouse NKG2D, and its 
respective association with DAP10 and DAP12, will help determining other applications for this NK 

cell receptor-tagged system. Confirmation of NKG2D-GFP association with its adaptor proteins in-
dicates a possible maintenance of functionality, however, a full characterisation and experimental 

demonstration of the functional consequences of tagging GFP2 to NKG2D and RFP to Ly49A is 
still necessary. In fact, further NKG2D-GFP and Ly49A-RFP characterisation studies are of particu-

lar relevance for future FP-tagged receptor expression in primary NK cells or even in in vivo animal 
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models, which have recently been made more accessible with the gene editing tools such as the 

CRISPR-Cas9 system (Wang et al. 2013).  

The use of elongated ligands in different mammalian cell lines was analysed, showing differences 
according to the cell line used for transfection. In this studyH60a, H60a-CD4, Dd and Dd-CD4 were 

expressed in CHO cells, Dd and Dd-CD4 were expressed in NIH3T3 cells, but only H60a and 
H60a-CD4 (and not Dd and Dd-CD4 ) were capable of being expressed in RMA cells. In the future, 

the use of lentiviral vectors to express NK cell ligands and their respective elongated versions 
might be helpful to achieve  stable expression in all cell lines.

A reduction in NK cell activation was observed using elongated H60a NK cell ligand, and this was 

demonstrated for the first time to be NKG2D-dependent. Lastly, preliminary evidence was obtained 
that these observed changes in NK cell functionality might be linked to a less efficient synapse, 

which correlates with lower levels of intercellular membrane transferences between effector and 
target cells. 
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Chapter 4.   Generation of primary NK cells expressing 

fluorescent tagged NK cell receptors in vivo

4.1. Introduction

As previously discussed in Chapter 3, the use of fluorescent tagged NK cell receptors is important 

to study NK cell biology. Most of the studies using FP-tagged receptors employed transfected NK 
cell-like cell lines, e.g. NK92, YTS or NKL (Ito et al. 2009). However, artificial NK cell-like cell lines 

present several non-NK cell features and have been widely modified and transformed throughout 
the years in culture. Thus, the use of transfected NK cell-like cell lines is not ideal and fails to rep-

resent NK cell physiology as well as authentic primary NK cells. Nevertheless, it is technically chal-
lenging to generate NK cells expressing fluorescent tagged receptors in vivo, which to date has 

only been reported once in the literature (Guia et al. 2011a). Here, NK cells expressing fluorescent 
tagged NK cell receptors were generated in vivo to study the spatial organisation of NK cell recep-

tors and signal integration in primary NK cells.

4.2. Aims

The aim of this study was to investigate the molecular mechanisms behind NK cell signal integra-

tion. A strategy was devised to generate authentic primary NK cells expressing fluorescent tagged 
NK cell receptors in vivo. These NK cells were used to study opposing activating and inhibitory re-

ceptor co-localisation by nanometer-scale measurements of both tagged FPs, which formed a 
GFP-RFP FRET pair. Hence, for the present chapter, the following experiments were aimed to:

- efficiently transduce haematopoietic stem cells with NKG2D-GFP2 and Ly49A-RFP pMIG1-
based retroviral vectors;

- generate NKG2D-GFP2- and Ly49A-RFP-expressing haematopoietic stem cell (HPC)-derived 
NK cells, differentiated in vitro, using NKG2D deficient mice as bone marrow (BM) donors;

- generate NKG2D-GFP2- and Ly49A-RFP-expressing NK cells in vivo using retrogenic mice, us-
ing C57BL/6 mice with NKG2D deficient mice as BM donors.
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4.3. HPC transduction with NKG2D-GFP2 and Ly49A-RFP

Several experimental approaches have been applied over the years to achieve the transduction 

of murine haematopoietic stem cells and their genetic manipulation (Ide et al. 2008). HPCs are 
difficult to transduce in part due to the fact that they are mostly in a quiescent state (in the G0 

phase) and are generally resistant to retroviral vector transduction (Mostoslavsky et al. 2005). 
One of the best characterised vectors to efficiently achieve HPCs transduction is pMIGR1 (Ad-

dgene, plasmid 27490), a retroviral stem cell gene transfer vector, which was used in this study 
(Pear et al. 1998). As previously shown in this work, pMIGR1 based retroviral vectors, pMIGR1-

NKG2D-GFP2 and pMIGR1-Ly49A-RFP, can efficiently transduce immune cells. Here, the aim 
was to use both these vectors to transduce mouse HPCs. Transduced HPCs were then further 

used to differentiate NK cells in vitro or reconstitute mouse bone marrow cells in order to gener-
ate retrogenic mice. These results are presented and discussed below. 

4.3.1 Isolation of HPCs

As previously discussed in Chapter 2 (section 2.3.3), two distinct methods were employed to ex-

tract HPCs from NKG2D deficient C57BL/6 mice. HPCs were isolated for transduction using a 5-
FU injection based strategy (Holst et al. 2006) or a MACS isolation protocol (Williams et al. 

1997). Generally, isolation of HPCs was performed using 5-FU injection to generate retrogenic 
mice and the magnetic sorting (MACS) method, to purify Lineage negative (Lin-) cells, was used 

to differentiate HPCs into NK cell in vitro. 

These two techniques to isolate HPCs have different advantages and disadvantages depending 

on the final application of these cells. In this study, comparing both methods, MACS enriched 
HPCs were shown (i) to be more efficiently transduced with the pMIGR1 vectors (Figures 4.1 

and 4.2), (ii) to have a higher degree of HPC purity and (iii) to undergo less cell death in culture. 
In contrast, using the 5-FU injection method to isolate bone marrow cells  (i) requires less  cell 

manipulation, (ii) a higher cell number is harvested per experiment and (iii) other haematopoietic 
cell types and factors remain preserved in the whole BM cell extract, potentially supporting a 

successful engraftment. 
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4.3.2 Transduction of HPCs with NKG2D-GFP and Ly49A-RFP

As can be seen in Figures 4.1 and 4.2, HPCs were efficiently transduced using both pMIGR1-
NKG2D-GFP and pMIGR1-LY49A-RFP. In order to transduce HPCs with both receptors, two viral 

supernatants were used (Figure 4.2). These supernatants were generated separately since it was 
not possible to produce a bicistronic retroviral vector expressing both receptors simultaneously 

(see 3.5.3). However, using two viral supernatants poses a disadvantage, since the percentage of 
double transduced cells is relatively low (≤ 30%). For example, in an average experiment where a 

relative transduction for each viral supernatant of 25% was obtained, the total relative percentage 
of double transduced cells expected is approximately 6.25%%. These numbers are not ideal and 

relatively low. In the future the inclusion of drug selection markers into pMIGR1 retroviral vectors 
may be useful to allow downstream purification of the desired population of double transduced 

HPCs. Other determinant factors to impact the relative percentage of double transduced HPCs are: 
(i) the use of polybrene in the spin infection protocol (Davis et al. 2002), (ii) the relative HPC quies-

cent state or (iii) cytokine activation culture (Case et al. 1999).

4.4. HPCs derived NK cells, differentiated in vitro, expressing 

NKG2D-GFP and Ly49A-RFP 

The differentiation of multiple immune cells from HPCs in vitro has been observed and is well doc-
umented for T cells and myeloid immune cells (Nakano et al. 1994). Several methodology combi-

nations could be applied, for example (i) using feeder layer cell lines, (ii) expressing differentiation-
promoting cell surface ligands (e.g. Notch ligand Delta-like-1) and (iii) using activating cytokine 

mixtures, depending on the immune cell type to be differentiated (Schmitt et al. 2002). NK cell dif-
ferentiation in vitro, in particular, has been extensively reviewed and multiple experimental tech-

niques can be applied in order to differentiate HPCs into NK cells (Dezell et al. 2012). Even though 
NK cell differentiating techniques have been useful to study NK cells, HPC-derived NK cells are 

generally short lived and are not fully mature or functional, presenting several impairments when 
compared to primary authentic NK cells in vivo (Williams et al. 1999).   

4.4.1 NK cells differentiated in vitro

In order to differentiate NK cells, a magnetic sorting technique was used to isolate HPCs (purified 

Lin- cells), followed by a 15 day in vitro culture with cytokine supplemented medium, as represent-
ed in Figure 4.3. Briefly, a cytokine differentiation method was employed without using a feeder 
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Figure 4.1. HPCs are efficiently transduced with NKG2D-GFP and Ly49A-RFP. A) The 
top plots show pMIGR1-NKG2D-GFP transduced Lin- cells (short and long isoforms, right 

and left, respectively), with a GFP-positive transduced population, confirming an efficient 
transduction with NKG2D-GFP. B) The bottom plot shows RFP+ pMIGR1-Ly49A-RFP trans-

duced Lin- cells, which confirms an efficient transduction of Ly49A-RFP. These experiments 
were performed using HPCs from NKG2D-deficient C57BL/6 donor mice. Numbers indicate 

the percentage of cells in the respective quadrant. The data are representative of more than 
3 separate experiments.
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Figure 4.2. HPCs were transduced with both NKG2D-GFP and Ly49A-RFP.  The plots 
represent double transduction experiments, in which two separate viral supernatants from 

pMIGR1-NKG2D-GFP and pMIGR1-Ly49A-RFP were used simultaneously to obtain double 
transduced HPCs (NKG2D short and long isoforms, top and bottom, respectively). These 

experiments were performed using HPCs from NKG2D-deficient C57BL/6 donor mice. Num-
bers indicate the percentage of cells in the respective quadrant. The data are representative 

of more than 3 separate experiments.
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Figure 4.3. Differentiation of HPC into NK cells in vitro. Schematic representation of the 
steps required to create HPCs derived NK cells in vitro, using NKG2D-deficient C57BL/6 
donor mice. Following enrichment for lineage negative cells (Lin-), an NK differentiation 
medium (IL-7, SCF, Flt3-L) was used to obtain NK cells in vitro, (protocol adapted from, Kung 
SK, 2010; Lian RH, Kumar V, 2010)  In summary, following transduction, Lin- were cultured 
in this NK differentiation medium for 5 days. On day 5, cells were cultured in the presence of 
IL-15 only for 5 days. On day 10, the medium was replaced by RPMI containing IL-15 and IL-
2. On day 14, differentiated NK cells were analysed using flow cytometry. IL-7, interleukin-7; 
SCF, stem cell factor; Flt3-L, Flt3 ligand; IL-15, interleukin-15; IL-2, interleukin-2.



layer helper cell line (e.g. OP9) in order to differentiate HPCs into NK cells in vitro (Williams et al. 

1997).

Using this method, HPC-derived NK cells efficiently express prototypical NK cell markers, such as 
NKp46 and NK1.1. but failed to express CD49b (DX5) (Figure 4.4) or significant levels of Ly49A 

receptor (Figure 4.5). This observation was probably to be expected considering the high level of 
experimental manipulation of the differentiation culture and the lack of physiological conditions, not 

allowing for a fully mature and licensed NK cell phenotype (Kim et al. 2005). It is worth noting how-
ever that depending on the NK cell production protocol used, different phenotypes or functions may 

be observed, in particular if using supporting feeder layer cell lines (Luevano et al. 2012). 
In this study we used a stroma-free culture method in order to generate NK cells in vitro. This deci-

sion was based on a series of considerations: (i) first, to avoid cross contamination with the co-cul-
turing of OP9-GFP cells and GFP-expressing NK cells; (ii) to facilitate NK cells separation and pu-

rification for a subsequent use in downstream applications (e.g. functional assays); and finally (iii) 
this method was adopted based on a previous description of functionally competent NK1.1+, 

Ly-49− HPCs derived NK cells generated using a stroma-free culture method (Williams et al. 
1997). However, the targets cells used in this study were YAC-1, which are highly susceptible to 

NK cell killing. It has been shown, however, that NK cells differentiated in vitro using this method 
aren't fully matured and will most likely not be able to function efficiently or kill other less suscepti-

ble target cells. In future studies, using a stroma culture method could enable the production of a 
larger number of NK cells fully mature (achieving higher cytotoxicity and Ly49 expression). Since 

this study's downstream application (FRET measurements and co-localisation studies) did not 
necessarily required functional NK cells, a stroma-free method was used to generate NK cells dif-

ferentiated in vitro. 

Also, possible alterations in the differentiation development between NKG2D deficient and NKG2D 
competent HPC-derived NK cells cannot be excluded. In fact, an altered NK cell development and 

receptor expression profile has been reported in NKG2D deficient mice (Zafirova et al. 2009). In-
terestingly in this project, when using NKG2D deficient IL2-stimulated splenic NK cells, (i) a faster 

maturation rate, (ii) an exhausted morphological phenotype and (iii) an increasing decay of the 
maturation marker CD49b (DX5) expression over time were observed comparing NKG2D deficient 

NK cells with the wild type (data not shown). 
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Figure 4.4. In vitro differentiated HPCs derived NK cells, in stroma-free culture condi-
tions, express NK1.1, NKp46 but not CD49b receptors. The histogram plot on the left 

shows that HPCs derived NK cells do not express, at significant levels, the NK cell matura-
tion marker CD49b (DX5). These experiments were performed using HPCs from NKG2D-

deficient C57BL/6 donor mice. This result evidence that in these conditions most of the de-
rived NK cells were immature. However, these NK cells show an efficient expression of NK 

cell prototypical receptors, NK1.1 and NKp46, as shown in the top right and bottom his-
tograms, respectively. Cells presented in the bottom left FACS plot were previously gated on 

CD3- and CD8- cells. Cell counts are represented in the Y axis of the histograms. Numbers 
indicate the percentage of cells in the respective section of the histogram or FACS plot. Data 

are representative of more than 3 separate experiments.
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Figure 4.5. HPCs derived NK cells efficiently express NKG2D-GFP and Ly49A-RFP at 
the cell surface. NK cells were differentiated in vitro with IL-2 and IL-15 cytokines as previ-
ously described. Data shown are representative of a NK1.1+, NKp46+ and CD3– cell popula-
tion. The top plots show a positive correlation between GFP signal and NKG2D cell surface 
staining, confirming NKG2D cell surface expression. The bottom plot shows a positive corre-
lation between RFP signal and Ly49A cell surface staining. These experiments were per-
formed using HPCs from NKG2D-deficient C57BL/6 donor mice. Numbers show the relative 
percentage of cells in the respective quadrant. The data are representative of more than 3 
separate experiments.



