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Abstract  

Abstract 
 
Natural killer (NK) cells are the main components of the innate immune system, and 

their function is tightly regulated by a variety of receptors on their cell surface. Among 

which, killer cell immunoglobulin-like receptors (KIR) fine-tune the activity of NK cells 

by interacting with specific human leukocyte antigen (HLA) class I molecules. KIRs 

are transmembrane glycoproteins with two (D1-D2) or three (D0-D1-D2) extracellular 

immunoglobulin (Ig) domains. KIR2DL2 and KIR2DL3 are inhibitory KIRs with two 

extracellular Ig domains. They are allelic variants segregated from each other during 

evolution that share more than 90% sequence identity with each other. However, 

despite the high degree of similarity, clinical studies suggest that they are associated 

with different disease outcomes. That is, KIR2DL3 is more protective than KIR2DL2 in 

the development of viral infections such as Hepatitis. Furthermore, they possess 

different avidity of binding against a panel of HLA-C molecules. It has been reported 

that KIR2DL2 binds to a broader range of HLA-C molecules compared to KIR2DL3.  

 

The second chapter of this thesis aims to understand the principles governing the 

structural basis of dissimilarities between KIR2DL2 and KIR2DL3. Using X-ray 

crystallography, I determined the crystal structures of the extra-membrane domains of 

KIR2DL2 and KIR2DL3 in complex with HLA-C*07:02 to 3.1 Å and 2.5 Å resolutions, 

bound to the RL9 peptide, respectively. Structural comparison of these complexes 

indicated the existence of the same inter-domain hinge-angle for KIR2DL2 and 

KIR2DL3 but notable differences in the “twist” of the receptor in docking to HLA-

C*07:02, leading to a wide binding footprint for KIR2DL2 to the α1 helix of HLA-C. 

Collectively, my findings suggest that this differential binding to the α1 helix facilitates 

the broader recognition of HLA-C molecules by the KIR2DL2 receptor. 

 

The third chapter of this thesis underpins the structural characteristics of KIR2DL4. 

KIR2DL4 belongs to KIR2DL subgroup, but instead of sharing a D0-D2 domain 

arrangement, it contains a D1-D2 domain arrangement. Unlike other KIRs, KIR2DL4 
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exhibits both activating and inhibitory domains, and the question about its exact 

ligand(s) remains unknown to the best of my knowledge to the date of writing my 

thesis. Crystal structure of the extracellular domains of KIR2DL4 was determined to a 

resolution of 2.8 Å and further characterized by small angle x-ray scattering (SAXS), 

multi angle light scattering (MALS) and analytical ultracentrifugation techniques.  

 

I found that unlike other members of KIR2DL family, KIR2DL4 oligomerizes and is 

present in an equilibrium between dimeric and tetrameric states. Although the 

monomeric structure of KIR2DL4 resembles other members of the KIR2D family, I 

revealed that KIR2DL4 oligomerizes in a concentration-dependent manner. SAXS 

data revealed that D0 domain served as the oligomerization site of KIR2DL4. This 

unique feature of KIR2DL4 indicates that in solution, its structure is significantly 

different from other members of KIRs family and it does not follow the conventional 

pattern of KIRs binding to HLA class I molecules. Collectively, these findings could 

provide better insight into ligand discovery of KIR2DL4.  
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1. Chapter 1: Introduction 
1.1 Infection and immunity 

Multi-cellular organisms are equipped with complex immune systems to identify and 

directly eliminate pathogens and to remove cells that are infected. The counter-

balancing pressures of infection and immunity drive the evolution of both the immune 

system and, by corollary, the foreign pathogens like viruses, bacteria, and parasites 

that the immune system is designed to counter (Mortellaro and Ricciardi-Castagnoli, 

2011). In humans, the immune system can be broadly sub-divided into two distinctive 

and specific arms. Namely, the innate immune system and the adaptive immune 

system (Figure 1.1). The innate immune system builds the first line of defence against 

pathogens and is characterized by rapid response to infections, typically activated 

minutes after exposure to the pathogen. During the inflammatory response cells 

within the innate immune system (shown in Figure 1.1) become activated and 

differentiate into short-lived effector cells (Janeway and Medzhitov, 2002). By 

comparison, the adaptive immune system has a slower response to pathogens. The 

differentiation of naïve adaptive lymphocytes into effector cells requires ~ three to five 

days upon exposure to pathogen and activation (Janeway, 2001, Janeway and 

Medzhitov, 2002). The life-span of effector cells is limited by apoptotic pathways that 

are initiated following antigen removal (Janeway, 2001). Table 1.1 highlights the 

properties and differences of the innate and adaptive immune systems. 
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Figure 1.1.  Innate and adaptive immunity. 

The innate immune system is the first line of protection against pathogens and is composed 
of macrophages, dendritic cells, mast cells, basophils, eosinophils, neutrophils and NK cells. 
The innate immune system is recognized for its rapid response to infection and its mediation 
of the inflammatory response. The adaptive immune system is characterized by a slower 
response and the generation of memory against infection and includes B cells, antibodies, 
CD4+ and CD8+ T cells. The figure is adapted from (Dranoff, 2004). 
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Table 1.1 Properties of innate and adaptive immune systems. 

* The table is adapted from (Janeway and Medzhitov, 2002).  
** Lipoteichoic Acid (LTA), Lipopolysaccharides (LPS), Interleukin (IL), Interferon gamma (IFN-γ). 
*** LTA, LPS and peptidoglycan are part of pathogen-associated molecular patterns (PAMPs) which 
can activate innate immune receptors such as Toll-like receptors (TLRs), expressed at the surface of 
macrophages and dendritic cells. 
 

1.2 Human immune system 

1.2 1 Evolution of the adaptive immune system 

Approximately 3.5 billion years ago, single cell micro-organisms emerged on our 

planet. The appearance of other organisms such as eubacteria, archaebacteria, and 

eukaryotes followed. Multicellular organisms known as metazoans started to shape 

and develop about 600 million years ago and then vertebrates and diverse metazoan 

lineages as we know them today were created 500 million years ago (Figure 1.2) 

(Cooper and Alder, 2006).  

 

The evolution of the adaptive immune arm coincided with the appearance of 

vertebrates ~500 million years ago. The development of lymphocytes of the adaptive 

immune system provides protection from re-infection by the same pathogens and also 

helped overcome the limitations of the innate immune system (Boehm et al., 2012, 

Cooper and Alder, 2006, Hirano, 2015, Hirano et al., 2011, Janeway, 2001). Although 

it was thought for a long time that the aspects of the adaptive immune arm were 

limited to jawed vertebrates, the recent discovery of adaptive immune systems in 

Property Innate immune system Adaptive immune system 
Receptors Fixed in genome and rearrangement 

is not necessary 
Encoded in gene segments and 
rearrangement is necessary  

Recognition Conserved molecular patterns 
(LPS, LTA, mannans, glycans) 

Molecular structure 
(proteins, peptides, carbohydrates) 

Distribution Non-clonal 
All cells of a class identical 

Clonal 
All cells of a class distinct 

Self and 
Non-self 
discrimination 

Selected over evolutionary time Selected in individual somatic cells 

Response Co-stimulatory molecules 
Cytokines (IL-1β, IL-6) 
Chemokines (IL-8) 

Clonal expansion 
IL-2 
Effector cytokines: (IL-4, IFN-γ) 

Action time Immediate activation of effectors Delayed activation of effectors 
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hagfish and lamprey established that adaptive immune systems evolved for both 

jawed and jawless vertebrate ancestries (Figure 1.3) (Hirano, 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Hypothetical evolution of lymphocytes involved in immunity. 
Recently evolved forms of lymphocytes are shown on the right side. Lymphocyte 1 is 
characterized as the primary lymphocyte ancestor. NK cells are originated from lymphocyte 2 
which is the common ancestor for other modern lymphocytes. T-cell and immunoglobulin 
receptor genes are developed from lymphocyte 3. The appearance of MHC-class I, class I-
like and class-II molecules during the evolution of lymphocytes is also highlighted at the 
bottom of the figure. The figure is adapted from (Parham, 2005). 
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Figure 1.3 Evolution of the adaptive immune system. 
Chordates are categorized into two groups of vertebrates and protochordates. Urochordates 
and cephalochordates belong to protochordates. Vertebrates can further be subdivided into 
two main groups: jawless vertebrates and jawed vertebrates. Lampreys and hagfish are 
characterized as vertebrates without jaws.  They are also known as cyclostomes. The time 
scale at the top represents million years ago from the present (Mya). The absence of the 
adaptive immune system during evolution is highlighted with light-blue background while the 
emergence of the adaptive immune system is shown in the light-brown background. The 
figure is adapted from (Kasahara et al., 2004). 
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1.2.1.1 Antigen recognition of T-cell receptors and B-cell receptors 

One of the main features of the adaptive immune system is that of “immunological 

memory” or the ability to respond more quickly and efficiently to a subsequent 

challenge by a pathogen (Linehan and Fitzgerald, 2015, Janeway, 2001). Antigen 

recognition by the adaptive immune system is mediated by immunoglobulin B cell 

receptors (BCRs) and also T cell antigen receptors (TCRs) (shown in Figure 1.4), 

which are able to interact with antigen presenting cells (APC), and are expressed at 

the surface of lymphocytes (van den Berg et al., 2004). The thymus and the bone 

marrow are responsible for the creation of T and B lymphocytes, respectively (Cooper 

et al., 1966, Greaves et al., 1968). Upon exposure to antigens, activation and clonal 

expansion of T cells is triggered which consequently results in the generation of a 

large population of effector T cells. Upon subsequent encounters with the same 

antigen again, a very fast and potent response is generated by memory T cells 

(Godfrey et al., 2015, Burnet, 1959).  

 

T and B lymphocytes can reposition different gene fragments known as joining (J), 

variable (V) and diversity (D) to produce antigen binding sites for T and B cell 

receptors by somatic recombination and assistance from the recombination-activating 

gene (RAG). T and B cell receptors are structurally related members of the 

immunoglobulin super-family (Flajnik, 2002, Litman et al., 2010, van den Berg et al., 

2004). TCRs identify short fragments of peptides displayed by major 

histocompatibility complexes (MHC) class I and II molecules (Brownlie and 

Zamoyska, 2013) and BCRs recognize antigens such as soluble molecules within the 

extracellular fluid (Janeway, 2001). Recently it has also been shown that TCRs are 

able to interact with Vitamin B derivatives and lipids, presented by MHC class I like 

molecules (Gras et al., 2016, Keller et al., 2017, Birkinshaw et al., 2015). As a result 

of the re-positioning of different gene fragments, each recombined BCRs and TCRs 

has a distinctive antigen specificity, thereby generating ~ 1-2x105 and ~ 1x108 

permutations of BCRs (Yang and Reth, 2016) and TCRs (Wooldridge et al., 2012), 

respectively, for providing immunity against diverse types of antigens.  
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Figure 1.4 Structures of TCR and BCR. 

Crystal structure of a α/β T cell receptor comprising variable (V) and a constant I region 
domains outside the cell surface (PDB ID: 1TCR). B. Crystal structure of the antigen binding 
(Fab) fragment. Fab fragments are regions of an antibody that can bind to antigens. The 
secondary structure of the antibody light chain (L) and heavy chain (H) are shown (PDB ID: 
3I9G). 
 

1.2.1.2 T-cell subtypes 

T cells are classified into different subtypes including cytotoxic T cells, T helper (TH) 

cells, memory and effector T cells, and regulatory T cells (Treg) (Figure 1.5). Within 

the thymus, T cells mature and express either CD8 or CD4 glycoproteins at their cell 

surface, known at CD8+ and CD4+, respectively (Golubovskaya and Wu, 2016). TH 

and Treg are recognised by expression of CD4+ at their cell surface, but cytotoxic T 

cells are recognized by expression of CD8+ at their cell surface. CD8+ T cells are able 

to lyse infected cells, but CD4+ TH cells can produce a variety of cytokines, which 

consequently results in downstream activations and responses of other 

compartments of the immune system (Linehan and Fitzgerald, 2015). TH1, TH2, TH17, 

TFH (follicular TH cells), TH9 and TH22 are different types of TH cells which are able to 

generate diverse cytokines profiles and each subset has a crucial role in immune and 

effector response task of T cells (Russ et al., 2013, Golubovskaya and Wu, 2016, 

Raphael et al., 2015).   
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Naïve T cells become activated when they encounter APC which results in the 

elevation of T cell quantity and also their differentiation into effector T cells and leads 

to their migration to the place of infection. Whereas effector T cells have a very short 

life-span, the subsets of memory T cells possess a long-standing life-span and can be 

placed in the newly infected organs or the secondary lymphoid tissues. Upon re-

infection, the establishment of a second immune response occurs rapidly and to a 

larger extent than the primary response via memory T cells (Golubovskaya and Wu, 

2016). The common characteristics of memory T cells include their persistence even 

if the antigen is absent, the existence of former development and activation and 

elevation of their function once re-exposed to the same antigen (Golubovskaya and 

Wu, 2016, Rosenblum et al., 2016). 

 

TCRs are involved in responding to antigens that are presented to them by MHC 

molecules. MHC molecules present peptides that are fragments of endogenous self-

proteins or exogenous molecules (Carson et al., 1997). TCRs become activated upon 

interaction with MHC peptide-bound complexes, followed by a series of reactions 

which are mediated by specific adaptor proteins, enzymes and co receptors (Brownlie 

and Zamoyska, 2013, Russ et al., 2013). Briefly, this includes the secretion of pro-

inflammatory cytokines like tumor necrosis factor (TNF-α) and IFN-γ (La Gruta et al., 

2004), expression of granule enzymes (granzymes) A, B and K (Jenkins et al., 2007, 

Moffat et al., 2009, Peixoto et al., 2007) and perforin (Kagi et al., 1994), co-receptors 

such as CD4 and CD8 (Veillette et al., 1988), association of CD3 (Artyomov et al., 

2010, Brownlie and Zamoyska, 2013), as well as recruitment and activation of the 

SRC family kinase (SFK) members including LCK and FYN (Brownlie and Zamoyska, 

2013, Palacios and Weiss, 2004, Parsons and Parsons, 2004, Salmond et al., 2009). 

However, the adaptive immune system differs from the innate immune system in its 

response to pathogens. These two systems indeed overlap and work in collaboration 

to generate a potent and effective immune response (Linehan and Fitzgerald, 2015). 

For instance, dendritic cells (DCs) that are components of the innate immune system 

are crucial for the activation of T cells, in vitro and in vivo (Boog et al., 1985, den 

Haan et al., 2014, Jung et al., 2002, Lechler and Batchelor, 1982).  
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Figure 1.5 Subsets of T cells. 

Different subsets of CD4+ T cells generated from naïve T cells are shown. Each subset is 
developed by the effect of certain types of different cytokines, and each subset of CD4+ T 
cells is involved in the production of different types of cytokines. B. A linear model for 
differentiation of CD8+ T cells. Different types of CD8+ T cell subsets upon activation of Naïve 
T cells (TN) include Stem cell memory T cells (T SCM), central memory T cells (T CM), 
effector T cells (T EFF), and effector memory cells (T EM). Naïve, T SCM and T CM cells can 
circulate and relocate into lymphoid tissue, while TEM and TEFF can migrate to peripheral 
tissues. The figure is adapted from (Golubovskaya and Wu, 2016, Sharpe and Mount, 2015).
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1.2.2 Innate immune system 
 
There are two major components that form the innate immune system, the humoral 

and cellular elements (Figure 1.6). Humoral components include complement and 

cytokines, whereas cellular components contain specialized cells such as natural 

killer (NK) cells, macrophages, and DCs (Mortellaro and Ricciardi-Castagnoli, 2011). 

The cellular elements of the innate immune system in vertebrates are of myeloid 

origin. Myeloid cells can be sub-divided into mono-nuclear and poly-morphonuclear 

phagocytes. Macrophages, which are originated from blood monocytes, are members 

of the mono-nuclear phagocyte class, as are dendritic cells, which are derived from 

monocytes (Figure 1.6) (Beutler, 2004). On the other hand, eosinophils, basophils, 

and neutrophils belong to the polymorpho-nuclear phagocyte class, and their 

presence is very crucial for inhibition of the infection (Figure 1.6). Upon severe 

infection, the quantity of neutrophils increases up to 10-fold compared to the normal 

state of the cells. However, their life-span is very short, and regardless of pathogenic 

challenge, they go through apoptosis every six hours. Mast cells are other cellular 

components of the innate immune system and share a similar role and are 

considered the main mediators of allergic responses similar to eosinophils (Figure 

1.6) (Beutler, 2004). 

 

Early suggestions were that unlike the adaptive immune system, the innate immune 

system was completely non-specific (Akira et al., 2006). However, currently, it is 

accepted that the innate immune system is not entirely non-specific and can indeed 

distinguish between “self” and different types of “non-self” pathogens and micro-

organisms by utilising pattern-recognition receptors (PRRs). Pathogens express a 

variety of markers or unique “molecular signatures” by which they can be identified. 

These markers, known as pathogen associated molecular patterns (PAMPs), can be 

sensed by PRRs. PRRs are independent of immunological memory, and are able to 

detect micro-organisms irrespective of the life-stage and can repeatedly be expressed 

in the cell (Akira et al., 2006). The basic mechanism of pathogen detection by the 

apparatus of the innate immune system is significantly conserved between different 

species from mammals to plants. Various classes of PRRs exist in the ancient 
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branches of the immune system such as Toll receptors and cytoplasmic receptors. In 

some species lacking the adaptive immune system, such as Drosophila, Toll 

receptors are the major components of the immune system and have been shown to 

play important roles in antifungal defence (Hoffmann, 2003, Lemaitre et al., 1996). 

Toll receptors are evolutionarily conserved among species ranging from flies and 

worms to mammals, including humans (Akira and Takeda, 2004, Akira et al., 2006, 

Beutler, 2004, Hoffmann, 2003, Janeway and Medzhitov, 2002).  

 

Other examples of pattern recognition include the terminal mannosyl residues located 

on the surface of a variety of microbes that can be detected by the mannose-binding 

proteins in mammals. This recognition results in initiation of the complement cascade 

using the mannose-binding protein-associated serine protease (MASP) pathway 

(Matsushita et al., 1998, Matsushita and Fujita, 1992, Matsushita and Fujita, 1995, 

Terai et al., 1997, Thiel et al., 1997). CD14, Lipopolysaccharide binding protein, C-

reactive protein and other members of the pentraxin family, are other examples of 

molecules that can sense other microbial markers and alert infection (Beutler, 2004).   

 

There are sets of proteolytic enzymes recognized as “complement” which can be 

triggered once they sense the presence of pathogens via three different pathways, 

classical, properdin, and MASP (Beutler, 2004). Whereas the classical pathway is 

stimulated by antibodies, the properdin pathway relies on the presence of properdin 

which is a plasma glycoprotein and can directly bind to the microbial surface via the 

assistance of co-factors such as factors B, D, H, and I of also a series of 

thrombospondin-like repeats (Beutler, 2004). The existence of a complicated innate 

immune system inside multi-cellular organisms highlights the fundamental need to 

constitutively produce receptors to detect specific markers on a wide range of 

potential pathogens (Akira et al., 2006, Cooper and Alder, 2006, Hoffmann, 2003, 

Janeway and Medzhitov, 2002). 
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Figure 1.6 Cellular and humoral elements of the innate immune system. 
The sensing and effector arms of the innate immune system for each part of the cellular and 
humoral components are shown. Cellular components of the innate immune system are 
shown in boxes with an orange background, and humoral components are shown in boxes 
with the light-blue background. The figure is adapted from (Beutler, 2004). 
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1.2.3 Other means of pathogen removal  
 
Not only multi-cellular organisms but also single-cell organisms are equipped with 

different devices for protection against pathogens, devices like RNA interference, 

restriction endonucleases, and antimicrobial peptides (Danilova, 2006, Judice et al., 

2016). Antimicrobial peptides also play a role in pathogen elimination by disrupting 

the biological membrane of microbes. In Drosophila, there are seven different families 

of antimicrobial peptide genes and in mammals; there are cathelicidins and defensins 

that enable pathogen removal (Ganz and Lehrer, 1998, Lehrer and Ganz, 2002).   