4.4.2 HPCs derived NK cells expressing NKG2D-GFP and Ly49A-RFP

HPCs derived NK cells presented efficient cell surface expression of NKG2D-GFP (both isoforms) 
and Ly49A-RFP receptors (Figures 4.5 and 4.6). This was demonstrated by flow cytometry and 

confocal imaging, showing again the possibility for efficient expression of these two constructs in 
primary NK cells. NKG2D or Ly49A functionality in HPC derived NK cells was not tested, and these 

cells were not used for co-localisation studies upon immune synapse formation (see Chapter 5). 
However, it would be useful to use these cells in future experiments and compare the results with 

those obtained using primary NK cells ex vivo. 

It is possible that the relative co-localisation of some receptors upon IS formation is independent of 
their ability to signal. Thus, it would be interesting to test the relative receptor co-localisation using 

both HPC-derived NK cells, and fully functioning primary authentic NK cells ex vivo.

4.5. Primary NK cells expressing NKG2D-GFP and Ly49A-RFP in 

vivo

Production of primary authentic NK cells expressing a FP-fluorescent tagged receptor in vivo is 
technically challenging. The standard technique to achieve this would be to produce transgenic 

mice - an expensive and rather time consuming procedure. Here is described the production of 
“FP-tagged NK cell receptor retrogenic mice”, in which BM chimeric mice were generated in order 

to produce NK cells expressing NKG2D-GFP (both isoforms) and Ly49A-RFP receptors in vivo.

4.5.1 Retrogenic mice technique 

Using the retrogenic mice (RM) technique it is possible to generate authentic primary NK cells ex-

pressing NKG2D-GFP and Ly49A-RFP using NKG2D deficient C57BL/6 bone marrow (Figure 4.7). 
Therefore, this technique produces GFP positive primary NK cells expressing NKG2D-GFP only, 

without any expression of endogenous NKG2D, in vivo. This represents a significant improvement 
over the NK cell models expressing NKG2D FP-tagged NK receptors reported so far (Brown et al. 

2011). NKG2D expression levels on NKG2D deficient mouse splenic NK cells were checked, and 
no endogenous expression was detected, as expected (Figure 4.8). 
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Figure 4.6. Confocal z-stack imaging of HPCs derived NK cells expressing NKG2D-GFP2 

and Ly49A-RFP receptors  A) NKG2D-S/L-GFP expressing HPCs derived NK cells. B) Ly49A-
RFP expressing HPCs derived NK cells. Respective bright field images are shown on the right. 

This experiment was performed using HPCs from NKG2D-deficient C57BL/6 donor mice. Scale bar 
of 5 microns.
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Figure 4.7. Schematic representation of steps required to create RM using NKG2D-de-

ficient mice. The retrogenic approach combines pMIGR1-NKG2D-GFP (both isoforms) and 
pMIGR1-Ly49A-RFP retroviral vectors with retroviral-mediated stem cell gene transfer. RM’s 

immune systems can be analysed, and NK cells expressing FP-tagged NK cell receptors can 
be harvested approximately 2 to 3 weeks following BM i.v. injection.  5-FU, 5-fluorouracil; IL-

3, interleukin-3; i.p., intraperitoneal; i.v., intravenous; SCF, stem cell factor.
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Figure 4.8. NKG2D deficient mice were used as BM cell donors. Flow cytometry analysis of 

NKG2D expression on spleen NK cells, CD3-, CD8-, NK1.1+ and DX5+ NK cells of C57BL/6 (dot-
ted line) and NKG2D-deficient (Klrk1−/−) mice (grey area) is shown. RM donor mice (grey area) 

were confirmed to not express NKG2D. 



The retrogenic mice technique is a variation of BM chimeric mice generation, an experimental pro-
cedure that has been used for many years and for a wide range of experimental applications (Du-

ran-Struuck et al. 2009). The use of retroviral vectors to transform BM cells represents a variation 
of BM chimeric mice generation, being named the “retrogenic mice technique” (RM) (Bettini et al. 

2013). So far, RM has been mostly applied to TCR immunobiology studies, namely to the study of 

several TCRs (⍺β) (Bettini et al. 2012). Recently this technique has also been applied to produce 

unique 𝛄𝛿 TCRs, in NKT cells (Mallevaey et al. 2009), and attempted for generating mice with B 

cells expressing a single BCR (Freitag et al. 2014).

The use of retrogenic mice has allowed the analysis of several genetically modified T-cell popula-
tions in vivo in a relatively fast and simple fashion (Bettini et al. 2012). RM generation presents 

several advantages compared with the production of transgenic mice. The RM technique requires 
only 2 months to generate modified animals (excluding the time to clone and produce the fluores-

cent tagged receptors or the retroviral constructs). A typical transgenic mouse takes at least six 
months and up to to one year to generate. Moreover, RM generation generally involves lower ex-

perimental costs, but results in an individual founder mouse with limited reproducibility.
In this work C57BL/6 wild type mice were used as recipient mice. One other possibility would have 

been to use C57BL/6 NKG2D KO as recipient mice. However, this option was not used in order to 
avoid any secondary, or auto-immune, complications of a sudden onset of NKG2D expression in a 

previously NKG2D deficient environment. Nevertheless, the possibility of side effects due to 
NKG2D-GFP and Ly49A-RFP expression using wild type mice cannot be discounted. Several 

complications were found when attempting to generate retrogenic mice, in particular in trial at-
tempts using RAG KO (C57BL/6 background) animals as recipient mice. Even though some side 

effects associated with the RM technique are expected, in this work these were not subject of in-
tense analysis or evaluation. An expected side effect is the expression of FP-tagged NK cell recep-

tors on other haematopoietic cell lineages, but again, any implications of this were not studied. The 
main goal of this work was the successful production and isolation of NKG2D-GFP and Ly49A-RFP 

expressing primary NK cells.
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4.5.2 Expression of NKG2D-GFP and Ly49A-RFP in primary NK cells 

in vivo

Two weeks to four months following BM injection of C57BL/6 mice, the reconstitution of different 
haematopoietic lineages expressing NKG2D-GFP and Ly49A-RFP was observed in peripheral 

blood and splenocytes, in particular in NK cells but also CD8+T cells (Figures 4.9 and 4.10). The 
presence of cells expressing FP-tagged NK cell receptors in the peripheral blood and in splenic NK 

cells was confirmed. Thus, proof of principle was established regarding the use of retrogenic mice 
technique to express the NK cell receptors of interest in vivo. The presence of NK cells in periph-

eral blood for a period of at least 4 months shows the feasibility of this experimental approach, and 
also indicates that expression of these receptors can be stable and continued over a long period of 

time in vivo (Figure 4.10).
RM blood samples were periodically analysed to confirm an efficient engraftment of FP-expressing 

BM cells. Using the flow cytometry gating strategy described in Figure 4.9, the expression of 
NKG2D-GFP and Ly49A-RFP in the spleen was analysed. Both FP-tagged NK cell receptors were 

efficiently expressed at the NK cell surface after in vitro IL-2 culture stimulation of splenocytes for 4 
to 8 days (Figures 4.11 and 4.12). In fact, following IL-2 supplemented culture ex vivo, NKG2D-

GFP-expressing NK cells presented higher levels of NKG2D-GFP cell surface expression, with the 
GFP signal positively correlating with NKG2D cell surface staining (Figure 4.11). A similar observa-

tion was made for Ly49A-RFP, with the RFP signal positively correlating with Ly49A cell surface 
staining (Figure 4.12). Interestingly, however, non stimulated ex vivo NKG2D-GFP expressing NK 

cells, when compared with IL-2 stimulated NK cells, showed a decrease in cell surface expression 
of NKG2D (data not shown). This highlights the fact that the expression of NKG2D adaptor pro-

teins DAP 10 and DAP 12 are upregulated in an activation state  (e.g. IL-2 supplemented culture 
medium). Subtle differences in the cell surface expression of NKG2D-GFP long and short isoforms 

were also observed (Figure 4.11). These differences might be due to the different capacity of 
NKG2D-GFP to associate with DAP 10 and DAP 12 (Figures 4.11 and 3.4-3.6). 

Efficient recognition by NKG2D-GFP expressing NK cells of H60-expressing RMA target cells was 
observed (Figure 4.13). NKG2D-GFP accumulation occurred at the IS interface between NK:target 

cells, and was verified for both H60- and H60-CD4- expressing target cells. No significant differ-
ences in the NKG2D-GFP levels of accumulation were observed between H60 and H60-CD4 ex-

pressing target cells. These observations reinforce the previous evidence that NKG2D-GFP recep-
tors can be efficiently expressed at the cell surface, and they recognise both H60 and H60-CD4 

(See also 3.7.2).
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Figure 4.9. Flow cytometry splenic NK cells gating strategy reveals RM’s NK cells ex-
pressing FP-tagged receptors. A) Typical NK cell gating strategy using WT mice spleno-

cytes. B1) NK cell gating strategy from retrogenic mice splenocytes. NK cells were selected as 
CD3-, CD8-, NK1.1+ and CD49b+ (DX5) cells. B2) Relative percentage of splenic NK cells, 

from retrogenic mice, expressing NKG2D-GFP (GFP+) or Ly49A-RFP cells (RFP+). A similar 
gating strategy was applied for blood samples. For all FACS plots represented, cells were pre-

viously gated for splenocytes, singlets and live cells. Numbers indicate the percentage of cells 
in the respective gate selection. Different flow cytometry threshold settings were applied be-

tween experiments using WT or retrogenic mice. A representative experiment is shown.
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Figure 4.10. Primary NK cells expressing NKG2D-GFP and Ly49A-RFP are efficiently 
generated in vivo. Timeline of the relative percentage of NKG2D-GFP and Ly49A-RFP-ex-

pressing NK and CD8+ T cells circulating in peripheral blood following i.v. injection. Data are 
shown as relative percentage of NK1.1+, CD49b+ and CD3– or CD3+ CD8+ cells resulting 

from post-injection reconstitution. Relative percentage corresponds to NK or CD8+ T cells 
during the first four months following retroviral-mediated stem cell gene transfer. Point “iv” 

corresponds to the initial relative percentage of positive NKG2D-GFP2 or Ly49A-RFP trans-
duced haematopoietic stem cells (HPC) at time of injection. Approximately 5 to 7 x105 total 

BM cells were transplanted into sub-lethally irradiated WT recipient mice (mean ± SD, n=2). 
Time post i.v. injection is not to scale.
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Figure 4.11. IL-2 stimulated ex vivo NK cells efficiently express NKG2D-GFP at the cell 
surface. A) FACS analysis of NK1.1+, DX5+ and CD3– cells expressing NKG2D-GFP four 

weeks post transplantation. The plot on the left represents NKG2D-S-GFP expressing NK 
cells. Successful reconstitution and cell surface expression were measured by GFP fluores-

cence and NKG2D cell surface expression was detected by staining with an anti-mouse 
NKG2D mAb. The plot on the right shows the relative levels of GFP intensity according to 

the NKG2D isoform expressed in different mice. FACS analysis was performed using splenic 
NK cells cultured in vitro with IL-2 1000U/mL and IL-15 30ng/mL over 6 days. The data are 

representative of more than 3 separate experiments. B) Confocal z-stack image of an ex 
vivo primary NK cell expressing NKG2D-GFP. Scale bar of 10 microns.
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Figure 4.12. IL-2-stimulated ex vivo NK cells efficiently express Ly49A-RFP at the cell 
surface. A) FACS analysis of NK1.1+, DX5+ and CD3– cells expressing Ly49A-RFP four 

weeks post transplantation. The plot represents Ly49A-RFP expressing NK cells. Successful 
reconstitution and cell surface expression were measured by RFP fluorescence and Ly49A 

cell surface expression was detected by staining with an anti-mouse Ly49A mAb. FACS 
analysis was performed using splenic NK cells cultured in vitro with IL-2 1000U/mL and IL-15 

30ng/mL over 6 days. RFP signal is represented in the Y axis and anti-Ly49A staining in the 
X axis. The data are representative of more than 3 separate experiments. B) Confocal z-

stack imaging of ex vivo primary NK cells expressing Ly49A-RFP.  The image on the right 
corresponds to the bright field image. Scale bar of 5 microns.
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Figure 4.13. Confocal z-stack live cell imaging of NKG2D short-GFP NK cells ex vivo tar-
geting H60- or H60-CD4-expressing RMA target cells.  A) NKG2D-S-GFP-expressing NK 

cells ex vivo, from retrogenic mice, show accumulation of GFP at the the cell-cell interface 
(white arrows), forming a stable IS with H60- (top panel) and H60-CD4- expressing RMA cells 

(bottom panel). B) NKG2D-GFP accumulates in the IS. The relative intensity of GFP signal is 
higher in the synapse area for both H60- (top) or H60-CD4 (bottom) expressing target cells, as 

shown by the 3D surface plot (ImageJ3D). 
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4.6. Discussion

Chapter 4 describes two distinct techniques to produce NK cells expressing FP-tagged receptors. 

Proof of principle is presented showing the possible application of both approaches in studies 
where FP-tagged NK cell receptors are necessary to investigate various aspects of NK cell biology. 

This work generated and analysed (i) primary authentic NK cells in vivo and ex vivo, and (ii) HPCs 
derived NK cells, differentiated in vitro, expressing FP-tagged NK cell receptors. In summary, the 

main developments described in this chapter are:

• HPCs were efficiently transduced with pMIGR1-NKG2D-GFP and pMIGR1-Ly49A-RFP retroviral 
vectors;

• NKG2D-fused GFP (short and long isoforms of NKG2D) and Ly49A-fused RFP-expressing HPCs 

derived NK cells were generated in vitro;

• NKG2D-fused GFP (short and long isoforms of NKG2D) and Ly49A-fused RFP expressing prima-
ry NK cells were generated in vivo;

• RM technique allows for the generation of NKG2D-fused GFP (short and long isoforms of 

NKG2D) and Ly49A-fused RFP-expressing NK and CD8+ T cells in vivo for a period of at least 
four months;

• NKG2D-GFP and Ly49A-RFP receptors were efficiently expressed at the cell surface, in vitro and 

in vivo, as demonstrated by flow cytometry and confocal microscopy.

Besides the transgenic and the retrogenic mice techniques discussed in this chapter, there are 

other approaches that could be applied in future work to generate primary NK cells expressing FP-
tagged NK cell receptors in vivo, e.g.:

- The recently described CRISPR-Cas9 genome editing system (Wang et al. 2013);
- Using BM from mice expressing Cre recombinase driven by aNK cell specific promoter (e.g. 

NKp46 gene). The donor BM can be transduced with a retroviral vector expressing the protein of 
interested flanked with loxP sites, in order for the FP-tagged NK cell receptor to only be ex-
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pressed in NK cellsA similar approach has previously been used to generate GFP tagged NKp46 

expressing NK cells in vivo (Guia et al. 2011a).

In this study it was shown for the first time that the RM technique can be applied to generate NK 
cells expressing FP-tagged receptors in vivo. The results described in this chapter further con-

firmed the efficient cell surface expression of both FP-tagged NK cell receptors in primary immune 
cells in vivo.  
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Chapter 5.   NK cell signal integration and FRET co-lo-

calisation studies

5.1. Introduction

Recent experimental evidence suggests lymphocyte responses to be dependent on the molecular 

size of their respective receptor/ligand complexes (Choudhuri et al. 2005). These size-dependent 
effects are hypothesised to be the result of a differential organisation and segregation of receptors 

upon IS formation. However, there is still little experimental evidence supporting this hypothesis, in 
particular at the level of nanoscale interactions. Thus, it is important to investigate whether a differ-

ential co-localisation or segregation between immune receptors upon IS formation correlates with 
their different functional outcomes, as well as whether this constitutes in itself a molecular mecha-

nism determining lymphocyte activation or inhibition. 

5.2. Aims

The aim of this study was to investigate whether close physical proximity between activating and 

inhibitory receptors, NKG2D and Ly49A respectively, correlates with their functional responses and, 
hence, could constitute the molecular mechanism of NK cell signal integration. Thus, the following 

experiments were aimed to investigate the co-localisation of NKG2D-GFP and Ly49A-RFP, at 
nanoscale, upon formation of NK IS, using authentic primary NK cells (ex vivo) in cell-cell conju-

gates with NIH3T3 target cells, with or without expression of Dd SCT and Dd-CD4 SCT (short and 
long Ly49A ligands, respectively).

5.3. Nanometer-scale co-localisation studies and FRET in the NK IS

5.3.1. Physiological model of NK IS using NIH3T3 target cells

This study applied an experimental model in which NIH3T3 cells, expressing different combinations 
of NKG2D and Ly49A ligands, were used as target cells. A monolayer of NIH3T3 cells, forming a 

planar surface, was used as the interface of choice for the study of NK IS (Figure 5.1). This strate-
gy allows for the visualisation of the NK IS en face in a single z-stack plane. Due to their planar 
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Figure 5.1. Simplified representation of NK cell immunological synapse formation us-
ing primary NK cells and NIH3T3 target cells. An experimental approach was applied to 

image NK IS plane en face. Primary splenic NK cells obtained from retrogenic mice, ex-
pressing NKG2D-GFP and Ly49A-RFP, were placed on top of a monolayer of NIH3T3 target 

cells. NIH3T3 target cells, expressing different sets of NK cell ligands, were tested (see Fig-
ure 5.4). Image representation not in scale. For more information on NK cell immunological 

synapse see Chapter 1 (1.4.2).  



morphology and surface adherence, NIH3T3 cells produce a monolayer of target cells and a large 

surface area for NK cell interaction (Duclos et al. 2014). In order to distinguish target cells from NK 
cells and identify the NK IS interface, NIH3T3 cells were stained with a cell trace violet (CTV) la-

belling dye (Figure 5.2). 
Using NIH3T3 cells as target cells presented several advantages when compared to RMA cells, in 

particular considering the difficulties in stably transfecting RMA cells with Dd SCT or Dd-CD4 SCT 
(Figure 3.23). In contrast, the NIH3T3 cell line was efficiently transfected with either ligand (Figure 

3.27). The use of a monolayer of NIH3T3 cells constitutes an innovative experimental approach to 
study the NK IS. This approach presents a better model when compared with the use of lipid bilay-

ers, for example, as it allows the study of NK IS in real target cell surfaces in physiological condi-
tions. The low height and thin nature of this monolayer, as revealed by atomic force microscopy 

(ATM) studies (Bottier et al. 2011), makes NIH3T3 a promising cell line to use in NK IS studies. In 
theory, this line can also be applied in future super-resolution (SR) imaging of NK IS using authen-

tic primary NK cells. Rigorous controls must be employed however, in order to avoid artefacts or 
other experimental caveats (e.g. unspecific antibody staining) commonly associated with SR tech-

niques.

5.3.2. GFP-RFP FRET pair

FRET consists of a non-radiative transfer of energy from an excited donor to a proximal acceptor 

fluorophore (Piston et al. 2007). As previously mentioned in Chapter 1 (1.4.2), FRET is an impor-
tant tool to assess molecular co-localisation (≤ 10nm), and its experimental applications present 

significant advantages when measuring nanoscale interactions and studying NK IS (Mace et al. 
2012). FRET has previously been used to investigate several aspects of NK cell biology, including 

(i) clustering of KIR at the interface with HLA-C-expressing target cells (Faure et al. 2003) and (ii) 
co-localisation of GFP-tagged KIR2DL1 and a Cy3-tagged anti-phosphotyrosine mAb in order to 

image KIR phosphorylation at the inhibitory NK IS (Treanor et al. 2006). In order for FRET to occur, 
three main conditions need to be met: (i) the donor emission spectra must overlap the acceptor 

excitation spectra, e.g. GFP/RFP spectra; (ii) the GFP/RFP donor/acceptor pair must be proximal, 
i.e. within 10nm or less; and (iii) both fluorophore dipoles must be parallel to each other. TagGFP2 

and TagRFP form an effective FRET pair, with a significant overlap of donor emission and acceptor 
excitation spectra. A FRET efficiency of 50% is achieved when both fluorophores are at R0, Förster 

distance, of approximately 5.7nm (Jares-Erijman et al. 2003). 
In this study, the acceptor photobleaching FRET (ApFRET) technique was applied, using a GFP/

RFP FRET pair associated with NK cell receptors (Figure 5.3). ApFRET is a FRET technique that 
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Figure 5.2. NIH3T3 target cells formed a monolayer surface and were efficiently la-
belled with CTV labelling dye. A cell monolayer consisting of NIH3T3 target cells was used 

as the surface interface in the NK IS formation (bright field image, on the right). NIH3T3 cells 
were efficiently stained with a cell trace violet labelling dye (left image). This staining allows 

the differentiation of target cells from GFP- and RFP-expressing NK cells during imaging, as 
well as the definition of a z-stack region corresponding to the NK IS for FRET measure-

ments.
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Figure 5.3. Schematic representation of the NKG2D-GFP and Ly49A-RFP FRET re-
porter system. A FRET reporter probe system was implemented in the two NK cell recep-

tors. The experimental model used assumes that if NKG2D-GFP and Ly49A-RFP co-localise 
within 10nm, upon NK IS formation, FRET will be observed between both FP-tagged recep-

tors. In this FRET pair system, GFP functions as the electron donor and RFP as the electron 
acceptor, forming a FRET pair. Image representation is not to scale and is adapted from Li, 

Wang, and Mariuzza, 2011 and Dimasi and Biassoni, 2005. Originally published in The Jour-
nal of Experimental Medicine. doi: 10.1084/jem.20102548



can be applied to fixed cells. Some advantages of this technique are the relatively easy experimen-

tal setup and the fact that its analysis can be done without the need for a complex optimisation of 
other fluorescence signals (e.g. sensitised emission FRET technique) (Hachet-Haas et al. 2006). 

ApFRET is based on the principle that an increase in the intensity of the donor fluorescence is ex-
pected once the acceptor fluorophore is photobleached (Karpova et al. 2003). In this study, GFP 

images of the NK ISs were obtained before and after RFP photobleaching (Figure 5.4). All images 
were corrected for background and threshold intensities and zoomed 100x100 µm for uniformity. In 

general, the differences of GFP intensities before and after acceptor photobleaching were small 
and difficult to measure or to be visualised by eye. Therefore, the GFP fluorescence intensities, 

before and after acceptor photobleaching, were quantified according to an optimised ApFRET pro-
tocol Image J plugin, as described in previous literature (Roszik et al. 2008). Measuring FRET rep-

resents a significant advantage in comparison with other co-localisation analyses. FRET is a 
nanometer sensitive tool capable of studying protein-protein proximal interactions, unlike the Pear-

son’s co-localisation coefficient analysis, for example, even though this technique is still frequently 
applied in IS co-localisation studies (Kohler et al. 2010). In this study, nanometer-scale measure-

ments of co-localisation between two antagonistic NK cell receptors within the NK IS are reported 
for the first time. 

In some NK ISs, regions of significant increase in the GFP intensity following RFP photobleaching 
were identified according to the target cells used (Figure 5.5). As further discussed in the next sub-

chapter, FRET was predominantly observed in prototypical inhibitory synapses and no FRET, or 
less, was registered in activating synapses (Figure 5.5).  

5.4. NKG2D-GFP and Ly49A-RFP co-localisation upon IS formation

In this study, three distinct types of NK IS were investigated: (i) an activating NK IS using NIH3T3 
target cells endogenously expressing NKG2D ligands (Figure 3.26); (ii) an inhibitory NK IS using 

NIH3T3 target cells endogenously expressing NKG2D ligands and Dd SCT MHC I molecule (Ly49A 
ligand);  (iii) a weaker inhibitory NK IS using NIH3T3 target cells endogenously expressing NKG2D 

ligands and Dd CD4 SCT MHC I molecule, an elongated version of the Ly49A ligand. For each of 
these prototypical NK ISs, FRET signals were measured and analysed to study the relative co-lo-

calisation of NKG2D and Ly49A upon NK IS formation. In particular, the goal was to assess 
nanometer scale differences inside the NK IS according to the expression or dimensions of the lig-

ands on target cells. 
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Figure 5.4. Acceptor photobleaching FRET technique applied to NK ISs. A prototypical 

FRET acceptor photobleaching protocol is represented. This figure depicts the sequence of 
donor and acceptor fluorescence acquisition between an NK cell expressing NKG2D-L-GFP 

and Ly49A-RFP in synapse with NIH3T3 cells expressing both NKG2D and Ly49A ligands. 
Primary splenic NK cells obtained from retrogenic mice, expressing NKG2D-GFP and 

Ly49A-RFP were used in these experiments. For each NK IS the relative GFP and RFP fluo-
rescence signals where compared before and after acceptor (RFP - red) photobleaching. 

Images of GFP and RFP were acquired before (top right) and after photobleaching RFP (bot-
tom right). The change of GFP fluorescence intensity after photobleaching was measured 

and FRET regions were then derived by comparing the regions of synapse where the donor, 
GFP, signal increased after acceptor photobleaching (bottom left image, scale bar with arbi-

trary units) (Roszik, Szollosi et al. 2008).  
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Figure 5.5. Examples of FRET regions formed in the NK IS.  Four NK ISs and respective 

ApFRET regions are shown. On the left are FRET regions observed using NIH3T3 express-
ing Dd SCT, corresponding to an inhibitory synapse. Higher intensities of FRET efficiency 

were generally observed per pixel in these synapses, although these were not commonly 
observed at the microscale. On the right are FRET measurements using untransfected NI-

H3T3 cells, corresponding to prototypical activating NK ISs. These synapses generally did 
not generate many FRET regions per pixel and the FRET efficiency was lower in the NK IS 

interface. Primary splenic NK cells obtained from retrogenic mice, expressing NKG2D-GFP 
and Ly49A-RFP, were used in these experiments. FRET measurements were acquired ap-

proximately 5 minutes after cell-cell contact formation was induced by centrifugation. Two 
experiments per type of synapse are shown.



5.4.1  NKG2D and Ly49A nanometer-scale co-localisation varies according 

to ligands’ expression and dimensions

FRET efficiency average (1) and maximum values (2) and FRET area (3) were measured using the 

three different types of NK IS described in 5.4. For each synapse, values were measured as previ-
ously outlined in 5.3.2. 

(1) Average FRET efficiency values ranged between 0 and 20%, which are the values usually ob-
served when using fluorescent proteins (Broussard et al. 2013). Either NKG2D isoform (short or 

long) closely co-localised with Ly49A in the presence of both ligands in a prototypical inhibitory 
synapse (Figure 5.6 and 5.7). In contrast, in a prototypical activating synapse, there was no co-lo-

calisation and less FRET. This indicates that, in the presence of only the activating ligand, there is 
no significant co-localisation between NKG2D and Ly49A. NK ISs established between NK and 

NIH3T3 cells (untransfected NIH3T3) presented significantly lower average values of FRET effi-
ciency when compared to NK ISs using Dd SCT transfected NIH3T3 cels (NIH3T3 Dd SCT). NK ISs 

formed between NKG2D-S-GFP-expressing NK cells and Dd CD4 SCT (NIH3T3 Dd CD4 SCT) pre-
sented significantly lower average values of FRET efficiency when compared to Dd SCT transfect-

ed NIH3T3 cells (NIH3T3 Dd SCT). However, this result was not observed when using NKG2D-L-
GFP-expressing NK cells (Figure 5.6). 

(2) Maximum FRET efficiency values were assessed between the FP-tagged NK cell receptors. NK 
ISs established between NK and NIH3T3 cells (untransfected NIH3T3) presented significantly low-

er maximum values of FRET efficiency when compared to NK ISs using Dd SCT transfected NI-
H3T3 cells (NIH3T3 Dd SCT). NK ISs formed between NK cells and Dd CD4 SCT (NIH3T3 Dd CD4 

SCT) presented significantly lower maximum values of FRET efficiency when compared to Dd SCT 
transfected NIH3T3 cels (NIH3T3 Dd SCT). A similar pattern was observed when using either the 

short or long isoform of NKG2D (Figure 5.7).
(3) Total FRET regions between NKG2D-GFP and Ly49A-RFP were compared according to the 

expression and dimension of the Ly49A ligand. NK ISs established between NK and NIH3T3 cells 
(untransfected NIH3T3) presented significantly lower pixel areas of FRET when compared to NK 

ISs using Dd SCT or Dd CD4 SCT transfected NIH3T3 cells. A similar pattern was observed when 
using either the short or long isoform of NKG2D (Figure 5.8). 