 

1.2.4 Innate immune system and NK cells 
 
NK cells are the major machinery of the innate immune system. They are equipped 

with a variety of receptors at the cell surface for binding to markers of both healthy 

and stressed cells expressed at the cell surface of target cells. The participation of NK 

cells in the first line of defence against pathogenic invasion or malignancies via non-

Toll like receptor system is well established (Di Santo, 2008, Moretta et al., 2002). 

The interaction of NK cells with dendritic cells is a prerequisite for escalating the 

innate immune responses (Andrews et al., 2003, Vivier et al., 2008, Akira et al., 

2006). Of interest to this study, NK cells express killer cell immunoglobulin-like 

receptors (KIRs) at their cell surface to monitor the presence of MHC molecules at the 

surface of target cells. The engagement of inhibitory and activating KIRs receptors 

with MHC molecules is crucial for the NK cell to discriminate between “self” and “non-

self” and thus for the final fate of the target cell. 
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1.3 Major histocompatibility complexes 
 
In all jawed vertebrates, the MHC is a large gene complex playing an essential role in 

the immune system (Mosaad, 2015). A large part of their genome contains genes 

encoding MHC molecules that can be categorized into three groups: class I, class II 

and class III. The high polymorphic class I and also low polymorphic non-classical 

MHC molecules are encoded by genes located in class I regions (Gunther and 

Walter, 2000). Class I MHCs are expressed on all nucleated cells and function by 

presenting peptide fragments at the cell surface for antigen recognition by NK cells 

and CD8+ T cells (Dohring and Colonna, 1997, Yewdell et al., 2003). In this way, they 

provide a snapshot of the protein content of the cell that can be interrogated by the 

innate or the adaptive arms of the immune system. In other words, MHC class I 

molecules provide a link between the two arms of the immune system. Classical MHC 

class I molecules possess a higher level of expression compared to non-classical 

MHC class I molecules. Non-classical MHC class I molecules present a more limited 

peptide antigen repertoire to NK cells, NKT cells, as well as αβ and δ T cells 

(Rodgers and Cook, 2005).  

 

APCs express the high polymorphic MHC molecules which are encoded by the class 

II region that display exogenous peptide antigens to CD4+ T cells (Blum et al., 2013). 

Furthermore, there are genes located in class II region that are necessary for 

processing of antigens like TAP1 and TAP2 which form two sub-units of the 

transporter associated with antigen processing (Gunther and Walter, 2000). The 

importance of MHC molecules in transplantation and also their key role in reacting 

with malignancies highlights their critical function in the regulation of immune 

responses (Archbold et al., 2008). 
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1.3.1 Classical MHC class I molecules  

 
Classical MHC class I molecules are expressed on the surface of all nucleated cells. 

Their major function is the presentation of short peptides to CD8+ T cell and NK cell 

receptors of the adaptive and innate immune systems, respectively. The molecular 

architecture of classical class I molecules consists of three components: a heavy 

chain, a light chain and small peptide (typically 8-10 residues in length) (Figure 1.7). 

The heavy chain is a transmembrane protein encoded by the HLA-, -B, -C loci and it 

associates non-covalently with the light chain, also known as β2-microglobulin (β2m), 

encoded on chromosome 7. Finally, a short peptide associates with the heavy chain 

to form stable and properly folded MHC class I molecules that can be transported to 

the cell surface. The heavy chain is composed of three extracellular domains named, 

α1, α2, and α3. The peptide-binding pocket is formed by two anti-parallel α-helical 

walls and a β-pleated sheet floor derived from the α1 and α2 domains. The α1 and α2 

domains are where the majority of polymorphisms in MHC class I molecules are 

located. The existence of polymorphisms in the peptide-binding pocket results in 

restrictions selecting appropriate peptide sequences for accommodation and permits 

only a range of peptides during complex formation within the endoplasmic reticulum 

(ER). The peptide is tethered at both the N and C termini and also at “anchor” sites in 

the cavities inside the peptide-binding pocket (Matsumura et al., 1992, Ruppert et al., 

1993, Rock et al., 1994, Saper et al., 1991).  

 

 

 

 

 



16 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Structure of MHC class I molecule. 

The crystal structure of an MHC class I molecule that is comprised of three components: 
polymorphic heavy chain (α1, α2, and α3), a light chain β2-microglobulin (β2M) and a peptide 
epitope. PDB ID: 1EFX. 
 

 

The peptides that are loaded into the peptide-binding pocket of MHC class I 

molecules, originate from endogenous or exogenous proteins (Figure 1.8.1). The first 

step of antigen presentation begins with the degradation of proteins into peptides by 

the proteasome following labelling by ubiquitin. (Figure 1.8.2)  (Rock et al., 1994, 

Rock et al., 2002). The newly generated fragments of peptides (Figure 1.8.3) then 

migrate into the lumen of the ER with the assistance of TAP (Figure 1.8.4) (Parcej 

and Tampe, 2010). In the ER, peptides are either completely degraded or applied to 

the formation of MHC complexes and antigen presentation (Figure 1.8.5) (Blanchard 

et al., 2010, Hearn et al., 2009, Shen et al., 2011, van Endert, 2011). In the lumen of 

the ER, the transport of newly produced heavy chain is assisted via chaperones such 

as calreticulin and calnexin, as well as help from the oxidoreductase Erp57 in order to 
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assess its proper folding and help with the correct formation of its disulfide bonds. 

β2m then forms a heterodimer with the heavy chain and together they assemble with 

the peptide loading complex (PLC) including Erp57, TAP, calreticulin and tapasin. 

This complex assists loading of the peptide into the peptide-binding groove while 

retaining the conformation of heterodimer (Androlewicz et al., 1993, Cresswell et al., 

1999, Ortmann et al., 1994, Ortmann et al., 1997, Shastri et al., 2002, Vigneron et al., 

2009). After loading of an appropriate peptide into the MHC complex, it stabilizes and 

leaves the ER and migrates towards cell surface via the Golgi (Figure 1.8.6).   

 

Depending on conditions within the cell, the accessibility of a diverse range of 

peptides for loading onto MHC class I molecules may vary. For example, when the 

cell is in its normal condition, self-peptides are bound to MHC class I molecule, and 

retain the steady-state of MHC class I expression. However, exposure of cells to 

stresses such as carcinogenic transformation or viral infection results in changes to 

the steady-state with the presentation of fragments of either a tumour or viral products 

at the cell surface or to alterations of the peptide loading apparatus (Lu et al., 2012, 

Mohammed et al., 2008).  
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Figure 1.8 MHC class I antigen presentation pathway. 
The presentation of endogenous peptides by MHC class I molecules results from a series of 
events. At the start, proteins are ubiquitinated and unfolded for degradation (1, 2) by the 
proteasome. Then, newly generated fragments of peptides (3) are translocated into the lumen 
of the ER via TAP (4) and the inside the lumen of ER, peptides with sufficient affinity are 
selected for complex formation and loading on peptide-binding pocket of MHC class I 
molecules (5). This complex then leaves the ER and is transported through the Golgi (6) to 
the surface of the cell for antigen presentation to CD8+ T cells. The figure is adapted from 
(Neefjes et al., 2011). 
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1.3.1.1. Human leukocyte antigen class I molecules 
 
The human leukocyte antigen (HLA) system, is a gene complex encoding for MHC 

proteins in human. HLA class I molecules belong to the immunoglobulin super-family 

of glycoproteins encoded on chromosome 6. HLA proteins are grouped into classical 

and non-classical. The classical HLA glycoproteins include HLA-A, -B and -C, which 

are known to be highly polymorphic. In contrast, the non-classical HLA glycoproteins 

are less polymorphic and include HLA-E, -F and -G. HLA-C ranks as the least 

polymorphic among classical HLA molecules (Kulpa and Collins, 2011, Mosaad, 

2015, Neefjes et al., 2011). In addition to the existence of different polymorphic states 

between HLA molecules, they also display variation with regards to their levels of 

expression. For instance, the level of expression for HLA-C is lower compared to 

other HLA class I molecules (Apps et al., 2015, Zemmour and Parham, 1992). 

 

 

1.4 Natural killer cells 

 
NK cells were first discovered in the late 1970s when their involvement in targeting 

infected cells and their ability to quickly lyse specific tumour cells in mice was 

observed (Herberman et al., 1975, Kiessling et al., 1975, West et al., 1977). NK cells 

are characterized as a population of lymphocytes that eliminate infected target cells 

with no need for former priming (Caligiuri, 2008, Schenk et al., 2016, Kiessling et al., 

1975). More recently, this population has been allocated to a newly defined family of 

innate lymphocytes (ILC) (Dulphy et al., 2016, Spits et al., 2013), which are further 

categorized into three distinct groups with different functions. ILC group 1 (ILC1), 

comprises NK cells as a major population, ILC2, and ILC3 (Killig et al., 2014). 

Parallels exist between subsets of innate lymphocytes and subsets of T-lymphocytes 

according to their cytokine secretion patterns (Dulphy et al., 2016). That is, TH1, TH2 

and TH17 secreting IFN-γ, interleukin (IL) 17 and/or IL22, IL-5 and IL-13 and are 

similarly produced by ILC1 (IFN-γ), ILC2 (IL-5 and IL-13), and ILC3 (IL17 and/or IL22) 

subsets of ILC family. Thus, the ILCs contribute and assist the progress of the local 

immune response (Dulphy et al., 2016).   
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The phenotype of NK cells is characterized by expression of cell surface markers and 

is traditionally identified as CD56 positive and CD3 negative (CD3- CD56+) (Caligiuri, 

2008, Dulphy et al., 2016, Schenk et al., 2016). There are two main sub-types of NK 

cells within secondary lymphoid organs and blood, characterised by CD56 expression 

as CD56bright or CD56dim (Cooper et al., 2001). CD56dim CD16+ subset of NK cells are 

highly cytotoxic and represent the main population of NK cells (around 90%-95%) in 

blood (Cooper et al., 2001, Dulphy et al., 2016, Schenk et al., 2016, Walzer et al., 

2007), and after being triggered by a sensitive target, this subset generates IFN-γ and 

TFN-α (Fauriat et al., 2010b). On the other hand, the CD56dim CD16low/- subset which 

are located in secondary lymphoid organs display lower levels of cytokine production 

and represent around 10% of the NK cell population in blood (Caligiuri, 2008, Cooper 

et al., 2001, Dulphy et al., 2016, Schenk et al., 2016, Walzer et al., 2007, Fehniger et 

al., 2003).  Figure 1.9 highlights some of the major functions of NK cells. 
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Figure 1.9 Functions of NK cells. 
NK cells are involved in promoting the activation and maturation of DCs, triggering the 
activation of cytotoxic T cells (CTL), activation of monocytes and macrophages, improving the 
creation of immunoglobulin antibodies and consequently promoting the activation of B cells, 
secretion of cytokines such as IFN-γ which consequently effects TH cell polarization, and also 
regulation of T-cell activation and proliferation and also elimination of immature DCs. The 
figure is adapted from (Deniz et al., 2013, Tian et al., 2012). 

 
 
1.4.1 NK cells and their cytolytic activity 
 
 As effectors, NK cells use different mechanisms to defend the host, and their function 

depends on the integration of activating and inhibitory signals through receptors 

expressed at the cell surface (Seaman, 2000). The main mechanisms are through 

direct killing of infected or malignant cells and through the secretion of cytokines. 

During direct cytotoxicity of target cells, NK cells can kill by the degranulation or 
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activation of death receptors. During degranulation, NK cells release endogenous 

granules containing perforin and granzymes that mediate target cell membrane 

disruption and apoptosis. In addition, NK cells can directly kill target cells via 

pathways induced by the engagement of the death receptors including tumour 

necrosis factor-related apoptosis-inducing ligand (TRAIL) and Fas ligand (FasL) that 

recognize their cognate receptor on target cells (Podack, 1995, Seaman, 2000, 

Voskoboinik et al., 2015).  

 

Degranulation involves the secretion of cargos carrying perforin, a pore-forming 

protein, and assistance of serine protease granzymes including granzymes A and B 

(Voskoboinik et al., 2015). In the extracellular environment, the presence of high-

calcium flux enables perforin to introduce granzymes into infected target cells by 

binding to target cells and creating membrane pores. Granzyme A induces caspase-

independent cell death. On the other hand, human granzyme B is able to induce 

apoptosis through the mitochondrial pathway after it selectively cleaves Bid, an anti-

apoptotic Bcl-2 family member (Lieberman and Fan, 2003, Orange, 2008, Sutton and 

Trapani, 2010, Voskoboinik et al., 2015). Granzymes A and B can trigger DNA 

damage via two dissimilar pathways with the assistance of a DNAase. Granzyme A 

cleaves protein members of the reticulum-associated complex (SET), consequently 

leading to single stranded DNA damage, whereas granzyme B causes double strand 

cleavage (Lieberman and Fan, 2003, Orange, 2008, Sutton and Trapani, 2010, 

Voskoboinik et al., 2015). Interestingly, NK cells that are missing granzymes A and B 

are still able to lyse the target cells suggesting that they have additional 

uncharacterized pathways for lysing the target cells (Simon et al., 1997, Voskoboinik 

et al., 2015). 

 

In addition to direct cytotoxicity, NK cell effector function includes the secretion of 

cytokines. For instance, NK cells can produce and secrete tumour necrosis factor α 

(TNFα) (Cuturi et al., 1989, Degliantoni et al., 1985), transforming growth factor β 

(TGFβ) (Gray et al., 1994), interferon-γ (IFN-γ) (Handa et al., 1983), interleukins such 

as IL-3 (Cuturi et al., 1989), IL-5 (Warren et al., 1995), IL-10 (Mehrotra et al., 1998), 



23 

IL-13 (Hoshino et al., 1999), granulocyte macrophage colony stimulating factor (GM-

CSF) (Cuturi et al., 1989) and CSF-1 (Cuturi et al., 1989). Cytokines produced by NK 

cells are highly important in the development of the immune response. For example, 

TNF-α is involved in initiation of pro-inflammatory cytokine cascades (O'Shea et al., 

2002), and IFN-γ is responsible for different events such as stimulation of Th1 

differentiation (Szabo et al., 2003). In addition, both cytokines are able to increase 

level of the expression of HLA class I molecules (Rock et al., 2002).  

 

1.4.2 NK cells development 
 
Generally, the population of human NK cells comprises around 5% to 15% of 

peripheral blood and splenic lymphocytes. They are predominantly produced in the 

bone marrow, with a limited number of NK cells produced in the thymus, fetal liver, 

spleen, and lymph nodes (Freud and Caligiuri, 2006, Huntington et al., 2007, Luci and 

Tomasello, 2008). Investigations into NK cells using human and mouse cell lines, 

demonstrated that in vitro, NK cells originate from hematopoietic cells, and can be 

cultured from fetal liver progenitor cells and bone marrow progenitor cells, in the 

presence of stem cell factors and interleukins such as IL-7 and IL-15 (Di Santo, 2006, 

Muench et al., 2000, Williams et al., 1999, Yu et al., 1998). In the late 1970s, it was 

reported that modification and alteration in the integral micro-environment of bone 

marrow obstructs the activity and development of NK cells (Kumar et al., 1979, 

Seaman et al., 1978). Earlier studies showed that NK cell development does not 

require the thymus, and their quantities can remain at standard levels in athymic nude 

mice (Herberman et al., 1975, Kiessling et al., 1975, Su et al., 1993). However, recent 

findings have shown that the thymus is involved in the origination of a small and 

limited population of NK cells expressing CD127 (Vosshenrich et al., 2006). Although 

it is currently accepted that the bone marrow is the primary site for development of 

NK cells, further investigation is required to better understand whether the limited 

number of NK cells derived from the thymus, liver and lymph node represent 

divergent and diverse linages of NK cells or whether they represent immature NK 

cells that are originally derived from bone marrow (Sun and Lanier, 2011) 
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1.4.2.1 NK cells trafficking 
 
Mature NK cells are located in different organs including the spleen, liver, lung and 

circulating in the body through blood (Shi et al., 2011, Sun and Lanier, 2011). The 

presence of NK cells in the muscle, skin, and brain is rare or absent. However, upon 

inflammation or infection, NK cells are recruited to peripheral organs (Di Santo, 2006). 

Unlike mice, in humans, in the steady-state NK cells reside in the uterine tissue, yet 

the number of NK cells elevates markedly in both species during pregnancy (Moffett-

King, 2002). A variety of chemokines play crucial roles in the localization and 

circulation of NK cells including chemokine ligand 5 (CCL5) and CCL19, and 

expression of chemokine receptors such as CCR5 and CCR2 (Di Santo, 2008, 

Gregoire et al., 2007, Maghazachi, 2003, Maghazachi, 2010, Robertson, 2002, Sun 

and Lanier, 2011).  

 

1.4.3 NK cells and their role in immunity 
 
The involvement of NK cells in protection against viral infection was discovered in 

1989 when a patient suffering from severe life threating infection was observed to 

present a rare disorder linked to the complete loss of NK cells (Biron et al., 1989, 

Ballas et al., 1990, Joncas et al., 1989). This resulted in uncontrolled infection caused 

by DNA viruses including the herpes viruses varicella and cytomegalovirus (CMV). In 

order to further understand the critical role of NK cells in fighting against CMV, other 

groups used mice deficient in NK cells and found that infected mice were likewise not 

protected from CMV (Salazar-Mather et al., 1998, Welsh et al., 1991). NK cells have 

similarly been found to be protective against bacterial infections including malaria 

(Doolan and Hoffman, 1999), Leishmania (Laskay et al., 1993), Toxoplasma gondii 

(Denkers et al., 1993, Sher et al., 1993) and Listeria monocytogenes (Bancroft et al., 

1987, Unanue, 1997, Wherry et al., 1991).  

 

By monitoring the level of HLA class I molecules, NK cells can perform a significant 

duty in recognition and removal of infected tumour cells. Target cells need to express 

the appropriate amount of self HLA class I molecules to be considered as healthy 
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cells. In the absence of the expression of HLA class I molecules that most likely 

happens due to viral infection or in tumour cells, NK cells can be activated. 

Consequently, removal of NK cells can result in increased tumour burdens. For 

example, Seaman et al. found that, in vivo, the progression of several implanted 

tumour cells were elevated upon removal and deletion of NK cells (Seaman et al., 

1987). By triggering the activity of NK cells, others have shown that malignancy can 

be eliminated, in vitro and in vivo (Lotze et al., 1990, Roberts et al., 1987), 

highlighting the importance of NK cells in tumours removal.  

 

Several studies have shown that NK cells are also able to lyse hematopoietic blasts 

(George et al., 1997, Kiessling et al., 1977, Rolstad et al., 1985). Similarly, NK cells 

control the growth of hematopoietic blast cells through the release of TNFα, CSF-1, 

and GM-CSF. The recognition of hematopoietic cells is clinically important, as NK 

cells can result in rejection of the transplantation of bone marrow grafts due to the 

activation of NK cells and release of chemokines and cytokines (George et al., 1997, 

Kiessling et al., 1977, Neipp et al., 1999, Benichou et al., 2011). 

 

1.4.3.1 NK cells and auto-immunity 
 
NK cells are important in the regulation of auto-immunity and have the ability to 

display both protective and non-protective roles in auto-immune diseases. The 

pathology of auto-immune diseases varies and can affect specific organs like in type 

1 diabetes, or can be systemic and target several organs and tissues as seen for 

lupus erythematosus. NK cells participate in all stages of auto-immunity, and 

numerous studies have documented their involvement (Flodstrom-Tullberg et al., 

2009, Peng and Tian, 2014, Seaman, 2000, Tian et al., 2012) (Table 1.2).  
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Table 1.2 NK cell subsets and their role in auto-immune diseases 

Experimental auto-immune encephalomyelitis (EAE), Interferon-producing killer dendritic cells 
(IKDCs), Multiple sclerosis (MS), Crohn’s disease (CD), Ankylosing spondylitis (AS).  
The table is adapted from (Tian et al., 2012). *These NK sub-sets share NK cell surface 
markers but are not classical ILC1/NK cells (Killig et al., 2014, Poggi and Zocchi, 2014). 
 