In summary, considering both the maximum and the average FRET values, NKG2D and Ly49A co-
localise in the presence of both ligands and are segregated when the inhibitory ligand is either not 

expressed or elongated. Regarding the total FRET regions, there is a significant difference be-
tween FRET co-localisation in a prototypical activating (untransfected NIH3T3) and inhibitory 
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Figure 5.6. Mean FRET efficiency values vary according to NK cell ligands expressed 
in NIH3T3 target cells in the different NK ISs. FRET efficiency was calculated pixel-by-

pixel, and the average value registered for each NK IS is shown here. NK ISs using NKG2D-
L-GFP and Ly49A-RFP-expressing NK cells are shown on the left; NK ISs using NKG2D-S-

GFP and Ly49A-RFP-expressing NK cells are shown on the right. These results represent 
NK ISs from three independent experiments, using primary NK cells harvested from at least 

3 different RM. Each point represents an unique NK IS. The graphs show the mean percent-
age of association ± SEM from at least thirteen replicates, and groups with different statisti-

cal significance are as shown: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns, no statis-
tical significance (p>0.05).
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Figure 5.7. Maximum FRET efficiency values vary according to NK cell ligands ex-
pressed in NIH3T3 target cells in the different NK ISs. FRET efficiency was calculated 

pixel-by-pixel, and the maximum value registered for each NK IS is shown here. Each 
square point represents an unique synapse. NK ISs using NKG2D-L-GFP and Ly49A-RFP-

expressing NK cells are shown on the left; NK ISs using NKG2D-S-GFP and Ly49A-RFP-
expressing NK cells are shown on the right. These results represent NK ISs from three inde-

pendent experiments, using primary NK cells harvested from at least 3 different RM. Each 
point represents an unique NK IS. The graphs show the mean percentage of association ± 

SEM from at least thirteen replicates, and groups with different statistical significance are as 
shown: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns, no statistical significance 

(p>0.05).
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Figure 5.8. Total FRET regions vary according to the presence or absence of inhibitory 
NK cell ligands. FRET areas were derived from the total number of pixels in which FRET 

was registered for each NK IS. Each square point represents an unique synapse. NK ISs 
using NKG2D-L-GFP and Ly49A-RFP-expressing NK cells are shown on the left; NK ISs us-

ing NKG2D-S-GFP and Ly49A-RFP-expressing NK cells are shown on the right. These re-
sults represent NK ISs from three independent experiments, using primary NK cells harvest-

ed from at least 3 different RM. Each point represents an unique NK IS. The graphs show 
the mean percentage of association ± SEM from at least thirteen replicates, and groups with 

different statistical significance are as shown: * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001, ns, no statistical significance (p>0.05).



synapse (NIH3T3 Dd SCT). None or few FRET regions were observed in the activating synapse. 

However, a significant number of FRET regions were observed in the presence of Dd SCT in the 
target cells. Interestingly, FRET regions were also observed when using the elongated Dd CD4 

SCT ligand (Figures 5.9 and 5.10). 
In order to further analyse the FRET measurements for each type of NK IS, the correlation be-

tween total FRET regions and average FRET efficiency was plotted (Figure 5.11). The average 
FRET efficiency values provide a measurement of how close RFP and GFP are; the closer RFP 

and GFP are, the higher the FRET efficiency. However, FRET regions, the total area where FRET 
signals are registered, do not take into consideration the intensity of FRET signals, but only the 

presence or absence of any signal. To illustrate the difference between them, total areas of FRET 
were measured in the NK IS independently of FRET efficiency, as a measure of “quantity” of FRET. 

By contrast, the efficiency of FRET can be interpreted as a measurement of “quality” of FRET. NK 
ISs established between NK cells and NIH3T3 cells (untransfected NIH3T3, red diamonds) pre-

sented significantly lower areas of FRET when compared with NK ISs using Dd SCT transfected 
NIH3T3 cels (NIH3T3 Dd SCT, blue circles). However, both types of NK ISs presented a significant 

level of correlation between FRET efficiency and total area of FRET (r=0.6325, p=0.0002, NIH3T3 
Dd SCT; r=0.5499, p=0.0024, untransfected NIH3T3). NK ISs established between NK cells and Dd 

CD4 SCT NIH3T3 cells (NIH3T3 Dd CD4 SCT, green triangles) however, do not present a signifi-
cant correlation between FRET efficiency and FRET area (r=0.3515, p=0.066, NIH3T3 Dd CD4 

SCT) (Figure 5.11).
Interestingly, these results seem to indicate there is no significant correlation between FRET effi-

ciency and the number of FRET areas registered in the NK ISs with the elongated NK cell ligand. 
This contrasts with the observations made when using the other two types of NK ISs, the Dd SCT-

expressing NIH3T3 and untransfected NIH3T3. Therefore, it can be postulated that even though 
the presence of the elongated ligand didn’t significantly affect the number of FRET regions ob-

served (Figure 5.10), the FRET efficiency values registered in these areas were, however, signifi-
cantly lower than what would be expected (Figure 5.11). The elongated ligand therefore seems to 

compromise mainly the FRET efficiency levels observed. This result suggests that the binding of 
Ly49A to Dd CD4 SCT and Dd SCT are equivalent, as observed for other elongated ligands in other 

studies (Brzostek et al. 2010), because in the presence of the Ly49A ligand, elongated or not, simi-
lar numbers of FRET regions are generated (Figure 5.8) despite the fact that FRET efficiency be-

tween these NK IS are different (Figure 5.7). 
The FRET differences observed between NK ISs suggest a possible correlation with the molecular 

mechanism of NK cell signal integration and NK cell effector functions. NKG2D and Ly49A 
nanometer co-localisation observed in the prototypical inhibitory synapse will likely compromise the 

activating signalling pathways, because of the close proximity of the inhibitory phosphatase mole-
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Figure 5.9. Co-localisation of NKG2D and Ly49A is dependent on NK cell ligand ex-

pression and dimensions. FRET efficiency was calculated pixel-by-pixel, and the mean 
and maximum values registered for each NK IS are shown in the right and left graphs, re-

spectively. Each square point represents an unique synapse. All NK ISs acquired using NK 
cells expressing both NKG2D-GFP and Ly49A-RFP are shown. These results represent NK 

ISs from three independent experiments, using primary NK cells harvested from at least 3 
different RM. Each point represents an unique NK IS. The graphs show the mean percent-

age of association ± SEM from at least 26 replicates, and groups with different statistical sig-
nificance are as shown: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns, no statistical 

significance (p>0.05).
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Figure 5.10. Total FRET regions between NKG2D-GFP and Ly49A-RFP vary according 

to presence or absence of inhibitory NK cell ligands. FRET regions were extrapolated 
from the total number of pixels in which FRET was registered for each NK IS. Each square 

point represents an unique synapse. All NK ISs acquired using NK cells expressing both 
NKG2D-GFP and Ly49A-RFP are shown. These results represent NK ISs from three inde-

pendent experiments, using primary NK cells harvested from at least 3 different RM. Each 
point represents an unique NK IS. The graphs show the mean percentage of association ± 

SEM from at least 26 replicates, and groups with different statistical significance are as 
shown: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns, no statistical significance 

(p>0.05).
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Figure 5.11. FRET efficiency correlates with the area of FRET measured, except in the 
presence of elongated NK cell ligands. The correlation between FRET total area and 

mean FRET efficiency was analysed. FRET average efficiency, calculated pixel-by-pixel, and 
FRET total area were measured for each NK IS and shown here in the Y and X axis, respec-

tively. All NK ISs were acquired using NK cells expressing both NKG2D-GFP and Ly49A-
RFP. Each point represents an unique NK IS. The graph shows the linear regression be-

tween at least 28 replicates for each type of NK IS. Pearson correlation coefficient with sta-
tistical significance considered as following: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, 

ns, no statistical significance (p>0.05). These results represent NK ISs from three indepen-
dent experiments, using primary NK cells harvested from at least 3 different RM.



cules. This study clearly shows, for the first time, that the nanometer co-localisation of NK cell re-

ceptors is affected, upon NK IS formation, by changes in expression and dimensions of the ligand 
ectodomains present on the target cell. Importantly, several other studies have previously reported 

significant functionality changes when APCs or target cells present elongated ligands (Choudhuri 
et al. 2005).

Therefore, this study is consistent with the hypothesis that differential nanometer co-localisation 
between small ligand-receptor complexes, within the NK IS, constitutes the molecular mechanism 

behind the previously observed changes in immune cell functionality when using elongated lig-
ands, as predicted by the K-S model. 

5.5. Discussion

In Chapter 5, FRET nanometer co-localisation studies were performed between two antagonistic 

FP-tagged NK cell receptors. FRET was studied within the NK IS, for different types of target and 
NK cell ligand combinations. In summary, the main developments described in this chapter are:

• a physiological model of NK IS can be implemented using primary NK cells and a monolayer of 

NIH3T3 target cells;
• the ApFRET technique reveals distinct FRET regions according to the NK cell ligands expressed 

by the target cells within the NK IS;
• significantly higher FRET efficiency (mean and maximum values) and a significantly higher num-

ber of FRET regions were observed within the prototypical inhibitory NK IS (NIH3T3 Dd SCT) - this 
was observed when using either the short or long isoform of NKG2D;

• no or fewer FRET regions were observed in a prototypical activating NK IS (untransfected NI-
H3T3), as well as lower FRET efficiency (mean and maximum values) - a similar tendency was 

observed using either the short or long isoform of NKG2D;
• NK ISs with target cells expressing the elongated inhibitory ligand (NIH3T3 Dd CD4 SCT) regis-

tered significantly lower levels of FRET efficiency in comparison with NK ISs using the non elon-
gated ligand; 

• FRET efficiency (mean and maximum values) registered using the elongated inhibitory ligand 
(NIH3T3 Dd CD4 SCT) were comparable with values observed in the prototypical activating NK IS 

(untransfected NIH3T3).
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The use of a monolayer of NIH3T3 target cells constitutes an original experimental strategy, which 

might be useful in future studies of NK IS in physiological conditions. This study was limited by the 
expression of Dd SCT and its elongated version (Dd CD4 SCT), only possible in the NIH3T3 cell 

line. In future, it would be interesting to further explore these constructs using other NK target cells 
(e.g. RMA or 293T cells), in order to generate different combinations of ligands. Expressing these 

constructs in RMA cells, it would be expected that matched sizes of inhibitory and activating recep-
tors are required for optimal NK signal integration, as previously observed when using human NK 

cells (Kohler et al. 2010), as follows:
• H60 - Dd SCT - effector inhibition (co-localisation - strong FRET)

• H60 - Dd CD4 SCT - activation/less inhibition (no co-localisation - weak FRET)
• H60 CD4 - Dd SCT - effector inhibition (no co-localisation - weak FRET)
• H60 CD4 - Dd CD4 SCT - effector inhibition (co-localisation - strong FRET) 
The first two scenarios were experimentally confirmed in this study using NIH3T3 target cells. 

Even though it was not possible to show the functional results using different target cells in this 
study, the balance between NKG2D and Ly49A is well described in the literature (Regunathan et al. 
2005). It is known that the inhibitory signal of Ly49A can overcome NKG2D activating signals, even 
in the presence of higher levels of NKG2D activating ligands. This study therefore postulates that 
Ly49A-associated inhibition is caused by the nanometer scale proximity of both antagonistic recep-
tors upon NK IS formation, in the presence of both corresponding ligands. Similarly, it is postulated 
that the weakening of inhibitory responses when using elongated inhibitory ligands is due to a se-
lective segregation of antagonistic receptors, which allows the activation downstream signalling to 
take place. The results reported here can be further extended using super-resolution techniques, 
which enable resolution below the diffraction barrier of light (approximately 200nm) (Pageon et al. 
2012). The use of flow cytometry-based FRET would also be interesting to further confirm these 
results and to obtain a whole cell population’s perspective. The use of imaging flow cytometry 
equipment (e.g. ImageStream) can also be of great utility to further expand our knowledge regard-
ing what happens within the IS, conjugate formation, and the occurrence of FRET in the IS. 
In future experiments a positive FRET control should be used. This control could be done by using 
both fluorochromes, GFP and RFP, linked by a flexible linker to the cytoplasmic tail of one of the 
NK cell receptor monomers. Another alternative would be to use monomers of the same homod-
imeric NK cell receptor expressing either GFP or RFP, expressed in the same cell.  
Another interesting future experiment would be to use anti-NKG2D and anti-Ly49A blocking anti-
bodies to test if the FRET signals (co-localisation) vary with the disruption of the receptor-ligand 
binding. These experiments could give us further insight about close-proximity of receptors and 
signal integration, with consequent effects on functionality. Furthermore, these experiments would 
be of added interest considering the recent successful use of blocking antibodies against inhibitory 
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receptors, such as PD-1 and CTLA-4, which have been shown to have a profound effect in T cell 
functionality (Callahan et al. 2013).  
The FRET signal observed might be due to the formation of microclusters, and not due to an initial 
ligand-receptor binding co-localisation as hypothesised and postulated by the kinetic-segregation 
model. However, this is unlikely to be the case, as it has been shown that an NK cell inhibitory 
synapse forms rapid inhibitory receptor microclusters, early disrupting the formation of activating 
microclusters (Abeyweera et al. 2011). In fact, this inhibition of formation of activating microclusters 
is well described in the literature and characterised by the disruption of actin polymerisation and a 
rapid destabilisation of the immune synapse, even when a previously activating response was in 
place (Abeyweera et al. 2011; Abeyweera et al. 2013). Therefore, the high levels of FRET (co-lo-
calisation) observed in the inhibitory synapse are unlikely to be due to the juxtaposing of both acti-
vating and inhibitory microclusters, as no activating microclusters are expected to occur. In the fu-
ture, the use of confocal imaging, and the study of different time points of synapse formation, could 
efficiently test if FRET signal and microclusters formation are correlated and co-localised.   