1.4.3.2 NK cells and pregnancy 
 
NK cells also play a crucial role during pregnancy. Normally, the uterine decidua is 

rich in NK cells that reside predominantly in the endometrium. However, during 

pregnancy, the number of NK cells increases markedly to the point that they are the 

dominant hematopoietic cell population during first 12 weeks of pregnancy. Following 

this, the quantity of NK cells returns to baseline levels (King et al., 1998, Seaman, 

2000). 

 

The maternal immune system faces excessive challenges during early pregnancy, 

and there is a requirement for tolerogenic mechanisms to avoid rejection of the fetus 

by the maternal immune system. In terms of phenotype, the uterine NK cells are 

predominantly CD56superbright, CD16− (as opposed to 90 % of CD56dim, CD16+ in 

circulating blood) and are also significantly different in functional tests and other 

relative phenotypic indicators and properties (King et al., 1991, Koopman et al., 2003, 

Starkey, 1991).  

 

NK subset Cytokine secretion Role in autoimmune diseases Reference 
CD56bright NK Abundant immunoregulatory 

cytokines 
Protection against MS (Jiang et al., 2011) 

NK2 (ILC2)* IL-4, IL-5, and IL-13 Protective role (Wei et al., 2005) 
NK3 IL-10 Protection from type 1 diabetes (Wei et al., 2005) 
NKr1 TGF-β Protective role (Saito et al., 2008, 

Yu et al., 2006) 
CD127+ NK High cytokine production Protective role (Vosshenrich et al., 

2006) 
IKDCs High level of IFN-γ Protection against EAE (Huarte et al., 2011) 
NKp44+NK 
(ILC3)* 

IL-22 Protective role in gut of AS (Ciccia et al., 2012) 
 

NKp46+NK IFN-γ Mediate the pathogenesis of 
CD 

(Takayama et al., 
2010) 
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It has been proposed that during decidualisation, changes in the shape and 

configuration of arteries is mediated by different types of angiogenic elements, which 

are released by NK cells (Hanna et al., 2006). Further investigations showed that 

mice lacking NK cells suffered from having atypical decidua, and also by weight loss 

of the fetus leading to the suggestion that decidualisation is also affected by NK cells 

(Ashkar et al., 2000, Barber and Pollard, 2003). Others have proposed that NK cells 

located in the uterus play a significant role in the management of placentation (Moffett 

and Colucci, 2014). More recently, Brosens and colleagues reported that NK cells 

residing in the uterus are in charge of keeping the defective placentation and 

excessive trophoblast intrusion in equilibrium, potentially through direct impact on the 

arteries. Disturbing such a precise balance results in elevating the possibility of 

miscarriage and disorders such as Great Obstetric Syndromes (Brosens et al., 2011).   

 

1.4.4 NK cells and the missing-self hypothesis 
 
Extensive studies on NK cells by Karre and his group led to the discovery that NK 

cells kill targets missing the expression of MHC molecules at their cell surface in a 

selective manner (Karre et al., 1986, Piontek et al., 1985). In many cases, when cells 

are infected by pathogens such as microbes or viruses, or even due to tumour 

transformation, the level of expression of self-HLA class I molecules is affected and 

may reduce. The molecular mechanism of missing-self detection was specified once 

the inhibitory receptors of NK cells that are specific for binding to HLA class I 

molecules were determined (Joncker and Raulet, 2008). This proposal was supported 

by other groups that reported that B lymphoblastoid cell lines lacking MHC class I 

molecules and infected by EBV were detected and removed by human NK cells, but, 

upon transfection of genes of specific types of MHC class I molecules into these cell 

lines, the lytic activity of NK cells was eliminated (Shimizu and DeMars, 1989, Storkus 

et al., 1989).  
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1.4.5 NK cells: To kill or not to kill? 
 
It has been hypothesized that the cytotoxic activity of NK cells occurs when the 

markers of the target cell (such as MHC class I molecules) are missing (Karre et al., 

1986). This hypothesis points at two final fates for target cells based on availability 

and the absence of self-markers on their cell surface. If the target cell expresses 

appropriate self-marker molecules for presentation on its cell surface, it will survive 

from NK cell cytolytic activity, due to the engagement of markers with inhibitory 

receptors located on the surface of NK cell. However, if target cell fails to express and 

present any of these markers on its cell surface, then the NK cell kills the target cell 

because there is no ligand for inhibitory receptor engagement (Figure 1.10). It is likely 

that at least one inhibitory receptor must be expressed and exist on the surface of NK 

cell to provide self-tolerance for cells.  
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Figure 1.10 NK cell self-tolerance and the ‘missing-self’ hypothesis. 
Upon interaction with healthy cells activation signals delivered to NK cells are overridden by 
engagement of inhibitory receptors and the transmission of inhibitory signals. B. In the 
absence of MHC class I molecules (as can occur during viral infection and tumour 
pathogenesis) there is a reduction in the engagement of NK cell inhibitory receptors. As a 
result, the NK cell is “disinhibited”, and the activation signal is dominant leading to the NK cell 
killing of the target cell. The figure is adapted from (Kumar and McNerney, 2005).  
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1.4.6 NK cells and their receptors  
 
Extensive research on mouse NK cells led to the discovery of a family of genes by 

Yokoyama and colleagues named as Ly49-1A that express Ly49 receptors on the 

surface of NK cells in mice (Karlhofer et al., 1992, Smith et al., 1994, Yokoyama et 

al., 1989). In the cytoplasmic tail of these receptors are immuno-receptor tyrosine-

based inhibitory motifs (ITIM) that are responsible for recruiting cytoplasmic tyrosine 

phosphatase (SHP-1 and SHP-2) via their phosphorylated tyrosine residues which 

finally leads to the inhibition of cytolytic activity of NK cells (Nakamura et al., 1997, 

Olcese et al., 1996).  

 

Primates lack Ly49 and instead utilize the functionally orthologous KIR genes (Fan et 

al., 1996, Rojo et al., 1997, Wagtmann et al., 1995b). However, the KIR and the Ly49 

family of receptors have orthologous functions in NK cells. They are encoded on 

different chromosomes and are structurally dissimilar (Cooper and Alder, 2006, 

Flajnik and Kasahara, 2010, Hirano, 2015), indicating that these receptors appeared 

on the surface of NK cells by the time primates and rodents were segregated from 

each other, ~ 65 million years ago (Hirano, 2015, Paust and von Andrian, 2011). 

 

Numerous studies have demonstrated that some of the activating and inhibitory KIRs 

that exist on the surface of NK cells, are able to interact specifically with MHC class I 

molecules located on the surface of target cells (Chan et al., 2014, Middleton et al., 

2002, Vivian et al., 2011). However, the surface of NK cells also includes other 

receptors that interact with non-MHC class I molecules (Chan et al., 2014, Colucci et 

al., 2002, Vivier et al., 2008). Therefore, the activity of NK cells is tightly controlled 

through a dynamic between activating and inhibitory signals upon engagement of 

their cell surface receptors with target cells. Table 1.3 summarizes the variety of 

receptors expressed on the NK cells cell surface.  
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Table 1.3 Main NK cell receptors and their non-MHC ligands 

Receptor Ligand(s) 
KLRG1 E-, N-, and R-cadherin 
NKR-P1A (CD161) LLT1 
NKp46 (CD335) HSPG, heparin, VM, PfEMP-1, VM, HA (IV, VV, ECTV), HN (SeV, 

NDV), 
NKp30 (CD337) B7-H6, BAT3, HSPG, HA (VV, ECTV), pp65 (HCMV), PfEMP-1 
FcγRIIIA (CD16) Fc of IgG immune complexes 
NKG2D (CD314)  ULBP: ULBP1, ULBP2, ULBP3, ULBP4, ULBP5, ULBP6, MICA, 

MICB 
NKp65 (KLRF2) KACL  
NKp80 (KLRF1) AICL  
DNAM-1 (CD226) Nectin-2, PVR, CD112, CD155 
2B4 (CD244) CD48 
NKp44 (CD336) PCNA, HSPG, heparin, E-protein (DV, WNV), HA (IV, SeV), HN 

(NDV), 
CD2 CD58 
LFA-1 (CD11a/CD18) ICAM 
LAIR-1 (CD305) Collagen 
Siglec-7 (CD328) Sialic acid 
Siglec-9 (CD329) Sialic acid 
(Plasmodium falciparum), (keratinocyte-associated C-type lectin), (activation-induced C-type 
lectin), ECTV, Ectromelia virus; HA, Hemagglutinin; HN, Hemagglutinin-neuraminidase; 
HSPG, Heparan sulfate proteoglycan; IV, Influenza virus; NDV, Newcastle disease virus; 
SeV, Sendai virus; VM, Vimentin; VV, Vaccinia virus. The table is adapted from (Campbell 
and Hasegawa, 2013, Deniz et al., 2013, Flodstrom-Tullberg et al., 2009). 
 
Human NK cells have two structurally different families of inhibitory receptors on their 

cell surface; the lectin-like and immunoglobulin-like (Ig) receptors (Colonna and 

Samaridis, 1995, Ryan and Seaman, 1997, Wagtmann et al., 1995a). There are two 

major gene complexes that contain the genes responsible for encoding of NK cell 

receptors, one complex is responsible for genes encoding Ig like-receptors known as 

the leukocyte receptor complex (LRC), and the other one, C-type lectin like molecules 

are encoded by natural killer complex (NKC) (Trowsdale, 2001). Members of C-type 

lectin like receptors include CD94:NKG2 which are located on chromosome 12q1.3–

13.4. On the other hand, members of Ig-like super-family include leucocyte 

immunoglobulin-like receptors, the leucocyte-associated immunoglobulin-like 

receptors, and KIRs, located on chromosome 19q13.4 (Liu et al., 2000, Middleton and 

Gonzelez, 2010, Trowsdale et al., 2001, Wende et al., 1999).   
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1.4.7 NK cells and memory 
 
Although NK cells are part of the innate immune system, they also display memory-

like responses that are long-lived. For example, studies on mice lacking T and B cells 

indicate that subsets of hepatic NK cells are involved in gaining of immunological 

memory in an antigen-specific manner to hapten-inducted contact sensitizers 

(O'Leary et al., 2006, Paust et al., 2010). Further investigations demonstrated that NK 

cells are able to have long-lived memory against a variety of viruses. For example, in 

response to MCMV infection, it was revealed that Ly49H+ NK cells acquire definite 

development and function matching the response of CD4+ T cells to infection caused 

by MCMV (Sun et al., 2009). Interestingly, signaling of Ly49H+ NK cells was long-

lived and continued after infection with features of memory T cell phenotypes (Sun et 

al., 2009). Similarly, in humans, infection with human CMV was linked to the 

development of CD94/NKG2C+ cells, whose antiviral activity was increased markedly 

upon relocation into infected transplant organ tissue (Foley et al., 2012). Others have 

shown that after being slightly pre-activated via cytokines such as IL-12, IL-15, and 

IL-18, human NK cells reproduced potent memory-like responses upon reactivation, 

and markedly elevated levels of IFN-γ production (Cooper et al., 2009, Romee et al., 

2012). These memory NK cells are believed to be distinct from the CMV-driven 

memory cells and cytokine-driven memory cells. CMV-driven memory-like NK cells 

have more recently been defined as “adaptive NK cells” (Malone et al., 2017, Tschan-

Plessl et al., 2016), whereas this unique subset of memory NK cells are not prevalent 

in the peripheral blood and indeed uniquely located in the liver and express CXCR6 

(Deniz et al., 2013, Paust and von Andrian, 2011, Paust et al., 2010). 

 

1.4.8 Signaling of NK cells  
 
Unlike T and B cells, the function of NK cells is dependent on a combination of a 

variety of receptors located on their cell surface. Based on observations by Long and 

colleagues, a term called ‘co-activating receptor’ (Bryceson et al., 2006) has been 

coined to explain the collaboration and communication between inhibitory and 

activating receptors at the surface of NK cells. Long et al. showed that none of the 
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activating receptors of human NK cells alone were able to exhibit any cytokine 

production or even cytolytic activity, using agonist antibodies cross-linked to activating 

receptors (Bryceson et al., 2006). However, upon cross-linking of combinations of 

different sets of receptors to agonist antibodies, the effective function of NK cells was 

observed, as well as stimulation and synergistic activities in some cases (Bryceson et 

al., 2006).  

 

Although NK cells receptors differ in their extracellular domains, they share similar 

activating or inhibitory signaling motifs in their cytoplasmic region. NK receptors send 

activating signals via immune-receptor tyrosine-based activation motif (ITAM) 

domains or inhibitory signals via ITIM domains. These motifs have conserved tyrosine 

residues that become phosphorylated after engagement of NK receptors with their 

cognate ligand (Blery et al., 2000, Isakov, 1997). Others have shown that mutation of 

the N-terminal tyrosine within the ITIM to phenylalanine results in loss of the KIR 

inhibitory signal (Burshtyn et al., 1999).  

 

Receptors comprising ITIMs are not limited to NK cells and are expressed in a variety 

of different cell types and are required for the regulation of the inhibitory activity of 

different cell pathways (Long, 2008). In vitro and in vivo experiments have indicated 

that after phosphorylation of tyrosine, the association of protein tyrosine 

phosphatases SHP-1 and SHP-2 with the ITIMs occurs (Bruhns et al., 1999, Burshtyn 

et al., 1996, Campbell et al., 1996, Olcese et al., 1996). This allows the association of 

the tyrosine phosphatases SHP-1 or SHP-2 or the lipid phosphatase SHIP with the 

ITIM domain (Ravetch and Lanier, 2000), which consequently leads to inhibition of 

NK cell’s function and elimination of calcium flux, cytokine production, proliferation 

and degranulation of NK cells (Ravetch and Lanier, 2000).  

 

Activating NK receptors often couple adaptor proteins containing ITAM sequences in 

their subunits such as DAP12 and Fcγ. In order to initiate this process, they require 

the presence of Src and Syk family kinases, as well as calcium fluxes and alteration 

in the cytoskeleton to prompt degranulation (Kirwan and Burshtyn, 2007). In general, 
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receptors containing ITAM in their cytoplasmic subunit have an aspartate amino acid 

residue in their transmembrane domain and can assemble via charged interactions 

with amino acid residues with opposite charges, such as lysine and arginine in the 

transmembrane domains of the receptors (Lanier, 2008). 

  

1.4.8.1 NK cells and education 
 
To avoid auto-immunity, it has been proposed that NK cells undergo developmental 

“education” during maturation to discriminate between self and non-self. NK self-

tolerance is highly regulated, and so far, there is no report of auto-immunity caused 

by NK cell dysfunction. The engagement of MHC class I molecules by both activating 

and inhibitory receptors is an important step in “education” (Kumar and McNerney, 

2005) (Luci and Tomasello, 2008).  

 
It’s been shown that the process of “education” is dynamic and reversible (Elliott et 

al., 2010, Joncker et al., 2010). Further, it has been reported that “education” is linked 

to rearrangement of the plasma membrane (Guia et al., 2011), yet the exact 

mechanism of this process remains unresolved. One of the most important 

consequences of education is the production of different populations of NK cells 

possessing diverse effector functions against missing self. However, it should be 

noted that the density of activating ligands at the surface of target cells play an 

important role in the final decision of NK cells response (Thielens et al., 2012). 
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1.5 KIRs 
1.5.1 KIRs and their gene structure  
1.5.1.1. Lineages of KIR  
 
KIRs expanded in primates ~ 40 million years ago, and diversified in a species-

specific manner (Martin et al., 2000). Assembly of KIR genes in the LRC occurs in a 

head-to-head manner, and the sets of KIRs are inherited as haplotypes. These genes 

are categorized in four different lineages based on structural characteristics of 

proteins that they encode for.  

 

The arrangement of the KIR genes complexes is common to humans and apes and 

comprises four phylogenetic ancestries (Lineages I, II, III and IV), classified according 

to structural differences and the specificity of their interaction with MHC class I 

molecules (Parham and Moffett, 2013, Vilches and Parham, 2002). Further diversity 

in KIRs content is produced through unequal crossover of KIRs that has led to the 

formation of hybrid loci and the development of separate haplotypes (Carrillo-

Bustamante et al., 2016, Martin et al., 2000, Martin et al., 2003, Vilches and Parham, 

2002, Wende et al., 1999, Wilson et al., 2000). The lineage I KIRs (KIR2DL4 and 

KIR2DL5) are yet to have their ligands conclusively identified, though an interaction 

between KIR2DL4 and HLA-G has been reported (Rajagopalan, 2010). The lineage II 

(KIR3DL1/S1 and -L2) recognize HLA-Bs and certain alleles of HLA-A. The lineage III 

KIRs including KIR2DL1, -L2 /3, KIR2DS1, -S2, -S3, -S5 and -S4 recognize HLA-C 

molecules. The ligands of the lineage IV, comprising KIR3DL3 are still unidentified 

(Carrillo-Bustamante et al., 2016, Trowsdale et al., 2001, Falco et al., 2013, Hsu et 

al., 2002, Vilches and Parham, 2002).  

 

KIRs genotypes display significant degrees of diversity as a result of the presence or 

absence of KIR gene loci on dissimilar KIR haplotypes. KIR genes typically encode 

either activating or inhibitory receptors. The exceptions are KIR2DL4 and the 

KIR3DL1/S1 allele. The KIR2DL4 gene encodes for a dual function receptor with both 

activating and inhibitory potential. The KIR3DL1/S1 locus encodes the inhibitory 

KIR3DL1 or the activating KIR3DS1 that segregate as alleles (Figure 1.11) (Middleton 
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and Gonzelez, 2010, Rajagopalan et al., 2001) 

 

1.5.1.2 KIR haplotypes 
 
The divergence between the centromeric and telomeric regions of the KIR loci led to 

the formation of two distinct KIR haplotypes in humans. Haplotype group A and B 

differ in both their frequency and their gene content (Carrillo-Bustamante et al., 2016, 

Gendzekhadze et al., 2009, Hollenbach et al., 2010, Norman et al., 2013, Yawata et 

al., 2006). Group A haplotypes are defined by the existence of genes encoding for 

inhibitory KIRs and consist of KIR2DL1, KIR2DL3, KIR3DL1, KIR2DS4 and the 

pseudogene KIR2DP1. Because of individual allelic polymorphism, diversity in this 

group exists. Unlike haplotype group A, haplotype B comprises different varieties of 

activating and inhibitory combinations (Uhrberg et al., 2002, Wilson et al., 2000). 

Group B haplotypes are defined as possessing at least one of the following genes 

KIR2DL2, KIR2DL5A, KIRDL5B, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5 or 

KIR3DS1 (Uhrberg et al., 1997, Levinson, 2011). It has been postulated that group A 

and B haplotypes are maintained in humans via balancing selection. It has been 

proposed that group A haplotypes are linked to enhanced responses related to 

pathogen infections while group B haplotypes are associated with developed 

responses related to re-productivity, health, and survival (Falco et al., 2013, Moffett 

and Loke, 2006, Parham, 2005, Rajagopalan and Long, 2005).  
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Figure 1.11 KIR genes and their haplotypes. 
Genes that encode KIRs are located on chromosome 19 where they occupy 50 kb of the 1 
Mb extended LRC. Figure is adapted from (www.ebi.ac.uk.) B.  KIR haplotypes, A and B. The 
figure is adapted from (Middleton and Gonzelez, 2010).  
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1.5.2 Structure of KIRs 
 
KIR proteins are transmembrane glycoproteins with two or three extracellular Ig 

domains that are located on the surface of NK cells (Borrego et al., 2002). They can 

be sub-divided further into two groups, inhibitory and activating receptors. KIRs with 

short cytoplasmic tails are activating receptors, and KIRs with long cytoplasmic tails 

are inhibitory receptors. The extracellular KIR Ig domains are numbered from the N-

terminus. In KIR2Ds, the two domains are named D1 and D2, and in KIR3Ds, the 

three Ig domains are named D0, D1, and D2 (Vilches and Parham, 2002). However, 

the exception to this is KIR2DL4 and -L5 that instead of having a D1 domain, they 

both contain a D0 domain that has high similarity to D0 domain of KIR3Ds (Figure 

1.12 and Figure 1.13) (Khakoo et al., 2000, Moesta et al., 2009).  

 

DAP12 associates with lysine in the transmembrane region of activating KIR2DS and 

KIR3DS (Lanier et al., 1998). By contrast, the transmembrane domain of KIR2DL4 

contains an arginine residue that couples the adaptor FcεRI-γ (Miah et al., 2008). 

Site-directed mutagenesis studies indicated that mutation of these basic residues 

disrupts the association of KIR2DL4 and KIR2DS2 with FcεRI-γ and DAP12, 

respectively (Feng et al., 2006, Feng et al., 2005, Miah et al., 2008). Interestingly, 

KIR2DL4 and KIR2DS can be detected at the surface of NK cells in the absence of 

FcεRI-γ and DAP12, respectively, although their expression is low (Kikuchi-Maki et 

al., 2005, Steiner et al., 2008, VandenBussche et al., 2009). 

 

Polymorphism is also found in the cytoplasmic tail of KIR2DL and affects their 

function via regulation of downstream signal transduction. For example, it has been 

observed that KIR2DL1*010 displays stronger inhibitory activity compared to that of -

L1*004. Interestingly, they just differ in one amino acid located in their cytoplasmic 

tail. It’s been suggested that the existence of arginine at position 245 (as opposed to 

cysteine) in its cytoplasmic tail results in the stronger capability of KIR2DL1*010 to 

recruit SHP-2 and β-arrestin (Bari et al., 2009).  
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Figure 1.12 KIR domains and their lengths.  
The length of each KIR domain is shown. The figure is adapted from (www.ebi.ac.uk.). The 
length of each domain is shown in numbers within their respective box.  
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Figure 1.13 Members of KIR family. 
The structural arrangement of two and three Ig-like domain KIRs are shown. KIRs are divided 
into two groups of inhibitory and activating based on the length of their respective cytoplasmic 
tails. They can further be subdivided based upon the number of Ig domains they possess. 
The figure is adapted from (www.ebi.ac.uk) and (Saunders et al., 2015b). 
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1.5.3 KIRs and HLA class I molecules act as a system: lessons from evolution 
 
Based on the phylogenetic evidence, it has been suggested that the development of 

KIRs has mirrored that of their HLA ligands (Hao and Nei, 2005). The MHC class I 

and KIR system of humans differ from that of chimpanzees with respect to differences 

in their genetics and function of their receptors (Older Aguilar et al., 2010), and are 

the result of evolution and segregation of humans from chimpanzees ~10 million 

years ago (Older Aguilar et al., 2010). One of the unique features that humans 

acquired during evolution in their coevolved MHC-KIR system, is the appearance of 

group A and B haplotypes, and also the profusion of HLA-C in regulation of the NK 

cells function. For example, it’s been reported by Abi-Rached and colleagues that the 

residues of KIR2DL2/L3 that are responsible for binding to HLA-C1 epitope 

underwent thorough positive selection during evolution (Older Aguilar et al., 2010). 

More interestingly, it has been suggested that HLA-C molecules are specialized 

during evolution to become ligands for KIRs compared to the majority of HLA-A and -

B molecules that became specific ligands for TCRs (Older Aguilar et al., 2010). 

Considering the evidence that the level of cell surface expression of HLA-C molecules 

is around 10 times lower than that of HLA-A and -B (Zemmour and Parham, 1992, 

Apps et al., 2015), it’s been proposed that this might be due to the specialization of 

HLA-C for recognition by NK cells and that NK cell receptors can generate efficient 

and effective responses even with limited expression of HLA-C molecules (Augusto 

and Petzl-Erler, 2015).    

 

Results obtained from genotyping studies on 1,642 persons from 30 geographically 

dissimilar populations supports the notion of co-evolution of KIR and HLA genes 

(Single et al., 2007), showing significant negative correlation between the existence of 

activating KIRs and their respective HLA ligands, mainly for KIR3DS1 and its ligand 

HLA-B Bw4 (a serological epitope defined by the 5 C-terminal residues on the 1-

helix that distinguish it from the Bw6 motif that is present in all other HLA-B alleles).  

Other groups have reported a strong positive association between the distribution of 

KIR2DL3 and its ligand group 1 HLA-C (Hollenbach et al., 2013). Studies on more 

than 200 individuals from Ghana—where the risk of infection by malaria parasite is 
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very high—demonstrated that each individual had a unique association of HLA class I 

and KIR (Norman et al., 2013), highlighting the existence of balance and selection 

between KIRs and HLAs during evolution. The association of KIR2DL3 and group 1 

HLA-C escalates the possibility of cerebral malaria. Therefore, their distribution is 

very low in this population, which further emphasizes the co-evolution of KIRs and 

HLAs in response to pathogens (Hirayasu et al., 2012).  

 

The combination of KIR3D with HLA class I molecules carrying Bw4 epitopes is 

suggested to be protective against HIV (Hernandez-Ramirez et al., 2015). KIR3D 

receptors have D0 domain in their extracellular domain which resembles D0 domain 

of KIR2DL4 and -L5. By characterizing the molecular basis of the interaction between 

KIR3DL1 and HLA-B*57 in the presence of self-peptide (shown in Figure 1.17), first 

insights about the importance of D0 domain of KIR3D in complex formation with HLA 

Bw4 molecules is emerged recently (Vivian et al., 2011). Vivian and colleagues 

reported that 30% of buried surface area of the complex formation between KIR3DL1 

and HLA-B*57 is credited to D0 domain. The existence of D0 is crucial for recognition 

of loop region of HLA-B*57 covering the residues from 14–18 and 88–92 which 

display a low degree of polymorphism among alleles of HLA-A and -B (Vivian et al., 

2011). It has been suggested that the D0 domain performs as an innate sensor, due 

to its important role in mediating the interaction of KIR3DL1 with HLA-B*57 by 

establishing a particular molecular recognition binding site for the limited polymorphic 

region of HLA-As and -Bs (Vivian et al., 2011).  

 

1.5.3.1 KIR2DL genes and their HLA-C ligands 
 
Genes of KIR2DL1, -L2, and -L3 which are positioned in the centromeric part of the 

KIR locus, encode the receptors which bind to HLA-C allotypes. HLA-C allotypes 

displaying HLA-C2 epitopes are recognized by KIR2DL1 while recognition of HLA-C 

allotypes presenting HLA-C1 epitopes is performed by KIR2DL2 and KIR2DL3 

(Biassoni et al., 1995, Colonna, 1997, Falco et al., 2013, Lanier, 1998, Long, 1999, 

Moesta et al., 2008, Moretta et al., 1994, Pende et al., 2009). For instance, Moesta et 

al., studied binding of KIR2DL1, -L2 and -L3 against different a panel of HLA-C1 and 
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HLA-C2 epitopes and their results indicated that KIR2DL1 only binds to HLA-C2 

epitopes but KIR2DL2 and -L3, not only displayed interaction with all panels of HLA-

C1 epitopes with high affinity of binding, but also exhibited binding to some of the 

HLA-C2 epitopes, although affinity of binding was lower. While KIR2DL2 and -L3 can 

interact with the same panel of HLA-Cs, the avidity of binding for KIR2DL2 was 

shown to be much higher than that of KIR2DL3 (Moesta et al., 2008). 

 

The outcome of studies on the arrangement of KIR haplotypes and sequences of KIR 

genes indicates that non-reciprocal recombination of KIR2DL1 with KIR2DL3 resulted 

in the development of KIR2DL2, suggesting that KIR2DL2 has evolved from a 

KIR2DL3-like ancestor (Moesta et al., 2008). Site directed mutagenesis experiments 

have also shown that position 44 of KIR2DL1, -L2, and -L3, located in their D1 

domain, creates a dimorphic site and dictates their specificity (Winter and Long, 

1997). Accordingly, KIR2DL1/2/3 are highly similar receptors whose function is 

dictated by a small number of polymorphic residues (Figure 1.14 and Figure 1.15). 
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Figure 1.14. Polymorphisms among KIR2DL1 alleles. 

Polymorphic residues within alleles of KIR2DL1. Their positions are shown in the crystal 
structure of KIR2DL1. Blue spheres represent the position of the Cα of polymorphic residues. 
Involved in polymorphism and digits indicate the number of each residue within KIR2DL1. B. 
Sequence alignment of alleles of KIR2DL1, highlighting the polymorphic residues. PDB ID: 
1IM9. 
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Figure 1.15 Polymorphisms among KIR2DL2 and KIR2DL3 alleles. 
Polymorphic residues within the alleles of KIR2DL2 and KIR2DL3. Their positions are shown 
in the crystal structure of KIR2DL2. Red spheres represent the positions of the Cα of 
polymorphic residues. B. Sequence alignment of alleles of KIR2DL2 and KIR2DL3, 
highlighting the polymorphic residues. PDB ID: 1EFX. 
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1.5.3.1.1 KIR2DL4: unique among KIR2DLs 
 
KIR2DL4 is a unique member of the KIR family that differs in many aspects from the 

other members. Structurally, the extracellular Ig domains of KIR2DL4 comprise a D0 

and D2 arrangement, a feature it shares with KIR2DL5. Unlike other KIRs that are 

expressed on the cell surface of NK cells, KIR2DL4 is mostly localized and signals in 

the endosome. Unlike other KIRs, expression of KIR2DL4 occurs on CD56high NK 

cells and interestingly instead of association with DAP12, binds to ITAM-containing 

FcεRI-γ adaptor, displaying more cytokine production than cytolytic activity 

(Goodridge et al., 2003, Kikuchi-Maki et al., 2005, Rajagopalan et al., 2001). 

Therefore, KIR2DL4 engagement results in robust cytokine production including IFN-

γ, chemokines, and angiogenic factors (Kikuchi-Maki et al., 2003), and weak 

cytotoxicity (Rajagopalan et al., 2006). 

 

It has been suggested that KIR2DL4 may play a crucial role during early pregnancy 

and HLA-G which is expressed by fetal-derived trophoblast cells, may be a ligand for 

KIR2DL4 (Ponte et al., 1999, Rajagopalan and Long, 1999). However, this remains 

controversial as others have reported that HLA-G does not bind KIR2DL4 (Le Page et 

al., 2014). Recombinants of KIR2DL4 have been reported to exhibit binding to 

different types of cell lines lacking the expression of HLA-G, which suggests the 

existence of alternative ligand(s) (Brusilovsky et al., 2013). Brusilovsky et al. 

demonstrated that KIR2DL4 recognition of these yet to be identified ligand(s) is 

directly regulated by heparan sulfate (HS) glucosamine 3-O-sulfotransferase 3B1 

(HS3ST3B1). They reported that KIR2DL4 directly binds to HS/heparin, and the D0 

domain of KIR2DL4 is key to this interaction (Brusilovsky et al., 2013).  
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1.5.3.2 HLA-C and the interplay with KIR2DLs 
 
HLA-Cs can be subdivided into two groups based on dimorphism at position 80. 

Those having an asparagine at position 80 are C1 epitopes (HLA-C1), and those with 

lysine at their position 80 generate the C2 group (HLA-C2). Among the 312 HLA-C 

allotypes that have been identified so far, half of them have HLA-C1, and the other 

half are HLA-C2. Recent reports have shown that HLA-C has evolved recently from 

classical HLA molecules and are limited to humans and apes (Adams and Parham, 

2001, Kulpa and Collins, 2011, Older Aguilar et al., 2010).  

 

Based on sequence alignment, using sequences of alleles of HLA-C molecules 

(http://www.ebi.ac.uk/imgt/hla/), there are rare HLA-C alleles that differ from the 

conventional asparagine and lysine at position 80. For example, HLA-C*07:115 

displays aspartic acid, HLA-C*15:60 displays glutamine and HLA-C*05:32 displays 

arginine (Falco et al., 2013). Different alleles of HLA-C comprising HLA-C1 and HLA-

C2 epitopes have been shown to behave differently regarding their affinity of binding 

to KIR2DL1, -L2, and -L3 (Frazier et al., 2013, Moesta et al., 2008). For instance, it 

has been observed that the affinity of KIR2DL1 binding to HLA-C*02:02 allele is much 

higher than the other alleles of HLA-C*02 allotypes (Moesta et al., 2008).  

 

Comparison of activating KIRs has demonstrated that they have limited ligands 

compared to their inhibitory counterparts. This has led to the suggestion that inhibitory 

KIRs evolved before activating KIRs (Fauriat et al., 2010a). Furthermore, it has been 

demonstrated that the expression of KIRs is also affected by the existence of HLA-C 

molecules. For instance, the number of NK cells expressing genes of KIR3DL1 and 

KIR2DL1 were shown to increase in the presence of their respective ligands, HLA-B 

Bw4 and HLA-C2 in individuals (Yawata et al., 2006). Studies also indicate that the 

pattern of gene methylation can affect the expression of KIRs. Furthermore, in some 

cases, it has been shown that polymorphisms in the coding region of KIR genes can 

lead to the changes in expression (Pando et al., 2003, VandenBussche et al., 2006, 

VandenBussche et al., 2009).  
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1.5.3.3 Recognition of HLA-Cs by KIRs 
 
It is well established that HLA-A, -B, and -C molecules act as ligands for some KIRs. 

It has been reported that ~ 45% of HLA-A, ~ 36% of HLA-B and 100 % of HLA-C 

molecules are known KIRs ligands (Parham et al., 2012). Investigations into the 

interactions of KIRs with their respective ligands indicated that they have a fast 

association and dissociation rates and their affinity of binding is in the low micro-molar 

range. The interaction between KIR and HLA-C is driven by shape and charge 

complementarity that takes place at the surface of contacting sites of both KIRs and 

HLA-Cs. Figure 1.16 highlights HLA class I molecules that are reported to interact 

with KIRs and act as their ligands. Briefly, KIR2DL1/S1 and KIR2DL2/3 interact with 

HLA-C2 and -C1, respectively. KIR3DL1 binds to HLA-Bw4, KIR3DL2 recognizes 

HLA-A3, -A11. KIR2DS2/S4 interact with HLA-A11, and the ligands for KIR2DL4/L5 

and KIR3DS1 are yet to be confirmed.  

 

Before this study, there were two crystal structures of HLA-Cs bound to KIRs. 

Boyington and his colleagues determined the crystal structure of HLA-C*03:04 bound 

to KIR2DL2, and one year later, Fan and colleagues revealed the crystal structure of 

KIR2DL1 in complex with HLA-C*04:03 (Boyington et al., 2000, Fan et al., 2001). The 

structures from the two studies were highly similar to each other with the D1 and D2 

domains of KIR2DL1 and -L2 on top of the α1 and α2 domains of the heavy chain of 

HLA-C*04 and -C*03, respectively. The crystal structure of KIR2DL2 in complex with 

HLA-C*03 revealed that lysine 44 of KIR2DL2 interacts with asparagine 80 of HLA-

C*03, located on the α1 domain of the heavy chain, as well as a few contacts with the 

peptide. Interestingly, the crystal structure of KIR2DL1 in complex with HLA-C*04 

shows the same pattern of binding with the notable difference that it is a methionine 

residue at 44 of KIR2DL1 that participates in interactions with Lysine 80 of HLA-C*04 

as well as a few contacts with the peptide. As such, the dimorphism at position 44 of 

KIR2DLs is thought to dictate the specificity of KIR2DLs for HLA-C1 or HLA-C2 

epitopes through its interaction with position 80. 
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Figure 1.16 HLA class I ligands of KIRs. 
Cartoon representation of HLA class I ligands for KIRs. Although the interaction of HLA class 
I molecule ligands for some KIRs have been established, there remains a lack of data and 
controversy for some reported ligands for KIR2DL4, KIR2DL5, and KIR3DS1 (specified by 
question marks). The figure is adapted from (Augusto and Petzl-Erler, 2015, Saunders et al., 
2015b). 
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1.5.3.4 Allotype diversity of KIR2DLs and HLA-Cs recognition 
 
Diversity in the affinity of KIR2DLs for HLA-C1 and HLA-C2 epitopes exist at the gene 

and allele level, and more recently it has been appreciated that there are differences 

at the allotypic level. Frazier and his colleagues investigated the impact of allelic 

diversity of KIR2DL3 on its affinity for HLA-C1 and HLA-C2 alleles. They showed that 

indeed there were significant differences in recognition of HLA-C alleles with 

KIR2DL3*005 showing the greatest HLA-C1/C2 cross-reactivity akin to KIR2DL2 

(Frazier et al., 2013). To date, the structural details underpinning these allotypic 

differences, and KIR2DL2 C1/C2 cross-reactivity remain to be elucidated.  

 

1.5.4 Crystal structures of KIR 
 
So far, crystal structures of KIR2DL1, 2DL2, 2DL3, 2DS2, 2DS4, 3DL1, alone or in 

complex with their cognate HLA class I ligands have been solved (Table 1.4 and 

Figure 1.17) (Boyington et al., 2000, Fan et al., 2001, Graef et al., 2009, Liu et al., 

2014, Maenaka et al., 1999, Moradi et al., 2015, Saulquin et al., 2003, Snyder et al., 

1999, Vivian et al., 2011). Common to these complexes is a broad recognition mode 

characterized by a V-shaped interface at the junction of the D1 and D2 domains that 

sit on top of the α1 and α2 helices of HLA. There are few contacts at the C-terminal 

part of the peptide. Crystal structures of different unbound KIR2Ds reveal differences 

about their D1/D2 hinge angles that suggest a degree of flexibility for the receptors. 

Further, the hinge angle between these domains changes upon interaction of KIRs 

with their cognate HLA class I ligands.  

 

The D1 domains of KIRs show the greatest variability in terms of binding to HLA 

molecules. Comparison of the structure of KIR2DL2-HLA-C*03 with KIR2DL1-HLA-

C*04 indicates that the most variable contacts are found in those generated by D1 

domain of KIRs with the α1 domain of HLA. This region is believed to define the 

specificity of the KIRs. Conversely, highly conserved contacts are found in those 

generated by the D2 domain atop the α2 domain of the cognate HLA ligand, covering 

the area between residues 145 to 151 of the α2 domain (Boyington et al., 2000, Fan 
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et al., 2001, Liu et al., 2014, Vivian et al., 2011). The highest degree of conservation 

is found in Asp 135 of the D2 domain of KIR2D and Asp 230 of KIR3DL1 forming a 

salt-bridge with Arg 145 on the α2 domain of HLA class I ligand. Arg 145 on the α2 

domain of HLA class I is also involved in the formation of a highly conserved 

hydrogen bond with Ser133 on D2 domains of KIR2D and Ser228 of KIR3DL1 

(Boyington et al., 2000, Fan et al., 2001, Liu et al., 2014, Vivian et al., 2011). 

Accordingly, the D1 domain contacts are more varied and determine the specificity of 

the interaction while the contacts to the D2 domain are more conserved.  

 

 

Table 1.4 Crystal structures of KIR2D and 3D, alone or in complex with their ligand. 