In summary, regions of nanometer-scale FRET co-localisation between NKG2D and Ly49A are de-
pendent on ligand length and expression on target cells upon NK IS formation. In the presence of 
both NK cell ligands, NKG2D and Ly49A co-localise. Interestingly, increasing length of the Ly49A 
ligand was shown to affect this co-localisation, decreasing the nanometer-scale co-localisation. 
This differential Ly49A and NKG2D nanometer scale co-localisation, upon NK IS formation, pro-
vides a possible molecular mechanism for NK cell signal integration. Therefore, immune signal in-
tegration could be explained by a differential co-localisation of activating and inhibitory receptors 
upon synapse formation. 
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Chapter 6.   Discussion

6.1  Summary

The work described in this thesis studied the co-localisation between two prototypical activating 

and inhibitory receptors, at a nanometer scale in the IS. Authentic primary NK cells were generated 
in vivo using the retrogenic mouse technique, expressing NKG2D-GFP (activating) and Ly49A-RFP 

(inhibitory) receptors. To study the receptors nanometer-scale co-localisation, upon IS formation, 
three different synapse models and NK cell ligand combinations were used. In summary, the main 

developments described in this thesis are:

• NKG2D-GFP2-L efficiently associates with DAP10 but not with DAP12. NKG2D-GFP2-S efficient-
ly associates with DAP10 and weakly with DAP12. NKG2D-GFP2-S associates more efficiently 

with both DAP10 and DAP12 than NKG2D-GFP2-L;

• NKG2D-fused GFP (short and long isoforms of NKG2D) and Ly49A-fused RFP NK receptors are 
efficiently expressed in immune cells at the cell surface, as demonstrated by flow cytometry and 

confocal microscopy;

• The mouse MHC-I molecule H-2Dd (in the form of an SCT) and the activating ligand H60a were 
expressed in target cells, as well as their respective elongated forms. The standard and elongat-

ed forms were expressed either in RMA, CHO and NIH3T3 cells, and were efficiently expressed 
at the cell surface; 

• Both NKG2D GFP isoforms and Ly49A RFP receptors were successfully expressed in (i) HPC 

derived NK cells in vitro and (ii) in primary, authentic, NK cells in vivo;

• Proof of principle for the generation of fluorescent-tagged immune receptors expressed in prima-
ry NK and CD8+ T cells in vivo was demonstrated in retrogenic mice;

• Nanometer co-localisation between NKG2D and Ly49A was determined using FRET measure-

ments in a physiological model of an immune synapse. Importantly, in comparison to surface lipid 
bilayers or cell line based systems for IS studies, a more biologically relevant model of an im-

mune synapse was used, consisting of primary authentic NK cells and a monolayer of NIH3T3 
target cells;
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• Upon NKIS formation, differences in the nanometer-scale co-localisation distances between 

NKG2D and Ly49A were measured. These nanometer-scale differences varied significantly ac-
cording to the target cell ligand dimensions and binding:

• (i) In the presence of both NK cell ligands, in an example of an inhibitory synapse, NKG2D 
and Ly49A co-localise upon IS formation;

• (ii) Increasing the size of the Ly49A ligand was shown to affect this co-localisation, decreasing 
FRET. 

• (iii) In a prototypical activating NKIS, in the presence of NKG2D ligands only, NKG2D and 
Ly49A nanometer co-localisation was significantly reduced;

• (iv) FRET efficiency (mean and maximum values) recorded using the elongated inhibitory lig-
and was comparable with values observed in the prototypical activating NKIS.

6.2  Discussion and future work

The main results described in this thesis extend our knowledge of the differential, nanometer-scale, 
co-localisation of two antagonistic NK cell receptors upon NKIS formation. However, many more 

questions are raised by the results obtained, and more experiments and further evidence are nec-
essary to improve knowledge about receptor localisation in the NKIS. Therefore, below are some 

proposals for experiments that could be done in the future, following on from the work described in 
this thesis:

• A pairwise comparison of NKG2D (both isoforms) with or without the GFP tag. In particular, 
comparing the cell surface expression, DAP 10/12 association, phosphorylation, and NKG2D-

dependent cell signalling functionality. Cell surface expression and DAP10/12 association could 
be assessed using 293T and CHO cells or other easy to transfect cell lines. In addition, this 

could be done by the transduction or transfection of NKG2D constructs into NK-like cell lines 
e.g. YTS that don't endogenously express NKG2D. More interesting, but experimentally more 

challenging, would be the use of primary NK cells, derived from NKG2D KO mice, expressing 
these ectopic NKG2D isoforms. This could be done by ex vivo transduction using a lentiviral-

based vector (Micucci et al. 2006). Another possibility would be to use a mouse model such as 
the retrogenic mouse technique employed in this study. Functionality could be assessed in low 

cell number killing assays using a CD107a antibody or an FC-based killing assay if not enough 
cell numbers were available to do a chromium-release assay. Fluorochrome-labeled targets 

(e.g. PKH67) and early apoptosis markers (e.g. Annexin V) could also be used.
➡ This analysis would give a better idea of the effects that GFP-tagging of the NKG2D iso-

forms has and inform the design of any future FP-tagged NKG2D mouse model.
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• Similarly, the Ly49A-RFP tagged receptor needs further investigation, in particular, H-2Dd SCT 
recognition mediated inhibition. Does the H-2Dd SCT binding allow for Ly49A mediated inhibi-

tion? Does extension of the H-2Dd SCT decrease Ly49A mediated inhibition, as observed in the 
past for similar ligands? In particular, the ability of Ly49A to bind to the H-2Dd SCT MHC-I mol-

ecule needs further investigation. Even though it has been demonstrated that the TCR from a T 
cell hybridoma can efficiently recognise and mount an antigen-specific response to the H-2Dd 

SCT (P18-peptide loaded) (Brzostek 2010), the binding location of Ly49A on the H-2Dd mol-
ecule has been shown to be different from the TCR binding site (Matsumoto et al. 2001a). How-

ever, in these previous studies, a single chain dimer, without a stable peptide incorporated was 
used. In contrast, the H-2Dd molecule used in this thesis was a single chain trimer with a stable 

peptide incorporated, which has been shown to be essential for Ly49A recognition and binding 
(Hanke et al. 1999). Therefore, and taking into consideration the differences observed regarding 

colocalisation of NKG2D and Ly49A upon NK cell interaction with target cells with or without 
H-2Dd SCT, it is predicted that Ly49A recognises and binds to H-2Dd SCT MHC-I molecules. 

➡ These experiments would allow a more direct correlation between the differences in 
colocalisation with the functionality differences that have been observed previously when 

using extended versions of NK cell ligands. Nevertheless, a robust causal relationship 
still needs to be tested, a challenging task requiring several different experimental ap-

proaches. 
➡ If binding and recognition of H2-Dd SCT by Ly49A and consequent inhibitory responses 

are confirmed, this would be a significant achievement as this would be the first H-2Dd 
SCT to be shown to interact with the NK cell receptor Ly49A. This would make  the 

H-2Dd SCT construct of great value for subsequent studies, for example, in NK cell li-
censing or education (Ebihara et al. 2013), or the study of Ly49D-mediated activation, 

also dependent on H-2Dd recognition (Makrigiannis et al. 1999). 

• Besides the numerous advantages, the use of retrogenic mice also has some disadvantages, in 
particular: (i) the relatively low number of NK cells obtained expressing both constructs of inter-

est and (ii) the fact that the mice need to be remade each time, with each mouse being a new 
and single-use founder (Bettini et al. 2013). If possible, in the future, a transgenic, or a CRISPR/

Cas-mediated mouse model or a Ncr1-Cre mouse, in which the Cre-mediated recombination is 
restricted to NK cells, could be used to have a continuous source of NKG2D-GFP- and Ly49A-

RFP-expressing NK cells. 
➡ Even though this would be demanding and expensive, the payoff of having a renewable 

source of primary NK cells expressing the FP-tagged NK cell receptors would compen-
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sate, and allow multiple experiments and functionality studies. It would also be useful to 

address other research questions. Moreover, the use of authentic, primary NK cells ex 
vivo represents a significant improvement over the use of NK cell lines commonly used 

in NKIS studies. 

• The use of cutting edge imaging techniques such as super-resolution microscopy would be a 
significant advantage to investigate further the colocalisation of these receptors. Nevertheless, 

FRET is a widely used and generally accepted technique for investigating the co-localisation of 
molecules, especially considering the SR-associated technical limitations and possible artefacts 

resulting from the use of fluorochrome-conjugated antibodies. Promising advances are rapidly 
being made in the SR field that will help future applications (Hajj et al. 2014).

➡ The use of SR techniques would be complementary to the results obtained by FRET and 
could also give further direct insight regarding the formation of NKG2D and Ly49A mi-

croclusters and their colocalisation. Ideally, SR microscopy would be applied to a physio-
logical target cell line, as used in this study. However, this would be challenging and 

there are practical limitations of using SR. Therefore, the use of lipid bilayers containing 
ligands, and antibody-coated surfaces, may be, for now, one of the best models for SR 

imaging of immune synapses, but far from ideal for studying what is taking place inside a 
prototypical immune synapse between two cells. 

➡ The FRET nanometer scale co-localisation observed might be due to microcluster for-
mation and not to the occurrence of small contact points, as proposed by the kinetic-seg-
regation model. In an activating synapse, the formation of stable activating microclusters 
occurs but no inhibitory microclusters are expected. This might explain a low FRET sig-
nal registered in these synapses, as the activating receptors would segregate and ac-
cumulate in microclusters far from the inhibitory receptors. On the contrary, in an in-
hibitory synapse there will be formation of inhibitory microclusters and the absence of 
activating microclusters is expected (Abeyweera et al. 2011; Abeyweera et al. 2013). 
Thus, in an inhibitory synapse, low levels of FRET would also be expected due to the 
segregation and accumulation of inhibitory receptors if we were expected to be measur-
ing FRET at the microcluster level only. However, in an inhibitory synapse, larger areas 
of FRET and higher FRET efficiencies were observed. This difference of FRET signals 
between the two distinct types of synapse suggests that FRET might be sensitive 
enough to detect close-contact points at the nanometer scale, overcoming the range of 
detection that is commonly used based on the observation of microclusters only. In the 
future, the use of confocal imaging and the study of different timepoints of synapse for-
mation could efficiently test whether FRET signal and microclusters formation are corre-
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lated and co-localised or otherwise reflect mostly nanoscale co-localisation at the small 
contact points level.  

• The experimental approach used in this thesis could be applied to different pairs of receptors. In 
particular, it would be interesting to use T cells from a OT-I–GFP  Rag2-/- TCR transgenic 

mouse expressing TCR-GFP (Friedman et al. 2010) with target cells expressing different elon-
gated SCT H-2Kb MHC-molecules and test clustering and internalisation. In addition, it would 

be interesting to test relative nanometer colocalisation with CD45-RFP, or with other inhibitory or 
stimulating small size receptors such as PD1-, CD28- or CTLA-4-RFP with or without the pres-

ence of their respective ligands, PD-L1/2 or B-7(1/2), respectively, on target cells.
➡ The use of a biological reproducible immune synapse, imaged with information about 

nanometer scale distances between receptors, is an improvement on the current immune 
synapses models. Many T and NK cell immune synapse studies have used a supported 

lipid bilayer containing ICAM-1 and MHC-peptide complexes, or a simple planar surface 
coated with cross linking antibodies. More physiological effector:APC or target cell inter-

actions using primary cells need to be tested. It is reasonable to postulate that the 
arrangement of proteins at an IS will likely be different in their natural physiological condi-

tions under each environmental stimulus. The FRET reporting model can be applied to 
many different combinations of molecules. Its application is very relevant to test the effect 

of ligand elongation on receptor colocalisation. 
➡ Another application would be to test this synapse model after including a preliminary in-

cubation with monoclonal blocking antibodies against the ligands or receptors e.g. 
NKG2D or Ly49A, and see if a significant change in the FRET colocalisation occurs. This 

is predicted and would be of particular interest considering the recent findings and clinical 
trial successes obtained using anti-PD-1 and -CTLA-4 antibodies, and others.

➡ Another interesting question would be testing the signalling dependent versus non-sig-
nalling dependent effects on FRET efficiency, and whether the functionality dependent 

mechanisms (e.g. ITIM motifs and or SHP-1/2 expression) are determinant for co-locali-
sation upon IS formation. This could be achieved using functionally impaired receptors or 

adaptor proteins with specific mutations on their ITIM or ITAM motifs. This experiment 
would allow us to further investigate the relation between membrane organisation, co-lo-

calisation at the nanoscale and its relation to functionality. 
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6.2.1  Colocalisation of activating and inhibitory receptors hints at a mole-

cular mechanism for immune signal integration

NK cell effector functions have been shown to depend on the integration of signals delivered by 

germ-line encoded receptors of opposing, activating and inhibitory, signals (Long et al. 2013). 
However, how exactly this integration occurs, how the inhibitory signals control, rapidly and locally, 

the activating responses, is not fully understood. Some experimental evidence suggests that the 
organisation of immune cell receptors at the level of plasma membrane, and upon synapse forma-

tion, constitute per se a crucial molecular mechanism of immune cell activation (Davis et al. 1996, 
2006; van der Merwe et al. 2011). Upon cell-cell contact, both NK and T cell receptors organise 

distinctly and form nanometer- or micrometer-clusters according to the quantity or quality of the 
ligands present at the immunological synapse (Grakoui et al. 1999; Treanor et al. 2006; Varma et 

al. 2006; Abeyweera et al. 2011). In addition, different NK cell receptor organisation patterns have 
been associated with distinct cell adhesion and migration behaviours (Culley et al. 2009), innate 

responsiveness (Guia et al. 2011a) and effector responses (Merino et al. 2012). Interestingly, for 
both T and NK cells, the introduction of changes in the receptor/ligand complexes sizes affects the 

immune synapse organisation and proportionally impacts on their effector functions (Choudhuri et 
al. 2005; Brzostek 2010; Kohler et al. 2010; Cordoba et al. 2013). Altering NK cell ligand dimen-

sions has a significant effect on NK cell responses, in both mouse and human model systems (Br-
zostek et al. 2010; Kohler et al. 2010). These observations support a size-dependent receptor/lig-

and segregation role governing lymphocyte receptor triggering, as initially suggested to explain 
TCR triggering (Choudhuri et al. 2005; Chang et al. 2016), and underline a KS-like mechanism to 

explain immune signal integration (Burroughs et al. 2006; Davis et al. 2006). 
The main conclusions in this thesis support the hypothesis and a further expansion of a KS-like 

molecular mechanism to explain immune cell signal integration and subsequent effector functions 
(Figure 6.1). Similar to the kinetic-segregation model, (i) a ligand binding, (ii) a spatial colocalisa-

tion of small receptor/ligand complexes, dependent on small contact points formed upon IS forma-
tion, may explain early molecular events tipping the phosphorylation balance between kinases and 

phosphatases.