 

 

 

 

 

 

 

 

Structure PDB ID Refrences 

Isolated   

2DL1 1NKR (Fan et al., 1997) 

2DL2 2DLI, 2DL2 (Snyder et al., 1999) 

2DL3 1B6U (Maenaka et al., 1999) 

2DS2 1M4K (Saulquin et al., 2003) 

2DS4 3H8N (Graef et al., 2009) 

In complex   

2DL1/HLA-C*04:01 1IM9 (Fan et al., 2001) 

2DL2/HLA-C*03:04 1EFX (Boyington et al., 2000) 

2DS2/HLA-A*11:01 4N8V (Liu et al., 2014) 

3DL1/HLA-B*57:01 5B38, 5B39 (Vivian et al., 2011) 
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Figure 1.17 Crystal structures of KIR2D and KIR3D in complex with their respective 
ligands. Crystal structures of KIR2DL1 in complex with HLA-C*04 (PDB ID: 1IM9) (A), 
KIR2DL2 in complex with HLA-C*03 (PDB ID: 1EFX) (B), KIR2DS2 in complex with HLA-
A*11 (PDB ID: 4N8V) (C), and KIR3DL1 in complex with HLA-B*57 (PDB ID: 3VH8) (D) are 
shown. The same pattern of docking of KIR domains typified by a V shape docking of D1 and 
D2 from KIR2DL1, -L2, -S2, and KIR3DL1 on top of α1 and α2 domains of their HLA class I 
ligand is observed. 
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1.5.4.1 The role of peptide in KIRs binding to HLA-Cs 
 
It has been suggested that the sensitivity and selectivity of KIR for HLA might allow 

NK cells to sense the change of peptides repertoire inside the cells during viral 

infections. There are several studies specifying the existence of peptide sensitivity 

and selectivity for binding of KIRs to their HLA class I ligands (Colantonio et al., 2011, 

Hansasuta et al., 2004, Malnati et al., 1995, Rajagopalan and Long, 1997, 

Zappacosta et al., 1997). Details obtained from crystal structures of KIR2DL1 and 

2DL2 bound to their cognate ligands and also results from direct binding assays 

highlights the involvement of the interaction between KIRs and position 8 of the 

peptide and its adjacent position 7 in the formation of these complexes (Boyington et 

al., 2000, Fan et al., 2001, Rajagopalan and Long, 1997). A closer look at the 

interface between KIR2DL2 and HLA-C*03:04 reveals that Glutamine 71 of the D1 

domain hydrogen bonds with alanine at position 8 of the peptide and leucine 104 

which is located in the hinge loop of 2DL2, interacts with leucine 7 of the peptide 

(Boyington et al., 2000). This interaction is stabilized and restricted further due to 

extra contacts from lysine 44 from the D1 domain and serine 184 and asparagine 187 

from the D2 domain to position 8 of the peptide. As a result, short side chains such as 

alanine and serine are accommodated at position 8 while larger side chains like 

tyrosine and lysine attenuate binding of KIR2DL2 to HLA-C*03:04 (Boyington et al., 

2000, Fan et al., 2001).  

 

1.5.5 KIRs and infectious diseases 
 
KIRs play an essential role in infectious diseases, auto-inflammatory and auto-

immunity since they can activate or inhibit the actions of cells involved in regulation of 

immune responses. For example, it’s been shown that the association of KIR3DS1 

and HLA-B results in the delay in development of acquired immune deficiency 

syndrome (AIDS) (Martin et al., 2002a). Similar studies highlight the impact of 

KIR3DL1 association with HLA-B in control of HIV infection (Alter et al., 2011, Martin 

et al., 2007). Interestingly, the finding is similar to other reports indicating that the 

development of AIDS is slower in patients being infected with HIV type 1, due to their 
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link with HLA-Bw4 homozygosity (Flores-Villanueva et al., 2001). Similarly, the 

progress of rheumatoid vasculitis and psoriatic arthritis are associated with KIR2DS2 

(Martin et al., 2002b, Yen et al., 2001) and KIR2DS1 (Martin et al., 2002b). Table 1.5 

summarizes KIRs associations with disease.  

 

Studies point to the relationship between KIRs and their association with HLA class I 

molecules and susceptibility to viral infections. For example, it has been reported by 

Khakoo and colleagues that homozygosity for KIR2DL3 and its ligand HLA-C1, 

influences the resolution of low dose HCV infection in individuals. Based on their 

observations, it was suggested that upon viral infections, KIR2DL3 homozygous NK 

cells produce stronger activating responses since their activating KIR overcome the 

relatively weak inhibitory response of KIR2DL3 (Khakoo et al., 2004). 

 

CMV reactivation is considered a major burden following solid organ transplantation, 

and genetic approaches to study the importance of the correlation between KIRs and 

CMV reactivation indicate the association of activating KIRs, KIR2DS2 and KIR2DS4 

with protection against CMV in donors after hematopoietic cell transplantation (HCT) 

(Zaia et al., 2009). Similar observations were observed by Chen et al. that highlight 

the importance and impact of activating KIRs on reactivation of CMV during 

haematopoietic stem cell transplantation (Chen et al., 2006). Others have discovered 

that the existence of activating KIRs or the absence the interaction between 

KIR2DL1/HLA-C2 or KIR2DL2/L3 and HLA-C1 alleles are connected with a reduction 

in the degree of CMV infection after kidney transplantation (Hadaya et al., 2008). 

Consistent with this observation Stern et al. showed that an increase in the number of 

multiple activating KIR genes is associated with a reduction in the level of reactivation 

for CMV infection during kidney transplantation (Stern et al., 2008).  

 

KIR2DL2 has also been shown to have an influence on HIV infection (Alter et al., 

2011). It has been observed that in HIV+ individuals, the antiviral cytolytic activity of 

NK cells bearing KIR2DL2 were reduced due to the enhancement of the interaction 

between viral-infected CD4 T cells and KIR2DL2 (Alter et al., 2011). It’s been 
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revealed by genetic studies that KIR2DL2 also participates in protection against 

chronic viral infections such as HCV and human T lymphotropic virus type 1 (HTLV-1) 

(Seich Al Basatena et al., 2011). It was also shown that the expression of KIR2DL2 

gene improves protection against HTLV-1 and HCV infections (Seich Al Basatena et 

al., 2011). However, several genetic studies reported by Witt and colleagues highlight 

that there is no association between non-expressed alleles of KIR2DL4 and several 

pathologic diseases including asthma (Le Page et al., 2013),  pre-eclampsia (Witt et 

al., 2002), and spontaneous abortion (Witt et al., 2004).  
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Table 1.5 Association of KIRs and HLA Class I molecules with different diseases.  

 

 

KIR and HLA combination Disease Outcome Reference 
2DL1/C2  HIV-1 Protective (Jennes et al., 2013) 
2DL1/C2  Oral squamous cell carcinoma Increased risk of susceptibility (Dutta et al., 2014) 
2DL1/C2 Diabetes type-1 Protective (van der Slik et al., 2003) 
2DL1/C2 Diabetes mellitus type 1 Protective (Jobim et al., 2010) 
2DL2/L3 and C2  HIV-1 More rapid development  (Gaudieri et al., 2005) 
2DL2/L3 and C2 Conjunctival scarring in trachoma Increased risk of susceptibility (Roberts et al., 2014) 
2DL2/L3 and C2/C2 Crohn’s  Heterozygosity of L2/L3 and homozygosity of 

C2 provides protection 
(Hollenbach et al., 2009) 

2DL2/L3 and C1 Crohn’s Increased risk of susceptibility (Hollenbach et al., 2009) 
2DL2 and C1 Leprosy Increased risk of susceptibility (Jarduli et al., 2014) 
2DL2 and C2 Diabetes type-1 Increased risk of susceptibility but their 

absence is protective 
(Shastry et al., 2008) 

2DL2 and C1 Diabetes mellitus type-1 Increasing risk of susceptibility (Shastry et al., 2008) 
2DL2/L3 and C1 Malignant melanoma Increased risk of susceptibility (Naumova et al., 2005) 
2DL2/L3 and C1 Myeloid leukaemia Heterozygosity of L2/L3 increases risk of 

susceptibility 
(Verheyden and Demanet, 
2006) 

2DL3 and C1 Myeloid leukaemia Homozygosity of 2DL3 confers protection (Wechsler et al., 2003) 
2DL3 and C1 Melanoma Protective (Campillo et al., 2013) 
2DL3 and C1 Malaria Increased risk of susceptibility (Hirayasu et al., 2012) 
2DL3 and C1 Dengue Protective  
2DL3 and C1 celiac disease and type 1 

diabetes (co-occurrence) 
Increased risk of susceptibility (Smigoc Schweiger et al., 2014) 

2DL3 and C1 Ulcerative colitis Protective (Boyton et al., 2006) 
2DS1 and C1 Idiopathic bronchiectasis Increased risk of susceptibility (Boyton et al., 2006) 
2DS1 and C2 Lupus Increased risk of susceptibility (Hou et al., 2015) 
2DS1 and C2 Ankylosing spondylitis Increased risk of susceptibility (Jiao et al., 2008) 
2DS1 and C2 Autism Increased risk of susceptibility (Torres et al., 2012) 
2DS1 and C2 Multiple sclerosis Protective (Fusco et al., 2010) 
2DS2 and C1 Dry eye disease Increased risk of susceptibility (Ren et al., 2012) 
2DS2 and C1 Idiopathic bronchiectasis Increased risk of susceptibility (Boyton et al., 2006) 
2DS2 and C1 Diabetes mellitus type 1 Increased risk of susceptibility (van der Slik et al., 2003) 
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Table 1.5 Association of KIRs and HLA Class I molecules with different diseases. (Continued) 

 

 

 

 

KIR and HLA combination Disease Outcome Reference 
3DL1 and B57 (Bw4) HIV-1 Delay in development  (Martin et al., 2007) 
3DL1 and Bw4 Chronic lymphoid leukaemia Homozygosity of 3DL1 in the absence of Bw4 

confers protection 
(Verheyden and Demanet, 
2006) 

3DL1 and Bw4 Chronic lymphoid leukaemia Homozygosity of 3DL1 in the presence of 
Bw4 elevates risk of susceptibility 

(Verheyden and Demanet, 
2006) 

3DL2 and A3 Pemphigus foliaceus Increased risk of susceptibility (Augusto et al., 2015) 
3DL2 and A11 Pemphigus foliaceus Increased risk of susceptibility (Augusto et al., 2015) 
3DS1 and Bw4 HCV Resolution of infection (Khakoo et al., 2004) 
3DS1 and Bw4 hepatocellular carcinoma Protective (Lopez-Vazquez et al., 2005) 
3DS1 and C2/Bw4 Cervical cancer In the absence of C2 or Bw4, presence of 

3DS1 increases risk of susceptibility 
(Carrington et al., 2005) 

3DS1 and Bw4 Pemphigus foliaceus Protective (Augusto et al., 2012) 
3DS1 and Bw4 Endometriosis Protective (Kitawaki et al., 2007) 
3DS1 and Bw4 HIV-1 Delay in development (Martin et al., 2002a) 
3DS1 and Bw4 Autism Increased risk of susceptibility (Torres et al., 2012) 
3DS1 and Bw4 Tuberculosis Protective (Shahsavar et al., 2012) 
3DS1 and Bw4 Diabetes mellitus type 1 Increased risk of susceptibility (Jobim et al., 2010) 
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1.5.5.1 KIRs and auto-immunity 
 
To date, several associations between KIR genes and auto-immune diseases have 

been reported. For example, Luszczek and colleague studied the association of 

KIR2DL1 and KIR2DS1 genes with their cognate ligand, HLA-C*06 in 116 patients 

suffering from psoriasis vulgaris infection along with 123 healthy individuals and found 

that the association of KIR2DS1 with HLA-C*06 increases susceptibility (Luszczek et 

al., 2004). A similar result was observed in a Japanese study (Suzuki et al., 2004).  

By contrast, KIR2DS2+ HLA-C1+ individuals that lack inhibitory HLA-C2 reactive KIRs 

had a higher risk of the development of type 1 diabetes (van der Slik et al., 2003). 

Research on 194 patients suffering from ulcerative colitis disease, an inflammatory 

disorder of the colonic mucosa, showed that the outcome of a combination of 

KIR2DL3 and HLA-C1 epitope was protective whereas the association of KIR2DL2 

and KIR2DS2 dramatically elevated the progress of the disease (Boyton et al., 2006). 

Taken together, association of KIRs and HLAs plays a crucial role in auto-immunity.  

 

1.6 Statement of purpose 
1.6.1 Proposed Ph.D. project plan 
 
Although genetic studies indicate that HLA class I molecules are the ligands of KIRs, 

recent findings have revealed that certain types of KIRs despite sharing high similarity 

with each other and having the same HLA class I molecule ligands, are obviously 

associated with different disease outcome. Latest discoveries also point at specific 

types of KIRs that can recognize and interact with a broader range of HLA class I 

molecules, despite being very similar to each other in their extracellular domains. 

However, there is still a lack of data to compare the molecular basis of their 

differences from the structural point of view. While there are only two crystal 

structures of KIR in complex with HLA-Cs (Boyington et al., 2000, Fan et al., 2001) —

KIR2DL1 with HLAC*04:01 (C2 epitope) and KIR2DL2 with HLA-C*03:04 (C1 epitope) 

— there remains a lack of data to address the specificity of many KIRs to HLA-C1 

and C2 epitopes. Further to this, while other KIR2Ds have D1 and D2 domain 

arrangements, there is still a lack of structural data for KIR2DL4/L5, which share a D0 
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and D2 domain organization. Further, the ligands for these KIRs are yet to be 

conclusively identified. For this reason, my Ph.D. thesis has focused on 

understanding the molecular basis of the interactions between inhibitory KIRs, 

typically KIRs with two extracellular Ig domains and their respective HLA class I 

molecule ligands in order to reveal the structural differences of their ligand 

recognition.  

 

1.6.2 Specific aims 
 
My Ph.D. project aims to elucidate the structural differences of the HLA class I ligand 

recognition by KIR2DL. The ligand specificity of certain types of KIRs leads to the 

change in the outcome of transplantation. The combination of KIRs/HLA class I 

molecules are also associated with different disease outcome. Elucidating the 

molecular basis of KIRs and HLA class I molecules will further help for designing new 

strategies towards curing certain types of disease. 

 

Aim 1: Structural and functional characterisation of KIR2DL1, -L2 and -L3.  

- I hypothesized that due to differences in specificity of HLA-C epitopes recognition by 

KIR2DL1, -L2, and -L3, they differ in the structural pattern of binding upon interaction 

with the same ligand.   

 

Aim 2: Structural and functional characterisation of KIR2DL4. 

- I hypothesized that due to different Ig domain organization, and absence of 

conventional binding of KIR2DL4 to a panel of HLA class I molecules like other KIRs, 

KIR2DL4 may have a unique structural feature among members of KIR family.
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2 Chapter 2 
 
Chapter 2 covers the first aim of my thesis which is the structural and functional 

characterisation of KIR2DL1, -L2, and -L3.  Although the extracellular domain of 

KIR2DL1, -L2 and -L3 share high sequence similarity with each other, they show 

different avidity of binding to a panel of HLA-C1 and -C2 molecules, which 

consequently leads to diverse function and responses against pathogen infection. I 

used different techniques including X-ray protein crystallography, surface plasmon 

resonance (SPR), LUMINEX, and cell assays in order to explore the molecular basis 

of the interaction between KIR2DL2/-L3 and their cognate ligand HLA-C*07:02. I 

characterized the crystal structures of KIR2DL2 and KIR2DL3 in complex with HLA-

C*07:02 to 3.1 Å and 2.5 Å bound to RYRPGTVAL (RL9) peptide, respectively. The 

structures revealed that KIR2DL2 and KIR2DL3 differed in the relative juxtaposition of 

their domains resulting in KIR2DL2 binding more extensively to the α1 helix of HLA-C. 

This data elucidated the structural basis underlying the functional differences between 

KIR2DL alleles and between alleles of their HLA-C ligands.  

 

This chapter is prepared and completed as a paper draft with collaboration from Prof. 

Andrew Brooks laboratory at Melbourne University, Australia in order to be submitted 

to a top tier journal.  The contribution of individuals who have contributed to this work 

is summarized, and nature of their contribution is stated.  
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Nature and contribution of individuals in chapter 2 
Name Nature of Contribution % of contribution and 

student from Monash 
University? 

Shoeib Moradi  
 

Structural analysis 
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2.1 Introduction 

Natural Killer (NK) cell are the main machinery within the innate immune system, and 

their cytolytic activity is highly controlled by numbers of receptors, which are 

expressed on their cell surface. NK cells apply these receptors for detection of their 

respective ligands on the surface of target cells to distinguish between healthy cells 

(self) and infected (non-self) cells. Detection of target cells by NK cells is crucial for 

elimination of pathogens such as viruses (Mishra et al., 2014, Ogbomo et al., 2013).  

 

Killer cell immunoglobulin-like receptors (KIRs) are located on the surface of NK cells 

and govern the activation and inhibition of NK cells by inhibiting via their interaction 

with human leukocyte antigen (HLA) class I molecules, which are located on the 

surface of target cells (Cerwenka and Lanier, 2001, Diefenbach and Raulet, 2001, 

Kumar and McNerney, 2005). HLA class I molecules include HLA-A, -B and -C 

molecules, among which 100% of HLA-C molecules can be recognized by KIRs. KIRs 

can also interact with 45% of HLA-A and 36% of HLA-B molecules (Parham et al., 

2012). Recognition of HLA-A*11 and -A*03 molecules by KIR3DL2 and (Hansasuta et 

al., 2004) and binding of HLA class I molecules bearing Bw4 motif to KIR3DL1 have 

been reported (Gumperz et al., 1995, Litwin et al., 1994, Vivian et al., 2011, Saunders 

et al., 2015a, Vivian et al.). KIR2DL1, -L2, and -L3 can recognize and interact with 

HLA-C molecules including HLA-C1 and -C2 epitopes (Winter et al., 1998, Winter and 

Long, 1997). It has been shown that species specificity exists among KIR2DL1, -L2, 

and -L3.  HLA-C1 molecules are sensed by KIR2DL2 and -L3, and HLA-C2 molecules 

can be recognized by KIR2DL1 (Mandelboim et al., 1996), although KIR2DL2 shows 

cross reactivity and interacts with HLA-C2 molecules (Wilson et al., 2000). Although 

KIR2DL2 and KIR2DL3 recognize HLA-C1 molecules, the affinity of binding to HLA-

C1 molecules is much higher for KIR2DL2 compared to that of KIR2DL3 (Moesta et 

al., 2008, Frazier et al., 2013, Cassidy et al., 2015).  
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During evolution, alleles of KIR2DL2 and -L3 segregated from each other, which has 

led to the formation of different KIR haplotypes. Association of KIR haplotypes with 

HLA class I molecules results in different disease outcomes. Figure 1.11 shows the 

distribution of KIR2DL2 and -L3 among KIR haplotypes. That is, KIR2DL2 is found 

only on haplotypes group B, whereas KIR2DL3 is located on haplotype group A (with 

one exception which is found in haplotype group B) (Parham, 2005, Uhrberg et al., 

2002, Wilson et al., 2000, Levinson, 2011, Uhrberg et al., 1997). Despite sharing high 

similarity with each other, KIR2DL2 and -L3 are associated with different disease 

outcomes.  For example, in HCV infection, KIR2DL3 in combination with HLA-C1 

molecules is protective, but KIR2DL2 is not (Khakoo et al., 2004, Romero et al., 

2008). Despite enormous genetic studies to address the differences between 

KIR2DL2 and -L3, there is still a lack of structural data to elucidate the structural 

molecular basis of the differences between KIR2DL2 and -L3 in combination with HLA 

class I molecules.  

 

In order to elucidate the molecular basis of the interaction between KIR2DL2 and 

KIR2DL3 in complex with HLA class I molecules and investigate their differences, I 

characterized their crystal structures bound to HLA-C*07:02 in the presence of RL9 

peptide. I found that KIR2DL2 and -L3 display different docking mode upon 

interaction with HLA class I molecules. Further, it was revealed that HLA-C*07:02 is a 

greater HLA-C ligand for KIR2DL2 and -L3, indicating that it differs from HLA-C*03:04 

with respect to their structure and function. My findings are consistent with the fact 

that KIR2DL2 has a broader range of binding to HLA-C1 and -C2 molecules, as it was 

revealed that it generates more contacts on the α1 helix of HLA-C*07:02. 
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2.2 Material and methods 

2.2.1 Cloning and expression of KIR2DL1, KIR2DL2, and KIR2DL3 

The extracellular D1-D2 domains (residues 1-204) of KIR2DL1*001, KIR2DL2*001, 

and KIR2DL3*001 were cloned into the expression vector pET-30(b) for expression in 

E. coli BL21 (DE3) (Figure 2.1). The receptors were expressed as inclusion bodies 

and refolded and purified as described previously (Boyington et al., 2000, Maenaka et 

al., 1999). Briefly, 100 mg of the KIR2DL1, -L2, and -L3 were refolded by rapid 

dilution in a buffer containing 100 mM Tris-HCl pH.8.0, 400 mM L-arginine-HCl, 5 mM 

reduced glutathione, and 0.5 mM oxidized glutathione for 72 h. The refolded 

receptors were then applied onto a diethylaminoethyl (DEAE) cellulose column 

followed by size exclusion chromatography using Superdex 200 16/60 column (GE 

Healthcare). The KIRs were further purified by anion–exchange chromatography 

using Hi-Trap Q HP 5 ml column (GE Healthcare) (Figures 2.2, 2.3 and 2.4). 