6.2.2 - A balance of inhibitory and activating signals determines NK cell 

immune responses

A familiar concept that characterises NK cell research is that integration of activating and inhibitory 
signals determines NK cell responses. Thus, since early on, it has been believed that “in the 

course of evolution, NK cells have simply learned how to count” and their functions result only from 

�182



�183

Fi
gu

re
 6

.1
. S

ch
em

at
ic

 r
ep

re
se

nt
at

io
n 

of
 N

K
G

2D
-G

FP
 a

nd
 L

y4
9A

-R
FP

 F
R

ET
 a

cc
or

di
ng

 to
 th

e 
pr

es
en

ce
 a

nd
 d

im
en

si
on

s 
of

 N
K

 
ce

ll 
lig

an
ds

. L
y4

9A
 a

nd
 N

KG
2D

 c
o-

lo
ca

lis
e 

up
on

 s
yn

ap
se

 fo
rm

at
io

n 
pr

ov
id

in
g 

a 
m

ol
ec

ul
ar

 m
ec

ha
ni

sm
 fo

r N
K 

ce
ll 

si
gn

al
 in

te
gr

at
io

n.
 

N
K 

ce
ll 

si
gn

al
 in

te
gr

at
io

n 
m

ay
 b

e 
ex

pl
ai

ne
d 

by
 d

iff
er

en
tia

l c
o-

lo
ca

lis
at

io
n 

of
 a

ct
iv

at
in

g 
an

d 
in

hi
bi

to
ry

 re
ce

pt
or

s 
up

on
 s

yn
ap

se
 fo

rm
at

io
n.



a balance and “sum” between activating and inhibitory receptors (Vivier et al. 2011). How this “cal-

culation” occurs, however, is unknown. This view exists in part due to the lack of a central, antigen-
specific, NK cell activating receptor complex, such as the TCR or BCR in T or B cells, respectively. 

Interestingly, the presence of a core “activating complex” in T and B cells has guided much of the 
research investigating the activating or triggering mechanism of these cells. It is interesting that for 

so many years researchers have been focused on the mechanisms of activation when in fact, for 
probably most cell-cell contacts, an immune cell must interact, tolerantly, with an MHC-I-expressing 

APC or target cell. Many studies have deepened the understanding of the mechanisms of toler-
ance or inhibition affecting immune cell activation, shifting the focus on how immune cells are acti-

vated to instead, knowing how an immune cell maintains or loses tolerance (Perez et al. 1997; 
Latchman et al. 2001; Probst et al. 2005; Walunas et al. 2011). Common to all lymphocytes, in-

hibitory receptors binding to their ligands prevent the phosphorylation, at the proximal membrane 
level, of several activating molecules and the initiation of Ca+ influx (Long 2008). This mechanism 

of inhibition is widespread and shared by different immune cells such as T cells (Pardoll 2012), B 
cells and NK cells (Pritchard et al. 2003; Abeyweera et al. 2011). For several years, there has been 

some evidence that the balance of net phosphorylation and immune cell signal integration could be 
defined by the proximity of inhibitory receptors to the activating receptors. It is well known that 

SHP-1 and SHP-2 phosphatases are active only when bound to phosphorylated ITIMs via their 
tandem SH2 domains, and this binding releases the phosphatase catalytic domain from an inhibito-

ry interaction with the N-terminal SH2 domain (Hof et al. 1998). Therefore, the site of dephosphory-
lation is expected to be proximal from the inhibitory receptors themselves. Thus, inhibition is spa-

tially restricted and for many years, it has been speculated whether this inhibitory action works by 
selective proximity between inhibitory and activating receptors; the data presented in this thesis 

suggest that this is the case. The colocalisation of Ly49A with NKG2D  a colocalisation-dependent 
Ly49A-mediated inhibitory mechanism. Ly49A-mediated inhibition may be explained by the re-

cruitment of phosphatases SHP-1 and SHP-2 that would, therefore, dephosphorylate proximal 
NKG2D-dependent signalling elements such as the ITAMs or DAP10/12. 

Previously, NK cell ligand elongation was confirmed to reduce activation and inhibition of NK cells, 
suggesting that the KS model postulates might apply to NK cell signal integration. Several charac-

teristics are consistent with the KS model, and it is known that these NK cell receptors are also 
regulated, continuously, by a balance of phosphorylation and dephosphorylation. An example of 

this is that the use of pervanadate, a protein-tyrosine phosphatase inhibitor, results in an over-
phosphorylation of many signalling subunits e.g. DAP10/12 and Ly49C/I/A (Wu et al. 1999; Bil-

ladeau et al. 2003). Additional evidence that supports the KS model for NK cell signal integration is 
the fact that NK cell activation needs synergistic signalling from more than one type of activating 

receptor. Binding of NKG2D to ligand on its own is not enough for activation of human NK cells, 
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which needs co-engagement of other activating receptors such as NKp46 or 2B4 (Bryceson et. al. 

2006). Thus, it is probable that such activating complementarity starts with a close spatial proximity 
of most receptor-ligand complexes, mediated by their relatively small size. Interestingly, small size 

ligands and receptors are critical for most immune cell responses. Even though many receptors 
show great structural diversity, their dimensions and ectodomain length are strikingly similar and 

conserved. For example, rapidly evolving KIRs and Ly49 receptors retained their ectodomain 
length throughout evolution and KIRs, for example, have conserved an ectodomain length of no 

more than three Ig domains (Martinez-Borra et al. 2008). In fact, due to the small dimensions of 
activating and inhibitory NK cell receptors, it is expected that size-dependent segregation occurs 

upon immune synapse formation, and these receptors separate away from CD45 phosphatases, 
as suggested previously to explain TCR triggering (Davis et al. 2006). Besides the ligands and re-

ceptors dimensions, lymphocytes share many other features indicating the existence of a universal 
mechanism that explains lymphocyte triggering/tolerance and signal integration. The signalling 

strength of non-catalytic tyrosine-phosphorylated receptor complexes such as the TCR, CD16 or 
NKG2D, for example, critically depends on upon the association with   different adaptor signalling 

molecules, e.g. CD3zeta or DAP10/12 (Dushek et al. 2012). These similarities reinforce the idea of 
a conserved evolutionary multisubunit system controlling immune cell receptor signalling, providing 

evidence for a common basis of signalling organisation for all immune receptors, independently of 
being germ-line encoded receptors (e.g. NKG2D or CD16) or a product of somatic recombination, 

antigen-specific receptors (e.g. TCR or BCR). These receptor complexes are likely to share a 
common kinetic-segregation mechanism of triggering or activation as previously suggested, and 

segregate from large ectodomain molecules such as CD45 and CD148. In agreement with this, the 
existence of CD45 is common to almost all differentiated haematopoietic cells and is essential to 

all lymphocyte functions. CD45 plays an essential role in T cell functions and thymic development 
(Kishihara et al. 1993). Regarding NK cell functions, it was previously demonstrated that CD45 is 

required for ITAM-dependent cytokine production, but not strictly needed for ITAM-dependent cyto-
toxicity (Yamada et al. 1996). However, to some degree, CD45 has also been shown to be essen-

tial for all ITAM–dependent NK cell functions (Hesslein et al. 2006). Interestingly, in CD45-/- mice, 
the pattern, and quantities of basal tyrosine phosphorylation were considerably raised in IL-2 stim-

ulated NK cells. Moreover, CD45-deficient NK cells have been shown to be defective in degranula-
tion after receptor engagement, and CD45 -/- NK cells respond poorly to MCMV infection (Hesslein 

et al. 2011). Furthermore, CD16, NKG2D or Ly49D stimulation of CD45 deficient primary NK cells 
has been shown to cause dephosphorylation effects only upstream of Src family kinases (e.g. 

Vav1) (Huntington et al. 2005). Interestingly, ligand elongation of activating or inhibitory receptors 
still reduced activation or inhibition, respectively, of CD45-/- NK cells, suggesting that the functional 

consequences of ligand elongation, and NK cell signal integration, are not exclusive, or particularly 
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dependent on CD45 (Brzostek et al. 2010). However, there is evidence that CD45 is excluded from 

some regions of the NK cell IS (McCann et al. 2003). Therefore, narrow regions in the NKIS may 
correspond to close contact points and areas of NK cell signal integration. In summary, these re-

sults indicate an important, but not a determinant role for the  CD45 phosphatase in NK cell signal 
integration. Therefore, it may be that CD45 sets an activation threshold, defining a basal level of 

net phosphorylation, and upon cell-cell contact its segregation from small-contact points allows fur-
ther signal interplay and integration by small sized receptors. In this manner, CD45 may be a bal-

ance “gatekeeper” of the threshold of activation and its function intrinsically associated with cell-cell 
contacts and synapse formation. Thus, CD45 and other large ectodomain molecules could function 

as molecular “curtains” that upon immune synapse formation reveal the interplay of different recep-
tors with their ligands, "leading actors," that are mainly MHC-I or MHC-I-like small size 

ectodomains, binding to activating or inhibitory receptors concentrated in close-contact points of 
the synapse interface. If that is indeed the case, a proximal colocalisation of small sized activating 

and inhibitory receptors would be expected upon synapse formation, as observed in this study. 
Findings presented in this thesis raise many questions and could lead on to further work on nu-

merous related subjects in the future, for example: (i) NK cell licensing and the discontinuity theory 
(Guia et al. 2011a; Pradeu et al. 2013), (ii) the constant need for cell-cell interactions and MHC-I 

recognition by lymphocytes and how this affects receptor spatial organisation and functionality 
(Tanchot et al. 1997; Ernst et al. 1999; Viret et al. 1999; Seddon et al. 2002; Beck-Garcia et al. 

2015; Wegner et al. 2015) or (iii) the role of inhibitory receptors and CD45 segregation (Ravetch et 
al. 2000; Chambers et al. 2002; Chang et al. 2016). 

6.3 - Concluding Remarks

This thesis presents evidence that NK cell signal integration and functionality may depend on re-

ceptor colocalisation, at a nanometer-scale, upon immune synapse formation. The spatial organ-
isation of immune cell receptors in the immune synapse could play a determinant role in the initi-

ation of immune cell responses. It is possible to extrapolate from the findings presented in this 
thesis and predict that differential co-localisation or segregation of receptors is a general molecular 

mechanism of lymphocyte signal integration, preceding and determining effector functions. These 
findings should be further investigated in the future, and such studies are likely to broaden our ba-

sic understanding of the molecular immunology of cell activation and inhibition, providing essential 
knowledge for the design of future immunotherapies (Couzin-Frankel 2013). 
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Appendices

Appendix I - List of primers sequences

“NKG2D short form”
Forward primer 5'
5' TAGTAGTCTCGAGCCACCATGAGCAAATGCCATAATTACGACCTC 3' 
Reverse primer 3'
 5' TAGTAGCCCCGGGCCTTACACCGCCCTTTTCATGCAG  3' 

“NKG2D long form”
Forward primer 5'
5' TAGTAGTCTCGAGCCACCATGGCATTGATTCGTGATCGA 3' 
Reverse primer 3'
 5' TAGTAGCCCCGGGCCTTACACCGCCCTTTTCATGCAG 3' 

“Ly49a”
Forward primer 5'
5' TAGTAGTCTCGAGCCACCATGAGTGAGCAGGAGGTCACTTATT 3'
Reverse primer 3'
 5' TAGTAGCCCCGGGCCTCAATGAGGGAATTTATCCAGTCTC 3' 

“DAP 10”
Forward primer 5'
5' TAGTAGGAAGCTTCCACCATGGACCCCCCAGGCTACCTC 3' 
Reverse primer 3'
 5' TAGTAGCCTCGAGCCTCAGCCTCTGCCAGGCATGTTGAT 3' 

“DAP 12”
Forward primer 5'
5' TAGTAGGAAGCTTCCACCATGGGGGCTCTGG 3' 
Reverse primer 3'
 5' TAGTAGCCTCGAGCCTCATCTGTAATATTGCCTCTGTGTGTT 3' 

“5' EcoRI - pTag RFP”
5' TAGTAGGAATTCGCCACCATGGTGTCTAAGGGC 3' 

“5' EcoRI - pTag GFP2”
5' TAGTAGGAATTCGCCACCATGAGCGGGGGCGAGGAC 3' 

“NKG2Ds/l - SalI  3’"
 5' TAGAGGTCGACCTTACACCGCCCTTTTCATGCAG  3' 

“5' EcoRI - pTagRFP - Ly49A - SalI 3’ “
5' TAG.TAG.G/AA.TT/C.GCC.ACC.ATG.GTG.TCT.AAG.GGC.GAA.GAG 3' 

“Ly49A - Sal I  3’"
 5' TAGTAGGGTCGACGCTCAATGAGGGAATTTATCCAGTCTC 3' 

“IRESSalIForw”
5’  TAGTAGGTCGACATAGACCCGACCTGCGTATTCCGCCC 3’

“IRESSalIRev”
5’  TAGTAGGTCGACACAGGAATTCACATGTGGCCATATTATCATCGTGT 3’

“SCT DdP18 forward”
5’ TAGTAGCTCGAGATGGCTCGCTCGGTGACCCTGG 3’

“SCT DdP18 reverse” 
5’ TAGTAGGGTACCCACTTTACAATCTGGGAGAGACATA 3’
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Appendix II - Complete DNA sequences

NKG2D-GFP2 (short and long)