 

2.2.2 Cloning and expression of HLA-C*03:04, -C*06:02, and -C*07:02 

The extracellular α1, α2, and α3 domains of HLA-C*03:04 and -C*07:02 (residues 1 – 

276) and human β2-microglobulin (β2M) (residues 1 – 99) were cloned into the vector 

pET-30(b) for expression in E. coli BL21 (DE3) (Figure 2.1). HLA-C*03:04, -C*06:02, -

C*07:02 and β2M were expressed separately into inclusion bodies and refolded in the 

presence of the GAVDPLLAL (GL9) peptide, which is a self-peptide isolated from 

Importin α-2 subunit (Zappacosta et al., 1997), the TRATKMQVI (TI9) which is a non 

self-peptide originated from Human beta herpesvirus 5 (Human cytomegalovirus)  

(Nastke et al., 2005) and the RYRPGTVAL (RL9) peptide which is a self-peptide 

isolated from human histone H3 (Falk et al., 1993), respectively. The presence of 

peptide is crucial for the refolding of HLA class I molecules since it provides their 

stability by binding to their peptide binding pocket during refolding process. The 

refolding process is described previously (Boyington et al., 2000, Moradi et al., 2015), 

(Figures 2.5 and 2.6). The expression and refolding of HLA-C*03:04 was done at 

Prof. Brooks laboratory.  
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2.2.3 Surface plasmon resonance 

SPR experiments were performed on a BIAcore 3000 (GE Healthcare). Three 

independent experiments were performed at 25 °C in a buffer containing 10 mM Tris-

HCl pH.8.0, 150 mM NaCl and 0.005% surfactant P20 (TBS-P20). The HLA-Class I 

specific monoclonal antibody W6/32 was coupled to the surface of CM5 Sensorchip 

flow cells (GE Healthcare) by amine coupling. HLA-C*07:02 was captured by W6/32 

to a density of ~600 resonance units. KIR2DL2 and KIR2DL3 were serially diluted in 

TBS-P20 (0.5–400 mM) and passed over the test and control flow cells surfaces at a 

flow rate of 10 μl/min, with measurements taken in duplicate. The obtained data were 

analysed using BIAevaluation software (GE Healthcare) shown in (Figures 2.7 and 

2.15).  

 

2.2.4 Crystallization, data collection, structure determination, and refinement 

KIR2DL2 and KIR2DL3 were each concentrated to 10 mg/ml and added separately to 

HLA-C*07:02-RL9 at a 1:1 molar ratio.  Crystals were obtained at 20 °C using the 

hanging-drop vapour-diffusion method. Crystals of the KIR2DL2-HLA-C*07:02-RL9 

complex were obtained from a solution consisting 0.2 M Sodium tartrate dibasic 

dehydrate and 20% w/v PEG 3350 (Figure 2.8).  Crystals of the KIR2DL3-HLA-

C*07:02-RL9 complex were obtained from a solution containing 0.2 M Ammonium 

acetate, 0.1 M Tris-HCl pH.8.0, and 25% PEG 3350. Prior to flash-cooling in liquid 

nitrogen at 100 K, all crystals were equilibrated in a cryo-protectant solution 

containing their respective crystallisation solution and 35 % PEG 3350 (Figure 2.8). 

Data sets for the KIR2DL2 and KIR2DL3-HLA-C*07:02-RL9 complexes were 

collected to a resolution of 3.1 Å and 2.5 Å, respectively at the MX1 beamline 

(Australian Synchrotron, Victoria). The data were recorded on a Quantum-315 CCD 

detector and integrated and scaled using the HKL/HKL-2000 program package 

(Otwinowski and Minor, 1997) (data collection statistics are summarised in Table 2.2). 

Structural determination proceeded by molecular replacement using PHASER 

(McCoy et al., 2007) with the previously determined KIR2DL2-HLA-C*03:04 structure 

utilised as the search model (PDB accession code: 1EFX (Boyington et al., 2000)). 

Both the KIR2DL2 and 2DL3 crystals comprised two copies of their respective 
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complexes in the asymmetric unit. Refinement of the complexes progressed with 

iterative rounds of manual building in COOT (Emsley and Cowtan, 2004) and 

refinement in PHENIX (Adams et al., 2010) with two-fold non-crystallographic 

symmetry restraints applied throughout. The final model of the KIR2DL2-HLA-

C*07:02-RL9 complex comprises residues 4 to 190. The final model of the KIR2DL3-

HLA-C*07:02-RL9 complex comprises residues 6 to 195. The structures were 

validated with MOLPROBITY (Chen et al., 2010) (refinement statistics are 

summarised in Table 2.2).  

 

2.2.5 KIR2DL2 and -L3 mutagenesis and transfection 

Full-length constructs of KIR2DL2 and KIR2DL3 were cloned into the pEF6 vector 

with FLAG tag fused to the N-terminus of the constructs. The QuikChange II site-

directed mutagenesis kit (Stratagene) was used to generate mutants of KIR2DL2 and 

-L3, in order to study the contribution of particular amino acids located on their D1-D2 

domains in binding to HLA-C*07:02 (Table 2.1). FuGENE 6 transfection reagent 

(Roche) was used for transfection of the mutant constructs of KIR2DL2 and -L3 into 

HEK293T cells based on the manufacturer’s instructions. Expression and binding of 

KIR2DL2 and -L3 mutants to HLA-C*07:02 were monitored using flow cytometry after 

staining with DX9, Z27, and anti-FLAG mAbs. Fluorochrome-conjugated tetramer of 

HLA-C*07:02 was generated as described previously (O'Connor et al., 2014). 

HEK293T cell transfectants expressing mutants of KIR2DL2 and -L3 were stained 

with the optimum amount of HLA-C*07:02 tetramer (0.2 mg with respect to the 

monomeric component in minimal residual volume) or anti-FLAG (clone M2; Sigma-

Aldrich) mAb for 30 min at 4 ˚C. Wild type KIR2DL2 and KIR2DL3 transfectant cell 

lines were used as a positive control for binding to HLA-C*07:02 tetramer. After two 

steps of washing cells, their binding was monitored using an LSRFortessa flow 

cytometer (BD Biosciences). For the control, a secondary PE anti IgG antibody was 

used to provide fluorescent background for the tetramer. For the tetramer staining, 

the negative controls are testing the tetramer against a cell line with an irrelevant HLA 

or lacking HLA expression (e.g. untransfected 221 cells). For a positive control, 

KIR3DL1 with HLA B*57 transfected cells were used. Tetramers were prepared using 
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Neutravidin PE conjugate (Thermo Fisher Scientific).  Tetramer conjugation was 

calculated by biotinylation efficiency (estimated by streptavidin pull-down, Appendix). 

For the heat-map of LUMINEX, the colour is a conditional formatting scheme with red 

at 100%, blue at 0% and white/grey at 50%, the colouring between those three set 

points is done according to the value in the cell (e.g. 75% will be halfway between red 

and white/grey, 25% will be halfway between white/grey and blue). LUMINEX assay 

was done at Australian Red Cross Blood Service, Melbourne, Australia by Dr. Phillip 

Pymm.   

 

 

 

Table 2.1. KIR2DL2 and -L3 mutants which were used for flow cytometry and LUMINEX 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mutant Position on KIR 

E21A D1 domain 

K44A D1 domain 

F45A D1 domain 

M70A D1 domain 

Q71A D1 domain 

D72A D1 domain 

L104A Hinge region (interdomain) between D1 and D2 domains 

Y105A Hinge region (interdomain) between D1 and D2 domains 

E106A Hinge region (interdomain) between D1 and D2 domains 

S132A D2 domain 

S133A D2 domain 

D135A D2 domain 

F181A D2 domain 

D183A D2 domain 
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2.3 Results 

2.3.1 Cloning, protein expression, refolding, and purification  

KIR2DL1, -L2 and -L3, HLA-C*03:04, -C*06:02, and -C*07:02 were cloned, 

sequenced, expressed and purified as described in material and methods section. 

After purifying each particular protein, its functionality was tested via SPR. Binding of 

HLA-C*03:04, -C*06:02, and -C*07:02 to HLA specific antibody, W6/32 were tested 

on the surface of the CM5 chip to ensure their proper folding. The affinity of KIR2DL1, 

-L2, and -L3 binding to HLA-C1 and C2 via SPR were consistent with their level of 

binding reported in the literature. That is, a higher level of binding for KIR2DL1 

against C2 and low level of binding towards C1 epitopes was observed whereas 

KIR2DL2 and -L3 display higher level of binding against C1 epitope and lower level of 

binding to C2 epitopes. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Cloning and ligation of KIR2DL1, -L2, -L3 and HLA-C*03:04, -C*06:02, and -
C*07:02. A. Amplification of KIR2DL1, -L2, -L3, HLA-C*03:04, -C*06:02 and -C*07:02 via 
PCR. B. Confirmation of ligation by digestion with restriction enzymes NdeI and HindIII. The 
upper bands represent pET30b, and the lower bands represent the validation of insert 
products. Done by Shoeib Moradi at Prof. Rossjohn Laboratory, Monash University.  
 

 

 

 

 

 

A 
B 



 

69 

A 

 

 

 

 

 

 

 

 

 

B 

  

 

 

 

 

 

 

 

Figure 2.2 Purification of KIR2DL1. 
Gel filtration and elution profile of KIR2DL1 from Superdex 200 (16/60) column and the SDS-
PAGE representing the eluted fractions consistent with the predicted molecular weight of 
KIR2DL1. Numbers next to the SDS-PAGE indicate the molecular weight (kDa) of each band. 
B. Anion exchange via Hi-Trap column and the SDS-PAGE indicating the purity of eluted 
fractions. Only pure fractions (named as B1 on the Peak and below the black arrow on the 
SDS-PAGE) were selected for experiments. Done by Shoeib Moradi at Prof. Rossjohn 
Laboratory, Monash University. 
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Figure 2.3 Purification of KIR2DL2. 
Gel filtration and elution profile of KIR2DL2 from Superdex 200 (16/60) column and the SDS-
PAGE representing the eluted fractions consistent with the predicted molecular weight of 
KIR2DL2. Numbers next to the SDS-PAGE indicate the molecular weight (kDa) of each band. 
B. Anion exchange via Hi-Trap column and the SDS-PAGE indicating the purity of eluted 
fractions. Only pure fractions highlighted by black arrow on SDS-PAGE were selected for 
experiments. Done by Shoeib Moradi at Prof. Rossjohn Laboratory, Monash University. 
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Figure 2.4 Purification of KIR2DL3. 
Gel filtration and elution profile of KIR2DL3 from Superdex 200 (16/60) column and the SDS-
PAGE representing the eluted fractions (A1 and A2) consistent with the predicted molecular 
weight of KIR2DL3. B. Anion exchange via Hi-Trap column and the SDS-PAGE indicating the 
purity of eluted fractions. Only pure fractions (named as B1 on the Peak and below the black 
arrow on the SDS-PAGE) were selected for experiments as B2 fractions contain impurities 
and were discarded. Done by Shoeib Moradi at Prof. Rossjohn Laboratory, Monash 
University. 
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Figure 2.5 Purification of HLA-C*07:02. 
Gel filtration and elution profile of HLA-C*07:02 bound to the RL9 peptide from Superdex 200 
(16/60) column and the SDS-PAGE representing the eluted fractions consistent with the 
predicted molecular weight of HLA-C*07:02. B. Anion exchange via Hi-Trap column and the 
SDS-PAGE indicating the purity of eluted fractions. The SDS-PAGE represents the purity of 
the eluted fractions that I used for my experiments. Done by Shoeib Moradi at Prof. Rossjohn 
Laboratory, Monash University. 
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Figure 2.6 Purification of HLA-C*06:02.  
Gel filtration and elution profile of HLA-C*06:02 bound to TRATKMQVI peptide from 
Superdex 200 (16/60) column and the SDS-PAGE representing the eluted fractions 
consistent with the predicted molecular weight of HLA-C*06:02. Pure fractions which 
are highlighted by black arrow were used for experiments. Done by Shoeib Moradi at 
Prof. Rossjohn Laboratory, Monash University. 
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Figure 2.7 Direct binding of KIR2DL1, -L2, and -L3 to HLA-C*07:02 and -C*06:02 
molecules. SPR assay is done to check the functionality of purified KIR2DL1, -L2 and -L3 
and test their binding against HLA-C1 and -C2 molecules. Purified KIR2DL1 shows 
significantly higher affinity of binding towards HLA-C*06:02 (C2 epitope) compared to HLA-
C*07:02, whereas KIR2DL2 and KIR2DL3 display high affinity of binding against HLA-
C*07:02 compared to that of -C*06:02. HLA-C*06:02 and -C*07:02 are captured by HLA class 
I specific antibody, W6/32 on the surface of the chip to ensure their proper folding. KIR2DL4 
was used as a negative control, and binding of KIR3DL1 to HLA-B*57 was monitored as a 
positive control. Done by Shoeib Moradi at Prof. Rossjohn Laboratory, Monash University. 
 

2DL1 Kd: 108.0 ± 9.29 μM 
2DL2 Kd: 9.025 ± 1.8 μM 
2DL3 Kd: 8.5 ± 0.379 μM  
  

2DL1 Kd: 7.947 ± 0.3 μM  
2DL2 Kd: 128.8 ± 7.4 μM 
2DL3 Kd: 198.4 ± 9.56 μM 
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Figure 2.8. Protein crystals and diffraction patterns.  
A. Obtained crystals for KIR2DL3/HLA-C*07:02 and its related diffraction pattern.  
B. Obtained crystals for KIR2DL2/HLA-C*07:02 and its related diffraction pattern.  
(A and B Top) Represent the obtained crystals of KIR2DL2 and –L3 in complex with HLA-
C*07:02 from in house manual hand tray screens. (A and B middle) Represent the obtained 
crystals used for X-ray data collection. (A and B bottom) Represent the diffraction pattern of 
the KIR2DL2 and –L3 bound to HLA-C*07:02, respectively. Done by Shoeib Moradi at Prof. 
Rossjohn Laboratory, Monash University. 
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2.3.2 Overall structure of KIR2DL2 and KIR2DL3 in complex with HLA-C*07:02-

RL9. 

To assess the structural basis of the binding differences between KIR2DL2 and –L3 

and between HLA-C*03:04 and HLA-C*07:02, the extracellular D1-D2 domains of the 

inhibitory NK receptors, KIR2DL2*001 and KIR2DL3*001, were obtained separately in 

complex with HLA-C*07:02 loaded with a peptide derived from histone H3 (residues 

40-48, RYRPGTVAL (RL9)) (Falk et al., 1993). The KIR2DL2 and -L3 complexes 

were resolved to 3.1 Å and 2.5 Å resolutions, respectively (Figure 2.9 A and B). The 

resolution cut-off was chosen as a combination of I/sigma, Rmerge, and 

completeness. The final Rwork and Rfree values for KIR2DL2 in complex with HLA-

C*07:02 are 25% and 29%, respectively (Table 2.2). KIR2DL3 in complex with HLA-

C*07:02 was refined to final Rwork and Rfree values of 22% and 25%, respectively 

(Table 2.2). In each crystal lattice, 2 copies of the complexes were observed in the 

asymmetric unit. As these copies were highly similar (root mean square deviation 

(r.m.s.d.) < 0.4 Å over all Cα positions), only 1 copy of each complex was used for 

analysis. I used KIR2DL2 crystal structure (PDB ID: 1EFX) to build KIR2DL3 via Coot 

software.  In order to confirm the differences between KIR2DL2 and -L3 structures, I 

used the unbiased electron density of KIR2DL3 to validate that the electron density 

fits the residues from KIR2DL3 and not KIR2DL2. KIR2DL2 and -L3 differ in certain 

residues close to the inter-domain between D1-D2 including residues P16 and R148 

shown in Figure 1.15, which can be clearly distinguished in unbiased electron density 

(Explained and shown in Figure S6.1 A and B).  

 

Overall, the binding of KIR2DL2 and KIR2DL3 to HLA-C*07:02-RL9 was reminiscent 

of that observed for other KIR2Ds in complex with HLA-C*03:04, HLA-C*04:01, HLA-

A*11, HLA-B*57, shown in Figure 1.17 (Fan et al., 2001, Boyington et al., 2000, Liu et 

al., 2014). That is, the two C-type immunoglobulin domains of the KIR2D, the D1, and 

D2, bind over the C-terminus of the α1 and N-terminus of the α2 helices of the HLA, 

respectively (Figures 2.9A and B). Nonetheless, significant differences in the 

juxtaposition of the D1 and D2 domains of KIR2DL2 and KIR2DL3 relative to the HLA 
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were observed. These differences likely underlie the different binding characteristics 

of the receptors. 

 

2.3.3 Comparison of KIR2DL2 in complex with HLA-C*03:02-GL9 and HLA-

C*07:02-RL9 

Comparison of the structure of KIR2DL2*001 in complex with HLA-C*07:02-RL9 with 

the previously determined structure of KIR2DL2 in complex with HLA-C*03:02-GL9 

(PDB accession code 1EFX (Boyington et al., 2000)), revealed a highly similar hinge 

angle for the receptor of 76.1° (KIR2DL2-HLA-C*07:02) and 77.7° (KIR2DL2-HLA-

C*03:02) (Figures 2.9C and D). Notably, the docking of KIR2DL2 on the two HLA 

alleles differed about the “twist” of the receptor by a twist of 5.2° for D1 domains and 

the twist of 9.8° for D2 domains (Figures 2.9C and D). This resulted in the D1 domain 

of KIR2DL2 receptor sitting more to the C-terminus of the peptide-binding groove of 

HLA-C*03:02. Consequently, whilst the buried surface area (B.S.A.) of the complexes 

was maintained (KIR2DL2-HLA-C*03:02 1630 Å2, KIR2DL2-HLA-C*07:02 1690 Å2) 

the contacts to the α1 and α2 helices, differed at a few key residues (Table 2.3). That 

is, on the α1 domain of the HLA there were additional contacts to Pro20 by the 

KIR2DL2 residue Phe45 and to Val76 by the KIR2DL2 residues Lys44 and Glu187 

(Figure S6.2). Similarly, there was an additional contact to the HLA-C*03:04 residue 

Arg75 by Asp72. Extra contacts to the D2 domain of HLA-C*07:02 were observed at 

positions Lys146 and Ala149 from the KIR2DL2 residues Glu187 and Tyr134, 

respectively (Figure S6.3). Thus, although the sequence of residues contacted by 

KIR2DL2 is conserved between HLA-C*03:04 and -C*07:02, distal polymorphisms 

nonetheless affects the nature of the HLA allele and influences the binding mode of 

the KIR2DL2 receptor.  
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Figure 2.9. Overall structures of KIR2DL2 and -L3 in complex with HLA-C*07:02.  
A and B. Comparison of KIR2DL2 binding to HLA-C*03:04 and HLA-C*07:02 and the hinge 
angle between the D1 and D2 domains. Cylinders represent each domain of KIR2DL2. C and 
D. Docking mode of the KIR2DL2 binding to HLA-C*03:04 and HLA-C*07:02 and the twist 
angle upon switching the HLA-C. Done by Shoeib Moradi at Prof. Rossjohn Laboratory, 
Monash University. 
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2.3.4 Comparison of HLA-C*03:02-GL9 and HLA-C*07:02-RL9 

To understand the structural variation between HLA-C*03:02-GL9 and HLA-C*07:02-

RL9, a comparison of the HLA was performed. Across the peptide-binding domains, 

the HLA had an r.m.s.d. of 0.90 Å (residues 1-177). The maximum displacement 

across the α1 and α2 helices was observed at the α2 helix linker (residues 144-153) 

that deviated ~2.7 Å (Figure 2.10). Indeed, comparison of available HLA-C structures 

(HLA-C*04:02 PDB codes 1IM9 (Fan et al., 2001) and1QQD (Fan and Wiley, 1999), 

HLA-C*08:01 PDB code 4NT6 (Choo et al., 2014)), showed that the deviation at the 

α2 linker was the most pronounced in HLA-C*07:02. In consequence, the peptide-

binding cleft was narrower in HLA-C*07:02 than observed in other HLA-C structures. 

Furthermore, this helical linker is the binding site of the D2 domain of KIR2DL2, with 

contact to HLA residues 145, 146 and 149-151 (Table 2.3). Thus, the different 

docking angles of KIR2DL2 on HLA-C*03:02 and HLA-C*07:02 (shown in Figure 2.9) 

likely reflect an accommodation of the D2 domain of the receptor to a structural 

variation on the α2 helix of HLA-C. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Comparison of HLA-Cs α2 helix in complex with KIRs.   
Comparison of crystal structures of HLA-C*03:04, HLA-C*04:02, HLA-C*07:02, and 
HLA-C*08:01 on the α2 helix. Done by Shoeib Moradi at Prof. Rossjohn Laboratory, 
Monash University. 
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2.3.5 Comparison of KIR2DL2 and KIR2DL3 in complex with HLA-C*07:02-RL9 

The KIR2DL2 and KIR2DL3 receptors adopted a similar conformation upon binding to 

HLA-C*07:02 with similar hinge angles of 77.7° and 77.1°, respectively. Further, the 

D1 and D2 domains aligned with an r.m.s.d. values of 0.45 Å (residues 1-102) and 

0.61 Å (residues 108-200), respectively. Yet, despite this structural similarity, the 

“twist” differs between the receptors by 13.3 for the D1 domains and 10.4 for the D2 

domains (Figures 2.11A and B). As a result, the KIR2DL3 receptor sits more to C-

terminus of the peptide-binding groove of the HLA.  

 

The net result of these differences in binding mode is that KIR2DL2 makes more 

extensive contacts than KIR2DL3 to the α1 and α2 helices and the peptide of the 

HLA-C*07:02-RL9 complex. The predominant differences in the D1 domain are at the 

E-F loop that shifted ~3.4 Å between the complexes (residues 68-73) (Figure S6.4). 

This enables additional contacts at positions Met70, Gln71 and Asp72 to Gln 72 on 

the α1 helix and between Gln71 and Asp72 (and Glu187 on the D2) to residue Val76 

on the α1 helix in the KIR2DL2 complex (Figure 2.12). There are also additional 

KIR2DL2 D1 contacts between the C-C’ loop residues Lys44 and Phe45 to Val76 and 

Pro20 respectively.  Similarly, across the D1/D2 hinge loop (residues 103 to 107) and 

the D2 domain, there are additional contacts made by KIR2DL2. For instance, the D1/ 

D2 hinge residue Glu106 makes an additional contact to Arg151 on the α2 helix. 

Further, residues Ser184 and Glu187 and Tyr134 on the KIR2DL2 D2 domain make 

additional contacts to Lys146 and Ala149 on the α2 helix, respectively. Common to 

the KIR2DL2 and -L3 complexes are peptide contacts to the P7 and P8 positions. 

However, KIR2DL2 makes an additional contact made between the P7-Leu and 

Leu104 on the D1/D2 hinge loop (Table 2.3) (Figure 2.12 and Figure S6.5). 

Accordingly, the B.S.A. of the KIR2DL3 complex (1560 Å2) is less than the KIR2DL2 

complex (1690 Å2). This difference in B.S.A. is mostly due to the footprint of the D1 

domain that buried ~20 % less surface area in KIR2DL3 than in KIR2DL2 and 

correlated with the ability of KIR2DL2 to functionally recognise a broader range of 

HLA-C1/C2 ligands. 
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The contribution of the D1 domain to the docking of KIR2DL3-HLA-C*07:02 complex 

more closely resembles that of the previously determined KIR2DL1-HLA-C*04:02 

complex (PDB code 1IM9 (Fan et al., 2001)) (Figure 2.11C and D). The KIR2D1 

complex had a similar B.S.A. to KIR2DL3 of 1520 Å2 and a relative twist of 3.6 

degrees on D1 and 0.8 degrees for D2 domains.  This suggested that the C-terminal 

binding of KIR2DL1 and KIR2DL3 was more characteristic of restricted HLA-C 

binding whilst the N-terminal docking observed in KIR2DL2 is characteristic of 

permissive HLA-C binding.  
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Figure 2.11. Docking mode of KIR2DL1, -L2, and -L3 in complex with HLA-Cs. 
Comparison of KIR2DL2 and KIR2DL3 bound to HLA-C*07:02 and the hinge angle between 
D1 and D2 domains. Cylinders represent the D1 and D2 domains. B. Docking mode of the 
KIR2DL2 binding to HLA-C*03:04 and HLA-C*07:02 and the twist angle between their domain 
upon binding to HLA-C. C. Comparison of KIR2DL1 and KIR2DL3 in complex with HLA-
C*04:01 and HLA-C*07:02, respectively. Cylinders represent each domain of KIR2DL2. D. 
Docking mode of the KIR2DL1 and KIR2DL3 binding to HLA-C*04:01 and HLA-C*07:02, 
respectively and the twist angle among their domains. Done by Shoeib Moradi at Prof. 
Rossjohn Laboratory, Monash University. 
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Figure 2.12. Footprints of KIR2DL2 and -L3 contacts on HLA-C*07:02.  
Footprints of the interaction generated from KIR2DL3 (A) and KIR2DL2 (B) at the surface of 
HLA-C*07:02 (C and D), respectively. Done by Shoeib Moradi at Prof. Rossjohn Laboratory, 
Monash University. 
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Table 2.2 Statistics data for KIR2DL2 and KIR2DL3 in complex with HLAC*07:02-RL9 

1 Rmerge = ∑hkl ∑j |Ihkl,j - < Ihkl > | / ∑hkl ∑j Ihkl,j.  2 Rfactor = ∑hkl Fo| - |Fc /∑hkl|Fo| for all data 
excluding the 5% that comprised the Rfree used for cross-validation. Fc,hkl and Fo,hkl are 
the calculated and observed amplitudes of the structure factor hkl, respectively. 5% of 
data was used for the Rfree calculation. Values in brackets refer to the highest 
resolution bin. Due to the radiation damage and/or poor quality of the crystals, Rmerge for 
KIR2Dl2 is relatively high. It also depends on multiplicity, however it evaluate data 
consistency and not quality of the reduced data (Diederichs and Karplus, 1997).  

Data collection statistics KIR2DL2                                          KIR2DL3 

Temperature (K) 100                                                   100 

X-ray source 
 

MX1                                                  MX1 
Australian Synchrotron                     Australian Synchrotron 
 

Space group P 1 21 1                                                  P 64 

Cell Dimensions (Å) a=68.565                                             a=111.855 
b=82.086                                             b=111.855 
c=104.887                                           c=87.994 
α= 90.00º                                             α=β=γ=90.00º 
β=90.119º 
γ=90.00º 
 

Resolution (Å) 32.32 – 3.01                                        32.57 - 2.501 
(3.117 – 3.01)                                      (2.591  - 2.501) 
 

Total no. observations 90401(8384)                                      131580(13083) 

No. unique observations 20697 (2015)                                     21403 (2136) 

Multiplicity 4.0 (3.8)                                             3.1 (3.0) 

Data completeness (%) 96.66 (90.54)                                     98.51 (98.75) 

I/I (Average) 4.6 (1.8)                                             14.2 (6.8) 

Rmerge1 (%)  0.24 (0.88)                                         0.055 (0.23) 

Refinement statistics  

Rfactor2 (%) 0.2501                                                0.2263 

Rfree (%) 0.2936                                                0.2565 

Non-hydrogen atoms 9022                                                   4517                                          

Macromolecules 9022                                                   4478 

Protein residues 1118                                                   553 

Water 0                                                         39 

r.m.s.d. from ideality  

Bond lengths (Å) 0.004                                                  0.003 

Bond angles (°) 0.85                                                    0.65 

Ramachandran plot  

Favoured regions (%) 95                                                       96 

Allowed regions (%) 
Outliers regions (%) 

4.53                                                    3.906 
0.47                                                    0.93 

B-factors (Å2) (Average) 46.40                                                  67.60 



 

85 

 
Table 2. 3 KIR2DLs residue contacts with HLA-C molecules 

HLA    KIR    
C3 C4 C7 (L2) C7 (L3) 2DL2 (C3) 2DL1 2DL2 (C7) 2DL3 
  Pro 20    Phe 45  
Arg 69 Arg 69 Arg 69 Arg 69 Glu 21 Arg 68 Glu 21 Glu 21 
    Met 70  Met 70 Met 70 
Gln 72 Gln 72 Gln 72  Met 70 Arg 68 Met 70  
    Asp 72  Gln 71  
      Asp 72  
Arg 75 Arg 75 Arg 75 Arg 75 Phe 45 Phe 45 Phe 45 Phe 45 
    Asp 72   Asp 72 
Val 76 Val 76 Val 76 Val 76 Phe 45 Met 44 Lys 44 Phe 45 
    Gln 71 Phe 45 Phe 45  
    Asp 72 Asp 72 Gln 71  
      Asp 72  
      Glu 187  
Arg 79 Arg 79 Arg 79 Arg 79 Lys 44 Met 44 Lys 44 Lys 44 
    Phe 45 Phe 45 Phe 45 Phe 45 
Asn 80 Lys 80 Asn 80 Asn 80 Lys 44 Met 44 Lys 44 Lys 44 
    Ser 184 Gln 71 Ser 184  
     Ser184   
     Glu187   
Tyr 84 Tyr 84 Tyr 84 Tyr 84 Asp 183 Asp183 Asp183 Asp 183 
   Ile 142    Asp 183 
Arg 145 Arg 145 Arg145 Arg 145 Ser 133 Ser133 Ser 133 Ser  133 
    Asp 135 Asp135 Asp135 Asp 135 
       Phe 181 
Lys 146 Lys 146 Lys146 Lys 146 Tyr 105 Tyr 105 Tyr 105 Tyr 105 
    Phe 181 Phe181 Phe 181 Phe 181 
    Asp 183 Asp183 Asp 183 Asp 183 
    Ser 184 Ser184 Ser  184  
      Glu 187  
Ala 149 Ala 149 Ala149 Ala 149 Tyr 105 Tyr 105 Tyr 105 Tyr 105 
    Glu 106 Glu106 Glu 106 Glu 106 
    Ser 132 Ser132 Ser 132 Ser 132 
     Tyr 134 Tyr 134 Phe 181 
      Phe 181  
Ala 150 Ala 150 Ala150 Ala 150 Leu 104 Leu104 Leu 104 Leu 104 
    Tyr 105  Tyr 105 Tyr 105 
Arg 151 Arg 151 Arg151  Glu 106 Glu106 Glu 106  
Peptide        
Leu 7  Val 7 Val 7 Gln 71  Gln 71 Leu 104 
    Leu 104  Leu 104  
    Tyr 105    
Ala 8 Lys 8 Ala 8 Ala 8 Gln71 Gln 71 Gln 71 Gln 71 

  Blue colors indicate salt bridge interactions. *Cut-offs for these interatomic contacts are set at 3.8 Ang 
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2.3.6 Direct binding studies suggest HLA-C*07:02 is superior to HLA-C*03:04 as 

a ligand for KIR2DL2 and -L3 

The interactions between KIR2DL1, KIR2DL2, and KIR2DL3 and a series of KIR 

mutants in each (Table 2.1) with their respective HLA-C ligands are evaluated and 

compared to each other. The HLA-C allotypes chosen were the C1 allotype HLA-

C*03:04 and the C2 allotype HLA-C*04:02, for which structural information was 

available, the canonical C2 allotype HLA-C*06:02 to investigate KIR2DL2 cross-

reactivity, and the C1 allotype HLA-C*07:02, a widely distributed allotype across 

populations and typically found in most cohorts studied to date in frequencies above 

0.15. While HLA-C*03:04, HLA-C*04:02, and HLA-C*07:02 tetramers bound to their 

respective wild type KIR receptors, the patterns of reactivity with transfectants 

expressing matched levels of mutant varied markedly at a number of positions. 

Specifically, the binding of KIR2DL1 to HLA-C*04:02, KIR2DL2 to HLA-C*03:04 and -

C*07:02 and the binding of KIR2DL3 to HLA-C*07:02 showed similar patterns of 

contact residue dependence (Figure 2.13, 2.14 and 2.15). Of these, mutation of 

residues Phe45, Leu104, Asp135, and Asp183 abrogated binding of HLA-C*03:04 

tetramers. However, these mutations had much more effect on the binding of HLA-

C*07:02 tetramers to KIR2DL2 and -L3.  We hypothesized that this altered binding 

pattern may be attributable to differences in the affinity of the HLA-C*03:04 complex 

for KIR2DL2 and -L3 relative to that of HLA-C*07:02. Comparisons of tetramer 

preparations with a similar capacity to bind cells expressing the pan-HLA-I-reactive 

receptor leukocyte immunoglobulin-like receptor (LILR) B1, showed preferential 

binding of HLA-C*07:02 (Figure 2.16) and SPR analysis also showed that the 

interaction of KIR2DL2 with HLA-C*07:02 was considerably stronger than that with 

HLA-C*03:04 (Unpublished data from Prof. Brooks laboratory, Melbourne University, 

done by Dr. Lucy Sullivan). While we and others have published that KIRs recognition 

of HLA-I can be peptide dependent, the differences in both overall reactivity and 

tolerance of mutations suggested that while both HLA-C*03:04 and HLA-C*07:02 are 

ligands for KIR2DL2 and -L3, HLA-C*07:02 may be a functionally superior ligand. 
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Figure 2.13 Interactions between KIR2DL1 and KIR2DL2 mutants and HLA-C*04:01 and 
C*03:04. Binding of KIR2DL1 and KIR2DL2 and respective mutants to tetramers of HLA-
C*04:01 and C*03:04, respectively. Data was collected and analysed by Dr. Geraldin O' 
Connor at Prof. Brooks laboratory, Melbourne University. The standard error of the mean 
(SEM) was used as the assay was three independent experiments. * QL9: QYDDAVYKL.  
 
*Percentage tetramer positive: Of the KIR expressing (FLAG positive) cells, what percentage 
are tetramer positive. MFI Tetramer positive: Of the KIR expressing (FLAG positive) cells, the 
mean fluorescent intensity of fluorescence in the tetramer channel. 
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Figure 2.14 Interactions between KIR2DL2 and HLA-C*07:02. Binding of KIR2DL2 and its 
respective mutants to tetramers of HLA-C*07:02. Data was collected and analysed by Dr. 
Geraldin O' Connor at Prof. Brooks laboratory, Melbourne University. The standard error of 
the mean (SEM) was used as the assay was three independent experiments.  
 
*Percentage tetramer positive: Of the KIR expressing (FLAG positive) cells, what percentage 
are tetramer positive. MFI Tetramer positive: Of the KIR expressing (FLAG positive) cells, the 
mean fluorescent intensity of fluorescence in the tetramer channel. 
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Figure 2.15. Interactions between KIR2DL3 mutants and HLA-C*03:04 and -C*07:02.  
A. Binding of KIR2DL3 and its respective mutants to tetramers of HLA-C*03:04 and HLA-
C*07:02. B. The percentage of tetramer binding of KIR2DL3 and its mutants to HLA-C*03:04 
and HLA-C*07:02. The standard error of the mean (SEM) was used as the assay was three 
independent experiments. This assay was performed at Prof. Brooks laboratory at Melbourne 
University by Shoeib Moradi and supervision of Dr. Geraldin O' Connor. Data was analyzed 
by Shoeib Moradi at Prof. Rossjohn Laboratory, Monash University. *MFI: Mean fluorescence 
intensity. *Percentage tetramer positive: Of the KIR expressing (FLAG positive) cells, what 
percentage are tetramer positive. MFI Tetramer positive: Of the KIR expressing (FLAG 
positive) cells, the mean fluorescent intensity of fluorescence in the tetramer channel. 
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Figure 2.16. Comparison of KIR2DL2 binding to tetramers.  

Comparisons of tetramer preparations with a similar capacity to bind cells expressing the 
pan-HLA-I-reactive receptor leukocyte immunoglobulin-like receptor (LILR) B1, HLA-C*03:04 
and HLA-C*07:02. Data was collected and analysed by Dr. Geraldin O' Connor at Prof. 
Brooks laboratory, Melbourne University. *Percentage tetramer positive: Of the KIR 
expressing (FLAG positive) cells, what percentage are tetramer positive. MFI Tetramer 
positive: Of the KIR expressing (FLAG positive) cells, the mean fluorescent intensity of 
fluorescence in the tetramer channel. 
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2.3.7 Single-antigen bead binding highlights the distinct characteristics of HLA-

C*07:02 recognition by KIR2DL2   

To investigate the relative contribution of individual residues of KIR2DL2 on the 

recognition of HLA-C1 group members, soluble KIR2DL2 mutants were produced and 

used to create fluorescently labeled tetramers. These KIR2DL2 tetramers were then 

assessed for their ability to bind a panel of bead-bound HLA-C1 molecules presenting 

a broad repertoire of peptides. Wild-type KIR2DL2 bound most of the HLA-C1 

molecules with similar avidity, with the exception being alleles -C*14:02 and -C*12:03 

for which recognition was relatively poor (Figure 2.17). Similarly, Ala mutations of 

KIR2DL2 consistently attenuated binding across the HLA-C1 alleles with the clear 

exception of HLA-C*07:02 (Figure 2.17). That is, binding to HLA-C*07:02 was 

relatively insensitive to a mutation in KIR2DL2, as Ala substitutions at positions Gln71 

and Ser133, resulting in increased avidity and substitutions at positions Phe45 and 

Asp183 exhibiting reduced attenuation (Figure 2.18). Accordingly, as these results 

are independent of the peptide, the intrinsic differences in the HLA-C1 heavy chains 

modulate KIR2DL2 recognition with HLA-C*07:02 being the most “robust” ligand. Raw 

data are shown in Figures 6S.6, 6S.7 and 6S.8.  
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Figure 2.17. Single-antigen bead binding of KIR2DL2.  

Binding of KIR2DL2 and its respective mutants to a panel of HLA class I molecules. The 

standard error of the mean (SEM) was used as the assay was three independent 

experiments. This assay was performed by Dr. Phillip Pymm at Prof. Rossjohn Laboratory, 

Monash University. Data was collected and analysed by Dr. Phillip Pymm. Raw data are 

shown in Figures S6.6, S6.7, and S6.8). 
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Figure 2.18. Comparison of KIR2DL2 binding to HLA-C1 and -C2 molecules.  

Comparison of wildtype KIR2DL2 and mutants which are crucial for the formation of the 

complex with HLA-C*03:04 and -*C07:02 including F45A, Q71A, S133, D135A, D183A.This 

assay was performed by Dr. Phillip Pymm from Prof. Rossjohn Laboratory, Monash 

University. Data was collected and analysed by Dr. Phillip Pymm. 
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2.4 Discussion 

Sensing the HLA class I molecules on the surface of the target cells by receptors, 

which are located on the surface of NK cells plays a crucial role in immunity. 

Recognition of HLA class I molecules by KIRs could be considered as one major 

phase in the “education” of NK cells. During the process of education, by 

distinguishing the HLA class I molecules, KIRs can introduce a level at which NK cells 

can be activated. Genes related to the expression of KIR2DL1, -L2 and -L3 are 

evolutionary segregated from each other, which means that these proteins are highly 

similar to each other. Still, despite the high degree of similarity, KIR2DL1 only 

recognizes HLA-C2 and KIR2DL3 senses HLA-C1. Dissimilar from them, KIR2DL2 

not only interacts with HLA-C1, but it also recognizes HLA-C2 molecules. 