ATGAGCGGGGGCGAGGAGCTGTTCGCCGGCATCGTGCCCGTGCTGATCGAGCTGGACGGC-
GACGTGCACGGCCACAAGTTCAGCGTGCGCGGCGAGGGCGAGGGCGACGCCGACTACG-
GCAAGCTGGAGATCAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACC-
CTGGTGACCACCCTCTGCTACGGCATCCAGTGCTTCGCCCGCTACCCCGAGCACATGAA-
GATGAACGACTTCTTCAAGAGCGCCATGCCCGAGGGCTACATCCAGGAGCGCACCATCC-
AGTTCCAGGACGACGGCAAGTACAAGACCCGCGGCGAGGTGAAGTTCGAGGGCGACAC-
CCTGGTGAACCGCATCGAGCTGAAGGGCAAGGACTTCAAGGAGGACGGCAACATCCTG-
GGCCACAAGCTGGAGTACAGCTTCAACAGCCACAACGTGTACATCCGCCCCGACAAGGC-
CAACAACGGCCTGGAGGCTAACTTCAAGACCCGCCACAACATCGAGGGCGGCGGCGTG-
CAGCTGGCCGACCACTACCAGACCAACGTGCCCCTGGGCGACGGCCCCGTGCTGATCC-
CCATCAACCACTACCTGAGCACTCAGACCAAGATCAGCAAGGACCGCAACGAGGCCCGC-
GACCACATGGTGCTCCTGGAGTCCTTCAGCGCCTGCTGCCACACCCACGGCATGGACGA-
GCTGTACAGGTCCGGACTCAGATCTCGAGCCACCATGGCATTGATTCGTGATCGAAAGTC-
TCATCACTCAGAGATGAGCAAATGCCATAATTACGACCTCAAGCCAGCAAAGTGGGATACT-
TCTCAAGAACAACAGAAACAAAGATTAGCACTAACTACCAGTCAACCTGGAGAAAATGGTA-
TCATAAGAGGAAGATACCCTATAGAAAAACTCAAAATATCTCCAATGTTCGTTGTTCGAGTC-
CTTGCTATAGCCTTGGCAATTCGATTCACCCTTAACACATTGATGTGGCTTGCCATTTTCAA-
AGAGACGTTTCAGCCAGTATTGTGCAACAAGGAAGTCCCAGTTTCCTCAAGAGAGGGCTA-
CTGTGGCCCATGCCCTAACAACTGGATATGTCACAGAAACAACTGTTACCAATTTTTTAATG-
AAGAGAAAACCTGGAACCAGAGCCAAGCTTCCTGTTTGTCTCAAAATTCCAGCCTTCTGA-
AGATATACAGTAAAGAAGAACAGGATTTCTTAAAGCTGGTTAAGTCCTATCACTGGATGGG-
ACTGGTCCAGATCCCAGCAAATGGCTCCTGGCAGTGGGAAGATGGCTCCTCTCTCTCATA-
CAATCAGTTAACTCTGGTGGAAATACCAAAAGGATCCTGTGCTGTCTATGGCTCAAGCTTT-
AAGGCTTACACAGAAGACTGTGCAAATCTAAACACGTACATCTGCATGAAAAGGGCGGTGTAA

TagGFP2
NKG2D short or long
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Ly49A-RFP

ATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATGCACATGAAGCTGTACATGGAGG-
GCACCGTGAACAACCACCACTTCAAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGG-
GCACCCAGACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCCTTCGACAT-
CCTGGCTACCAGCTTCATGTACGGCAGCAGAACCTTCATCAACCACACCCAGGGCATCCCCG-
ACTTCTTTAAGCAGTCCTTCCCTGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGAC-
GGGGGCGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCTCATCTACAAC-
GTCAAGATCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCG-
GCTGGGAGGCCAACACCGAGATGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAAGCG-
ACATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTCAAGACCACATACAG-
ATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACCACAGACTGG-
AAAGAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCCA-
GATACTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATTCCGGACTCAGATCTCGAGCC-
ACCATGAGTGAGCAGGAGGTCACTTATTCAATGGTGAGATTTCATAAATCTGCAGGATTGCAG-
AAACAAGTGAGGCCTGAGGAGACTAAAGGGCCCAGAGAAGCTGGCTACAGAAGGTGTTCAT-
TCCACTGGAAGTTCATTGTGATAGCTCTTGGCATCTTCTGTTTCCTTCTTCTGGTAACTGTTTC-
AGTGTTGGCAATAAAAATTTTTCAGTATGATCAACAAAAAAAACTGCAGGAATTTCTAAACCAC-
CACAATAACTGCAGCAACATGCAAGGTGACATCAACTTGAAGGATGAAATGCTGAAAAATAAG-
TCTATAGAGTGTGATCTTCTGGAATCCCTCAACAGGGATCAGAACAGATTGTATAATAAAACCA-
AGACTGTTTTAGATTCCTTACAGCACACAGGCAGAGGTGATAAAGTATACTGGTTCTGCTATGG-
TATGAAATGTTATTATTTCGTCATGGACAGAAAAACATGGAGTGGATGTAAACAGACCTGCCAG-
AGTTCCAGTTTATCCCTTCTGAAGATAGATGATGAGGATGAACTGAAGTTCCTTCAGCTCGTG-
GTTCCTTCAGACAGTTGCTGGGTTGGATTGTCATATGATAATAAGAAAAAAGATTGGGCATGGA-
TTGACAATCGCCCATCTAAACTTGCCTTGAACACAAGGAAATACAATATAAGAGATGGGGGAT-
GTATGTTGTTATCTAAAACAAGACTAGACAATGGTAACTGTGATCAAGTATTCATCTGTATTTGT-
GGGAAGAGACTGGATAAATTCCCTCATTGA

TagRFP
Ly49A
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NKG2D-GFP2_IRES_ Ly49A-RFP

ATGAGCGGGGGCGAGGAGCTGTTCGCCGGCATCGTGCCCGTGCTGATCGAGCTGGACGGC-
GACGTGCACGGCCACAAGTTCAGCGTGCGCGGCGAGGGCGAGGGCGACGCCGACTACG-
GCAAGCTGGAGATCAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACC-
CTGGTGACCACCCTCTGCTACGGCATCCAGTGCTTCGCCCGCTACCCCGAGCACATGAA-
GATGAACGACTTCTTCAAGAGCGCCATGCCCGAGGGCTACATCCAGGAGCGCACCATCC-
AGTTCCAGGACGACGGCAAGTACAAGACCCGCGGCGAGGTGAAGTTCGAGGGCGACAC-
CCTGGTGAACCGCATCGAGCTGAAGGGCAAGGACTTCAAGGAGGACGGCAACATCCTG-
GGCCACAAGCTGGAGTACAGCTTCAACAGCCACAACGTGTACATCCGCCCCGACAAGGC-
CAACAACGGCCTGGAGGCTAACTTCAAGACCCGCCACAACATCGAGGGCGGCGGCGTG-
CAGCTGGCCGACCACTACCAGACCAACGTGCCCCTGGGCGACGGCCCCGTGCTGATCC-
CCATCAACCACTACCTGAGCACTCAGACCAAGATCAGCAAGGACCGCAACGAGGCCCGC-
GACCACATGGTGCTCCTGGAGTCCTTCAGCGCCTGCTGCCACACCCACGGCATGGACGA-
GCTGTACAGGTCCGGACTCAGATCTCGAGCCACCATGGCATTGATTCGTGATCGAAAGTC-
TCATCACTCAGAGATGAGCAAATGCCATAATTACGACCTCAAGCCAGCAAAGTGGGATACT-
TCTCAAGAACAACAGAAACAAAGATTAGCACTAACTACCAGTCAACCTGGAGAAAATGGTA-
TCATAAGAGGAAGATACCCTATAGAAAAACTCAAAATATCTCCAATGTTCGTTGTTCGAGTC-
CTTGCTATAGCCTTGGCAATTCGATTCACCCTTAACACATTGATGTGGCTTGCCATTTTCAA-
AGAGACGTTTCAGCCAGTATTGTGCAACAAGGAAGTCCCAGTTTCCTCAAGAGAGGGCTA-
CTGTGGCCCATGCCCTAACAACTGGATATGTCACAGAAACAACTGTTACCAATTTTTTAATG-
AAGAGAAAACCTGGAACCAGAGCCAAGCTTCCTGTTTGTCTCAAAATTCCAGCCTTCTGA-
AGATATACAGTAAAGAAGAACAGGATTTCTTAAAGCTGGTTAAGTCCTATCACTGGATGGG-
ACTGGTCCAGATCCCAGCAAATGGCTCCTGGCAGTGGGAAGATGGCTCCTCTCTCTCATA-
CAATCAGTTAACTCTGGTGGAAATACCAAAAGGATCCTGTGCTGTCTATGGCTCAAGCTTT-
AAGGCTTACACAGAAGACTGTGCAAATCTAAACACGTACATCTGCATGAAAAGGGCGGTGTAA

C C C C C C C C C C TA A C G T TA C T G G C C G A A G C C G C T T G G A ATA A G G C C G G T G G T-
GCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGTGAGGGCCCG-
GAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAG-
GAATGCAAGGTCTGTTGAATGTCNTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAANACA-
AACAACGTCTGTAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCT-
CTGCGGCCAAAAGCCACGTGTATAANATACACCTGCAAAGGCGGCACAACCCCAGTGCCA-
CGTTGTGAGTTGGATAGTTGTGGAAAGANTCAAATGGCTCTCCTCAAGCGTATTCAACAAG-
GGGCTGAAGGATGCCCANAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTGC-
ACATGCTTTACATGTGTTTANTCNAGGTTAAAAAAACGTCTAGGCCCCCCGAACCACGGGG-
ACGTGGTTTTCCTTTGAAAAACACGATGATAATATGGCCACA

ATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATGCACATGAAGCTGTACATGGAGG-
GCACCGTGAACAACCACCACTTCAAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGG-
GCACCCAGACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCCTTCGACAT-
CCTGGCTACCAGCTTCATGTACGGCAGCAGAACCTTCATCAACCACACCCAGGGCATCCCCG-
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ACTTCTTTAAGCAGTCCTTCCCTGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGAC-
GGGGGCGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCTCATCTACAAC-
GTCAAGATCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCG-
GCTGGGAGGCCAACACCGAGATGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAAGCG-
ACATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTCAAGACCACATACAG-
ATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACCACAGACTGG-
AAAGAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCCA-
GATACTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATTCCGGACTCAGATCTCGAGCC-
ACCATGAGTGAGCAGGAGGTCACTTATTCAATGGTGAGATTTCATAAATCTGCAGGATTGCAG-
AAACAAGTGAGGCCTGAGGAGACTAAAGGGCCCAGAGAAGCTGGCTACAGAAGGTGTTCAT-
TCCACTGGAAGTTCATTGTGATAGCTCTTGGCATCTTCTGTTTCCTTCTTCTGGTAACTGTTTC-
AGTGTTGGCAATAAAAATTTTTCAGTATGATCAACAAAAAAAACTGCAGGAATTTCTAAACCAC-
CACAATAACTGCAGCAACATGCAAGGTGACATCAACTTGAAGGATGAAATGCTGAAAAATAAG-
TCTATAGAGTGTGATCTTCTGGAATCCCTCAACAGGGATCAGAACAGATTGTATAATAAAACCA-
AGACTGTTTTAGATTCCTTACAGCACACAGGCAGAGGTGATAAAGTATACTGGTTCTGCTATGG-
TATGAAATGTTATTATTTCGTCATGGACAGAAAAACATGGAGTGGATGTAAACAGACCTGCCAG-
AGTTCCAGTTTATCCCTTCTGAAGATAGATGATGAGGATGAACTGAAGTTCCTTCAGCTCGTG-
GTTCCTTCAGACAGTTGCTGGGTTGGATTGTCATATGATAATAAGAAAAAAGATTGGGCATGGA-
TTGACAATCGCCCATCTAAACTTGCCTTGAACACAAGGAAATACAATATAAGAGATGGGGGAT-
GTATGTTGTTATCTAAAACAAGACTAGACAATGGTAACTGTGATCAAGTATTCATCTGTATTTGT-
GGGAAGAGACTGGATAAATTCCCTCATTGA

TagGFP2
NKG2D short or long
IRES region from pMIGR1
TagRFP
Ly49A

�234



SCT H2-Dd

ATGGCTCGCTCGGTGACCCTGGTCTTTCTGGTGCTTGTCTCACTGACCGGCTTGTATGCTA-
GAGGACCGGGGAGAGCATTTGTTACTATAGGAGGTGGGGGAGGCGGATCAGGAG-
GCTCAGGTGGGTCAGGAGGCATCCAGAAAACCCCTCAAATTCAAGTATACTCACGCCACC-
CACCGGAGAATGGGAAGCCGAACATACTGAACTGCTACGTAACACAGTTCCACCCGCCTCA-
CATTGAAATCCAAATGCTGAAGAACGGGAAAAAAATTCCTAAAGTAGAGATGTCAGATATGTC-
CTTCAGCAAGGACTGGTCTTTCTATATCCTGGCTCACACTGAATTCACCCCCACTGAGACTG-
ATACATACGCCTGCAGAGTTAAGCATGACAGTATGGCCGAGCCCAAGACCGTCTACTGGGA-
TCGAGACATGGGAGGTGGCGGTTCGGGCGGAGGCGGCTCGGGTGGCGGCGGCTCTGGC-
TCACACTCGCTGAGGTATTTCGTCACCGCCGTGTCCCGGCCCGGCTTCGGGGAGCCCCGG-
TACATGGAAGTCGGCTACGTGGACAACACGGAGTTCGTGCGCTTCGACAGCGACGCGGAG-
AATCCGAGATATGAGCCGCGGGCGCGGTGGATAGAGCAGGAGGGGCCGGAGTATTGGGA-
GCGGGAGACACGGAGAGCCAAGGGCAATGAGCAGAGTTTCCGAGTGGACCTGAGGACC-
GCGCTGCGCTACTACAACCAGAGCGCGGGCGGCTCTCACACACTCCAGTGGATGGCTGG-
CTGTGACGTGGAGTCGGACGGGCGCCTCCTCCGCGGGTACTGGCAGTTCGCCTACGACG-
GCTGCGATTACATCGCCCTGAACGAAGACCTGAAAACGTGGACGGCGGCGGACATGGCG-
GCGCAGATCACCCGACGCAAGTGGGAGCAGGCTGGTGCTGCAGAGAGAGACCGGGCCTA-
CCTGGAGGGCGAGTGCGTGGAGTGGCTCCGCAGATACCTGAAGAACGGGAATGCTACGC-
TGCTGCGCACAGATCCCCCAAAGGCCCATGTGACCCATCACCGCAGACCTGAAGGTGATG-
TCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCTGACATCACCCTGACCTGGCAGT-
TGAATGGGGAGGAGCTGACCCAGGAAATGGAGCTTGTGGAGACCAGGCCTGCAGGGGAT-
GGAACCTTCCAGAAGTGGGCATCTGTGGTGGTGCCTCTTGGGAAGGAGCAGAAGTACACA-
TGCCATGTGGAACATGAGGGGCTGCCTGAGCCCCTCACCCTGAGATGGGGCAAGGAGGA-
GCCTCCTTCATCCACCAAGACTAACACAGTAATCATTGCTGTTCCGGTTGTCCTTGGAGCTG-
TGGTCATCCTTGGAGCTGTGATGGCTTTTGTGATGAAGAGGAGGAGAAACACAGGTGGAA-
AAGGAGGGGACTATGCTCTGGCTCCAGGCTCCCAGAGCTCTGATATGTCTCTC-
CCAGATTGTAAAGTGTGA

Leader sequence
P18 peptide
Linker 1
B2 microglobulin
Linker 2
Dd heavy chain + transmembrane region
*GAG - E (Glu), mutated to GAT - D (Asp), allowing G>GATCC (BamHI restriction site)
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SCT H2-Dd - CD4

ATGGCTCGCTCGGTGACCCTGGTCTTTCTGGTGCTTGTCTCACTGACCGGCTTGTATGCTAGAGGAC-
CGGGGAGAGCATTTGTTACTATAGGAGGTGGGGGAGGCGGATCAGGAGGCTCAGGTGGGTCAGGAG-
GCATCCAGAAAACCCCTCAAATTCAAGTATACTCACGCCACCCACCGGAGAATGGGAAGCCGAACATA-
CTGAACTGCTACGTAACACAGTTCCACCCGCCTCACATTGAAATCCAAATGCTGAAGAACGGGAAAAA-
AATTCCTAAAGTAGAGATGTCAGATATGTCCTTCAGCAAGGACTGGTCTTTCTATATCCTGGCTCACAC-
TGAATTCACCCCCACTGAGACTGATACATACGCCTGCAGAGTTAAGCATGACAGTATGGCCGAGCCCA-
AGACCGTCTACTGGGATCGAGACATGGGAGGTGGCGGTTCGGGCGGAGGCGGCTCGGGTGGCGG-
CGGCTCTGGCTCACACTCGCTGAGGTATTTCGTCACCGCCGTGTCCCGGCCCGGCTTCGGGGAGC-
CCCGGTACATGGAAGTCGGCTACGTGGACAACACGGAGTTCGTGCGCTTCGACAGCGACGCGGAGA-
ATCCGAGATATGAGCCGCGGGCGCGGTGGATAGAGCAGGAGGGGCCGGAGTATTGGGAGCGGGAG-
ACACGGAGAGCCAAGGGCAATGAGCAGAGTTTCCGAGTGGACCTGAGGACCGCGCTGCGCTACTAC-
AACCAGAGCGCGGGCGGCTCTCACACACTCCAGTGGATGGCTGGCTGTGACGTGGAGTCGGACGG-
GCGCCTCCTCCGCGGGTACTGGCAGTTCGCCTACGACGGCTGCGATTACATCGCCCTGAACGAAGA-
CCTGAAAACGTGGACGGCGGCGGACATGGCGGCGCAGATCACCCGACGCAAGTGGGAGCAGGCTG-
GTGCTGCAGAGAGAGACCGGGCCTACCTGGAGGGCGAGTGCGTGGAGTGGCTCCGCAGATACCTG-
AAGAACGGGAATGCTACGCTGCTGCGCACAGATCCCCCAAAGGCCCATGTGACCCATCACCGCAGA-
CCTGAAGGTGATGTCACCCTGAGGTGCTGGGCCCTGGGCTTCTACCCTGCTGACATCACCCTGACC-
TGGCAGTTGAATGGGGAGGAGCTGACCCAGGAAATGGAGCTTGTGGAGACCAGGCCTGCAGGGGA-
TGGAACCTTCCAGAAGTGGGCATCTGTGGTGGTGCCTCTTGGGAAGGAGCAGAAGTACACATGCCAT-
GTGGAACATGAGGGGCTGCCTGAGCCCCTCACCCTGAGATGGGGCAAGGAGGATCCTCCATCCAAA-
GTGGTGCTGGGCAAAAAAGGGGATACAGTGGAACTGACCTGTACAGCTTCCCAGAAGAAGAGCATAC-
AATTCCACTGGAAAAACTCCAACCAGATAAAGATTCTGGGAAATCAGGGCTCCTTCTTAACTAAAGGTC-
CATCCAAGCTGAATGATCGCGCTGACTCAAGAAGAAGCCTTTGGGACCAAGGAAACTTTCCCCTGAT-
CATCAAGAATCTTAAGATAGAAGACTCAGATACTTACATCTGTGAAGTGGAGGACCAGAAGGAGGAGG-
TGCAATTGCTAGTGTTCGGATTGACTGCCAACTCTGACACCCACCTGCTTCAGGGGCAGAGCCTGAC-
CCTGACCTTGGAGAGCCCCCCTGGTAGTAGCCCCTCAGTGCAATGTAGGAGTCCAAGGGGTAAAAAC-
ATACAGGGGGGGAAGACCCTCTCCGTGTCTCAGCTGGAGCTCCAGGATAGTGGCACCTGGACATGC-
ACTGTCTTGCAGAACCAGAAGAAGGTGGAGTTCAAAATAGACATCGTGGTGCTAGCTTTCCAGAAGG-
CCTCCAGCATAGTCTATAAGAAAGAGGGGGAACAGGTGGAGTTCTCCTTCCCACTCGCCTTTACAGTT-
GAAAAGCTGACGGGCAGTGGCGAGCTGTGGTGGCAGGCGGAGAGGGCTTCCTCCTCCAAGTCTTG-
GATCACCTTTGACCTGAAGAACAAGGAAGTGTCTGTAAAACGGGTTACCCAGGACCCTAAGCTCCAG-
ATGGGCAAGAAGCTCCCGCTCCACCTCACCCTGCCCCAGGCCTTGCCTCAGTATGCTGGCTCTGGA-
AACCTCACCCTGGCCCTTGAAGCGAAAACAGGAAAGTTGCATCAGGAAGTGAACCTGGTGGTGATG-
AGAGCCACTCAGCTCCAGAAAAATTTGACCTGTGAGGTGTGGGGACCCACCTCCCCTAAGCTGATGC-
TGAGCTTGAAACTGGAGAACAAGGAGGCAAAGGTCTCGAAGCGGGAGAAGGCGGTGTGGGTGCTG-
AACCCTGAGGCGGGGATGTGGCAGTGTCTGCTGAGTGACTCGGGACAGGTCCTGCTGGAATCCAAC-
ATCAAGGTTCTGCCCACAGGATCCTCATCCACCAAGACTAACACAGTAATCATTGCTGTTCCGGTTGT-
CCTTGGAGCTGTGGTCATCCTTGGAGCTGTGATGGCTTTTGTGATGAAGAGGAGGAGAAACACAGG-
TGGAAAAGGAGGGGACTATGCTCTGGCTCCAGGCTCCCAGAGCTCTGATATGTCTCTC-
CCAGATTGTAAAGTGTGA

Leader sequence
P18 peptide
Linker 1
B2 microglobulin
Linker 2
CD4 insert
Dd heavy chain + transmembrane region
*GAG - E (Glu), mutated to GAT - D (Asp), allowing G>GATCC (BamHI restriction site)

Extra info (calculated sizes for the CD2, CD22 and CD4 spacer fragments are 574,1006,1123 bp, respectively
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Appendix III. List of plasmids

Pre-existing or commercially available

• pTagGFP2 (Evrogen)

• pTagRFP (Evrogen)

• Origene NKG2D pCMV-Kan Neo

• Origene Ly49A

• pcDNA3.1(hyg+) (Invitrogen)

• pKG4 (eukaryotic expression vector, obtained from Dr. K. Gould)

• pMIGR1 (retroviral expression vector, obtained from Prof. J. Dyson)

• pCLEco (helper plasmid for recombinant retrovirus production, obtained from Prof. J. Dyson)

Generated during the work described in this thesis

• ptagGFP2-NKG2D-S

• ptagGFP2-NKG2D-L

• ptagRFP-Ly49A

• pMIGR1_tagGFP2-NKG2D-S

• pMIGR1_tagGFP2-NKG2D-L

• pMIGR1_tagRFP-Ly49A

• pMIGR1_tagRFP-Ly49A_IRES_ptagGFP2-NKG2D-S

• pMIGR1_tagRFP-Ly49A_IRES_ptagGFP2-NKG2D-L

• pcDNA3.1(hyg+)-DAP10

• pcDNA3.1(hyg+)-DAP12

• pcDNA3.1(hyg+)-Dd SCT

• pcDNA3.1(hyg+)-DdCD4 SCT

• pKG4-H60a

• pKG4-H60aCD4
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Appendix IV.  2-way ANOVA of NKG2D MFI

�

Appendix IV. 2-way ANOVA of NKG2D MFI, Sidak’s multiple comparisons test. 293T cells 
were transiently co-transfected with pTagGFP2-NKG2D short or long isoform with either DAP12  
or DAP10. Cells were analysed by flow cytometry for NKG2D surface expression. NKG2D mean 
fluorescence intensity is a measure of the degree of association with the adaptor proteins. 
Groups differed significantly as shown (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). ns, not sig-
nificantly different (p>0.05), (n=4). 

Sidak’s multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary

  Control:NKG2D Long isoform vs. 
Control:NKG2D Short isoform 5.75 -126.6 to 138.1 No ns

  Control:NKG2D Long isoform vs. 
DAP12:NKG2D Long isoform -41.75 -174.1 to 90.56 No ns

  Control:NKG2D Long isoform vs. 
DAP12:NKG2D Short isoform -107 -239.3 to 25.31 No ns

  Control:NKG2D Long isoform vs. 
DAP10:NKG2D Long isoform -838 -970.3 to -705.7 Yes ****

  Control:NKG2D Long isoform vs. 
DAP10:NKG2D Short isoform -1587 -1719 to -1454 Yes ****

  Control:NKG2D Short isoform vs. 
DAP12:NKG2D Long isoform -47.5 -179.8 to 84.81 No ns

  Control:NKG2D Short isoform vs. 
DAP12:NKG2D Short isoform -112.8 -245.1 to 19.56 No ns

  Control:NKG2D Short isoform vs. 
DAP10:NKG2D Long isoform -843.8 -976.1 to -711.4 Yes ****

  Control:NKG2D Short isoform vs. 
DAP10:NKG2D Short isoform -1593 -1725 to -1460 Yes ****

  DAP12:NKG2D Long isoform vs. 
DAP12:NKG2D Short isoform -65.25 -197.6 to 67.06 No ns

  DAP12:NKG2D Long isoform vs. 
DAP10:NKG2D Long isoform -796.3 -928.6 to -663.9 Yes ****

  DAP12:NKG2D Long isoform vs. 
DAP10:NKG2D Short isoform -1545 -1677 to -1413 Yes ****

  DAP12:NKG2D Short isoform vs. 
DAP10:NKG2D Long isoform -731 -863.3 to -598.7 Yes ****

  DAP12:NKG2D Short isoform vs. 
DAP10:NKG2D Short isoform -1480 -1612 to -1347 Yes ****

  DAP10:NKG2D Long isoform vs. 
DAP10:NKG2D Short isoform -748.8 -881.1 to -616.4 Yes ****
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Appendix V.  2-way ANOVA of NKG2D+/ total GFP+ population

�

Appendix V. 2-way ANOVA of a relative percentage of NKG2D+/ total GFP+ population, 
Sidak’s multiple comparisons test. 293T cells were transiently co-transfected with pTagGFP2-
NKG2D short or long isoform with either DAP12  or DAP10. Cells were analysed by flow cytome-
try for NKG2D surface expression. The relative percentage of NKG2D+/ total GFP+ population is 
a measure of the degree of association with the adaptor proteins. Considering the percentage of 
association as a measure of the populations NKG2D(positive)/Total GFP(positive). Groups dif-
fered significantly as shown (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). ns, not significantly 
different (p>0.05), (n=4). 

Sidak's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary

  control:NKG2D Long isoform vs. 
control:NKG2D Short isoform 0.475 -7.387 to 8.337 No ns

  control:NKG2D Long isoform vs. 
DAP12:NKG2D Long isoform -7.788 -15.65 to 0.07430 No ns

  control:NKG2D Long isoform vs. 
DAP12:NKG2D Short isoform -16.58 -24.44 to -8.721 Yes ****

  control:NKG2D Long isoform vs. 
DAP10:NKG2D Long isoform -55.12 -62.98 to -47.26 Yes ****

  control:NKG2D Long isoform vs. 
DAP10:NKG2D Short isoform -67.75 -75.61 to -59.88 Yes ****

  control:NKG2D Short isoform vs. 
DAP12:NKG2D Long isoform -8.263 -16.12 to -0.4007 Yes *

  control:NKG2D Short isoform vs. 
DAP12:NKG2D Short isoform -17.06 -24.92 to -9.196 Yes ****

  control:NKG2D Short isoform vs. 
DAP10:NKG2D Long isoform -55.6 -63.46 to -47.73 Yes ****

  control:NKG2D Short isoform vs. 
DAP10:NKG2D Short isoform -68.22 -76.08 to -60.36 Yes ****

  DAP12:NKG2D Long isoform vs. 
DAP12:NKG2D Short isoform -8.795 -16.66 to -0.9332 Yes *

  DAP12:NKG2D Long isoform vs. 
DAP10:NKG2D Long isoform -47.33 -55.19 to -39.47 Yes ****

  DAP12:NKG2D Long isoform vs. 
DAP10:NKG2D Short isoform -59.96 -67.82 to -52.10 Yes ****

  DAP12:NKG2D Short isoform vs. 
DAP10:NKG2D Long isoform -38.54 -46.40 to -30.68 Yes ****

  DAP12:NKG2D Short isoform vs. 
DAP10:NKG2D Short isoform -51.16 -59.02 to -43.30 Yes ****

  DAP10:NKG2D Long isoform vs. 
DAP10:NKG2D Short isoform -12.63 -20.49 to -4.763 Yes ***
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