Interestingly, among alleles of KIR2DL1, -L2 and -L3, some alleles can disturb the 

conventional pattern of HLA-C1 and -C2 recognition by KIR2DL1, -L2 and -L3. That 

is, instead of binding to HLA-C1 they bind to HLA-C2 and vice versa. For example, 

KIR2DL1*022, instead of binding to HLA-C2 interacts with HLA-C1, and 

KIR2DL3*007 shows significant affinity of binding to HLA-C2 molecules (Frazier et al., 

2013, Moesta et al., 2008, Saunders et al., 2016, Hilton et al., 2015), which may 

consequently lead to different functional activity. Before characterizing the crystal 

structures of KIR2DL2 and KIR2DL3 in complex with HLA-C*07:02 bound to RL9 

peptide, other groups have suggested that the differences between KIR2DL2 and -L3 

in recognition of HLA-C1 and -C2 specificity rises from dissimilarities that they share 

in the hinge angle among D1 and D2 domain which was concluded based on 

molecular modelling experiments (Frazier et al., 2013, Saunders et al., 2016).  

Nevertheless, in the present study, I was able to show that KIR2DL2 and -L3 share 

same hinge angle and instead they differ in the docking mode of their D1 and D2 

domains interaction on HLA-C molecules and may be related to the different species 

specificity of KIR2DL2 and -L3.  

 

Recognition of HLA class I molecules by KIRs have a critical impact on the outcome 

of transplantation. Although it is not clear that contribution of what type of KIR/HLA 

molecule results in an enhanced treatment, recent studies have shown that gene 



 

95 

expression of certain types of KIRs can effect on expression of other KIRs in different 

haplotypes. For example, it has been shown that in haplotypes of KIR, expression of 

KIR2DL1 is inhibited in the presence of KIR2DL2 expression. However, in haplotypes 

of KIR missing the expression of KIR2DL2, the expression of KIR2DL1 and KIR2DL3 

remains intact (Schonberg et al., 2011). This may provide clues for designing new 

strategies for improvement of transplantation treatment, by choosing a right KIR/HLA 

combination.  

  

By solving the crystal structures of KIR2DL2 and KIR2DL3, in complex with HLA-

C*07:02, I revealed that their D1-D2 domains dock differently upon interaction with 

HAL-C*07:02. I was able to show that α1 domain of HLA-C1 shows the majority of the 

differences in the docking mode of such interactions. I could also find that the buried 

surface area for KIR2DL2 bound to HLA-C*07:02 is higher than that of KIR2DL3. My 

investigations indicate that the D1 domain of KIR2DL2 and KIR2DL3 as well as α1 

domain of HLA-C1 and -C2 are involved in dictating the docking mode of the 

interaction.  
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3 Chapter 3 
 
Chapter 3 covers the second aim of my thesis, which is the structural and functional 

characterization of KIR2DL4. KIR2DL4 is different from other KIRs (except KIR2DL5) 

regarding the extracellular domains arrangement. Instead of having a D1-D2 domain 

arrangement, it includes D0-D2 domain arrangement and the D0 domain resembles 

D0 domain of KIR3D. Unlike other KIRs having only inhibitory or activating signalling 

domain, KIR2DL4 appear to be unique, as it contains both activating and inhibitory 

signalling domains. Being equipped with inhibitory and activating signalling domains, 

KIR2DL4 may be able to display unique function(s) compared to other KIRs.  

 

In chapter 3, I present the crystal structure of the D0-D2 domains of KIR2DL4 to the 

resolution of 2.8 Å. As the crystal lattice showed atypical domain arrangements of 

KIR2DL4 D0-D2 domains, I further characterized the structure of the extracellular 

domains of KIR2DL4 by means of analytical gel filtration, analytical ultracentrifugation 

(AUC), small-angle X-ray scattering (SAXS) and multi angle light scattering (MALS). 

Complementary experiments indicated that KIR2DL4 oligomerizes via its D0 domain 

and it resides in the equilibrium of dimer: tetramer. I further found that the 

oligomerization of KIR2DL4 takes place in a concentration dependent manner. 

Overall, I found that domain arrangement of KIR2DL4 is unique among KIRs and 

based on the location of its D0 domain in the tetramer, it is less likely that it binds to 

HLA molecules in a manner that other KIRs interact. Indeed, I found no direct 

interaction between KIR2DL4 and HLA molecules via binding experiments including 

SPR, SAXS, and LUMINEX. My findings suggest that function of KIR2DL4 may not 

follow the conventional HLA molecules binding of other KIR family and its function 

might be controlled by the dimer-tetramer self-association property.  
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4 Chapter 4: Discussion 
4.1 Overview of discussion: 
4.1.1 KIR2DL1, -L2, and -L3: the devil is in the details  
 

Despite the sequence similarity between KIR2DL1, -L2, and -L3 they nonetheless 

differ in many aspects. For example, KIR2DL1 is reported to be specific for HLA-C2, 

KIR2DL3 specifically interacts with HLA-C1, and KIR2DL2 that has evolved as a 

recombinant of KIR2DL1 and -L3, associated predominantly with HLA-C1 but shows 

functional cross-reactivity with HLA-C2. Further to this, their signaling capacity differs 

with KIR2DL1 stronger than KIR2DL2 that in turn is stronger than KIR2DL3. 

Accordingly, there is a hierarchy of specificity KIR2DL1>KIR2DL3>KIR2DL2 and 

functional output KIR2DL1>KIR2DL2>KIR2DL3. The structural bases of these 

differences were unresolved.  

 

In determining the crystal structures of KIR2DL2 and -L3, in complex with HLA-

C*07:02, I demonstrated that the docking of KIR2DL2 and KIR2DL3 is different. 

These differences mapped to the α1 domain of HLA-C1. My findings indicate that the 

buried surface area of the interaction for KIR2DL2 is higher than that of KIR2DL3. I 

also found that the D1 domain of KIR2DL2 and -L3, as well as the α1 domain of HLA-

C1 and -C2 determine the docking mode of the interaction. This observation 

correlates with the cross-reactivity of KIR2DL2 and goes some way to explaining the 

functional differences observed between KIR2DL receptors. 

 

4.1.2 KIRDL4: an unusual KIR receptor  
 
KIR2DL4 is a member of KIR2DL subgroup, yet does not comprise a D1-D2 domain 

arrangement, but instead, has a D0-D2 domain arrangement. Investigations into 

identifying the ligand for KIR2DL4 led to the suggestion that KIR2DL4 interacts with 

HLA-G. However, in this study, and from reports from other groups, there was no 

evidence by direct binding methods of interaction with HLA-G. By characterizing the 

structural features of KIR2DL4, I showed that KIR2DL4 is an atypical member of the 

KIR2DL family and unlike other members of this family, it oligomerizes and exists in 

an equilibrium between dimeric and tetrameric states. This unique feature of KIR2DL4 
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indicates that in solution its structure is significantly different from other members of 

KIR family and it does not follow the conventional pattern of KIRs binding to HLA 

class I molecules.  

 

4.2 Structural basis of the allelic differences between KIR2DL2 and KIR2DL3 
and its impact on recognition of HLA-C07:02  
 

4.2.1 Link between KIRs and diseases 
 
Numerous studies on NK cells and their involvement in protection against viral 

infections and diseases such as HIV (Khakoo et al., 2004), and HSCT (Ruggeri et al., 

2002) highlight the key role of KIRs and their reactive HLA class I ligands in immunity 

and the health of human beings (reviewed in (Moesta and Parham, 2012)). It has 

been shown that homozygosity or heterozygosity for KIRs haplotype A or B is linked 

to different diseases such as HIV infection, hepatitis C, auto-immune diseases, 

preeclampsia and miscarriage (Boyton and Altmann, 2007, Rajagopalan and Long, 

2005, Trowsdale and Moffett, 2008, Vivier and Romagne, 2007). Despite this link, the 

mechanistic details underpinning these associations and different disease outcomes 

remain to be fully elucidated. For instance, genetic studies demonstrate that, despite 

their high degree of similarity, KIR2DL2 and KIR2DL3 are associated with different 

disease outcomes. That is, the expression of KIR2DL3 against HLA-C1 allelic 

background has been observed to be protective in the context of HCV infection, yet 

KIR2DL2 expression was not protective (Khakoo et al., 2004, Romero et al., 2008). 

Similarly, KIR2DL3 was observed to be protective in chronic hepatitis B infection (Gao 

et al., 2010). 

 

4.2.2 KIR2DL2 and KIR2DL3 dock differently to HLA-C7 
 
In determining the crystal structures of KIR2DL2 and KIR2DL3 in complex with the 

same HLA class I ligand, HLA-C*07:02, I was able to provide a structural perspective 

to understand the disparate functional activity of KIR2DL2 and KIR2DL3. Previous 

reports had speculated that the differences in binding affinity of KIR2DL2/L3 to group 

1 HLA-C was due to differences in their D1-D2 hinge angle (Frazier et al., 2013). 
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Contrary to this, my data revealed that KIR2DL2 and -L3 display the same hinge 

angle in complex with HLA-C*07:02. The predominant structural difference was 

instead the “twist” of the receptor upon the HLA, indicating that they differ in the 

binding of the D1 domain to the α1 domain of HLA-C*07:02. As a result, there were 

more contacts from residues in the D1 domain of KIR2DL2 with the α1 domain of 

HLA-C*07:02. I speculate that due to the existence of more contacts made by 

KIR2DL2 on top of HLA-C*07:02 compared to that of KIR2DL3, KIR2DL2/ HLA-

C*07:02 association results in the production of stronger inhibitory signal compared to 

the association of KIR2DL3/ HLA-C*07:02. This speculation could be tested for other 

alleles of HLA-C in the presence of KIR2DL2 and -L3, to monitor the level of inhibitory 

signal that they produce. Further investigation on the molecular basis of the 

interaction between KIR2DL2 and -L3 and a panel of other alleles of HLA-C 

molecules at the structural level will help to further compare between their structural 

differences and the biological function of their association. 

 

4.2.3 KIR2DL3 is more sensitive to alteration of peptide content compared to 
KIR2DL2 
 
Individuals with different KIRs genotypes have dissimilar responses against 

alterations in the peptide repertoire bound to HLA class I. Variations in response to 

the peptide content of HLA class I might be a clue to the protective effects of 

dissimilar KIR genes against pathogen infection and their related disease (Cassidy et 

al., 2015). For example, functional studies by Khakoo et al. revealed that NK cells 

with homozygosity of KIR2DL3 were more sensitive to alteration in HLA class I 

peptide repertoire than KIR2DL2. 

 

Indeed, in the complexes between KIR2DL2/L3 and HLA-C*07:02, I showed that 

KIR2DL2 generates more contacts with the RL9 peptide derived from histone H3 

(residues 40-48, RYRPGTVAL), bound to HLA-C*07:02. Accordingly, I speculate that 

the functional differences that have been observed for peptide repertoire are due to 

the differences in the docking between the KIR2DL2 and KIR2DL3 receptors which 

may consequently result in the production of weak or stronger inhibitory signals. 
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4.2.4 KIR2DL2 and –L3, show similar binding affinity to HLA-C*07:02-RL9 
 
In order to monitor the avidity of binding for KIR2DL2 and -L3 against HLA-C*07:02, I 

conducted SPR experiments. Interestingly, I observed that via this setup, KIR2DL2 

and -L3 have a similar binding affinity to HLA-C*07:02 loaded with the RL9 peptide. 

Others have reported differences in binding avidity between KIR2DL2 and -L3 with 

HLA-C1 ligands (Frazier et al., 2013). This may be due to the limited scope of my 

study that focused on one allele of group 1 HLA-C, as well as using only one peptide.  

 

4.2.5 Impact of residue at position 70 of D1 on docking and avidity of KIR2DL1, -
L2 and -L3 to HLA-C 
 
Residue 44 of KIR2DL1, -L2 and -L3, located on the D1 domain, determines the 

specificity of binding to HLA-C1 and HLA-C2. However, there are other residues 

within KIR2DL1, -L2 and -L3 that are crucial for binding to their cognate HLA-C 

ligands. It has been reported that the main residue involved in increasing the affinity 

of binding for KIR2DL3 and KIR2DL1 to HLA-C molecules is residue 70; methionine 

70 for KIR2DL3 and threonine 70 for KIR2DL1. A notable difference between 

KIR2DL2 and KIR2DL1 in complex with HLA-C is the formation of a hydrophobic 

bond between methionine 70 of KIR2DL2 and arginine 69 of HLA-C*03:04. This direct 

contact does not form between threonine 70 of KIR2DL1 and HLA-C*04:01 

(Boyington et al., 2000, Fan et al., 2001). Methionine 70 of KIR2DL2 also generates 

contacts with glutamine 72 of HLA-C*03:04, yet the equivalent contact to threonine 70 

of KIR2DL1 is not formed (Boyington et al., 2000, Fan et al., 2001). I observed in the 

crystal structure of KIR2DL3 in complex with HLA-07:02 that methionine 70 of 

KIR2DL3 forms no contact with glutamine 72 of HLA-C*07:02, yet retains binding to 

arginine 69 of HLA-C*07:02. I speculate that the differences in the contacts produced 

by methionine 70 for KIR2DL2 and -L3 are linked to the selection of their docking 

mode upon interaction with HLA-C ligands. Indeed, the docking of KIR2DL3 more 

closely resembles that of KIR2DL1.  
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4.2.6 Different docking of KIR2DL2 and -L3 to HLA-A molecules 
 
Changes in the residues located at position 44 for KIR2DL2 or at position 71 and 131 

of KIR2DL3 results in their binding to HLA-A*03 and HLA-A*11. Hilton et al. showed 

that replacement of glutamine 71 with proline or mutation of arginine 131 to glutamine 

confers reactivity of KIR2DL3 to HLA-A*11:02 (Hilton et al., 2012). Others have also 

reported very weak inhibition of KIR3DL2 with HLA-A*03 and HLA-A*11 (Valiante et 

al., 1997), although it has been shown that this binding does not provide any 

“education” of NK cells (Andersson et al., 2009, Yawata et al., 2008).  

 

 

4.3 A structural view of the impact of allelic KIR2DL polymorphism on 
recognition of HLA-C1 and -C2 
 

4.3.1 KIR2DL3*005 is similar to KIR2DL2 alleles 
 
Binding studies via single-antigen bead array (Luminex) indicate that unlike other 

alleles of KIR2DL3, KIR2DL3*005 resembles other alleles of KIR2DL2 (Frazier et al., 

2013). This data was supported by other functional data including inhibition of INF-γ 

production. Although based on molecular modeling, it was suggested that this 

difference arises from differences in the hinge angles for KIR2DL3 allotypes; 

however, my structural determination for KIR2DL2 and -L3 bound to HLA-C1 

indicates that they have similar hinge angles and in fact differ in their “twist”. I 

speculate that the docking of KIR2DL3*005 on HLA-C1 and -C2 is similar to 

KIR2DL2. That is, KIR2DL3*005 has the same hinge-angle as other KIR2DL2 and -L3 

but the “twist” of KIR2DL2. This hypothesis requires the crystal structures of 

KIR2DL3*005 complex bound to HLA-C1 and -C2 ligands for further support. Figure 

1.15.A shows the location of polymorphic sites of KIR2DL3*005 at positions 11 and 

50, which are distal from its binding interface area and may be involved in the 

alteration of the docking of the D1 domain of KIR2DL3*005. This, likely affects the 

dynamics of the D1 domain and mimics the docking of the D1 domain of KIR2DL2.  
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4.3.2 KIR2DL3*005 and -L3*015 are different from other alleles of KIR2DL3 
 
Observations by Falco et al. further emphasize the evidence of structural differences 

among alleles of KIR2DL3. They reported that two alleles of KIR2DL3, KIR2DL3*005 

and -L3*015 have no binding to ECm41, a mono-clonal antibody specifically raised 

against KIR2DL3. Interestingly, they detected binding of KIR2DL3*005 and -L3*015 to 

EB6B and 11PB6, mono-clonal antibodies specific for binding to KIR2DL1 and 

KIR2DS1 (Falco et al., 2010). It was revealed that glutamic acid 35/arginine 50, and 

glutamine 35 are crucial for binding of KIR2DL3*005 to EB6B/11PB6 and ECM41 

mAb, respectively (Falco et al., 2010). In summary, the structural differences among 

KIR2DL alleles correlate with their functional differences. Beyond this, differences at 

the allotypic level need to be further explored and cross-referenced with NK cell 

repertoire and functional definitions of KIR subsets to further understand the role of 

allotype variation in disease outcome. 

 

4.3.3 Impact of HLA-C1 and -C2 on the docking of KIR2DLs 
4.3.3.1 KIR2DL2 docks differently on top of HLA-C*07 and -C*03 
 
By comparing the crystal structure of KIR2DL2 bound to HLA-C*07:02 with the 

previously reported structure of KIR2DL2 in complex with HLA-C*03:02, the degree to 

which the differences in KIR2DL2 docking were due to the structural variation 

between their respective HLA-C1 ligands, was observed. Structural analysis revealed 

the existence of different docking angles of KIR2DL2 on HLA-C*03:02 and HLA-

C*07:02 which indicated the effect of different HLA-C1 alleles to the accommodation 

of the D1 and D2 domains.  

 

 

4.3.3.2 Alleles of HLA-C show different sensitivity of binding to KIR2DL2 and -
L3. 
 
Functional in vivo studies of mutants of KIR2DL2 and KIR2DL3 binding HLA-C*03:02 

and HLA-C*07:02 highlights the impact of different HLA-C alleles on the binding. I 

showed that mutation of lysine 44 which has been shown to determine the specificity 

of KIR2DL3 binding to HLA-C molecules, did not prevent binding of KIR2DL3 to HLA-
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C*07:02 or HLA-C*03:04. However, the result of a mutation in position 45 of KIR2DL3 

to binding HLA-C*07:02 and HLA-C*03:04 was significantly different. Differences 

were also detected by mutating leucine 104 to alanine that is located at hinge loop of 

KIR2DL3. No binding was observed for HLA-C*03:04 to KIR2DL3 L104A but binding 

of HLA-C*07:02 to KIR2DL3 L104A was detected. Taken together, these data 

indicate that different alleles of HLA-C respond differently to alteration in the 

sequence of KIR2DL3 and that binding to HLA-C*03:04 is more sensitive to 

substitution than binding to HLA-C*07:02. This can be explored further by monitoring 

the interaction of KIR2DL2 and -L3 and their respective mutants to a broader panel of 

other alleles of HLA-C. The result will further help to understand if KIR2DL2 and -L3 

receive different responses from the entire alleles of HLA-C or there are only limited 

number of HLA-C alleles which are sensitive to alteration in the sequence of KIR2DL2 

and -L3. As a result, new strategies can be applied to engineer new NK cell lines in 

order to overcome the transplantation rejection and curing infectious diseases.   

 

4.4 KIR haplotypes and their impact on recognition of HLA-C by KIR2DLs  
4.4.1 KIR2DL2 expression suppresses the expression of KIR2DL1 
 
Genetic diversity of KIR haplotypes is an important element that affects the function of 

HLA-C-specific NK cell repertoires. Recently, it has been shown that in haplotype 

group B of KIRs, the function and frequency of expression of KIR2DL1 is suppressed 

as a result of the expression of KIR2DL2 (Schonberg et al., 2011). This is in contrast 

to KIR2DL1 expression in haplotype A where the presence of KIR2DL3 does not 

affect the level of expression of KIR2DL1. It was also shown that the expression of 

KIR2DL2 does not interfere with expression of KIR2DS1. These observations 

potentially explain why homozygosity and heterozygosity of either KIR2DL2 or 

KIR2DL3 are associated with different disease outcome.  
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4.4.2 KIR2DL2 may have evolved to supplement -L1 and -L3 under pressure 
from pathogens  
 
KIR2DL1 and KIR2DL3 are highly restricted for binding to HLA-C2 and -C1, 

respectively, whereas KIR2DL2 is less specific and interacts with both HLA-C1 and -

C2. This may explain why the majority of haplotype B include KIR2DL2, instead of 

KIR2DL3 and suppress the expression of KIR2DL1. I speculate that during evolution, 

KIR2DL2 has emerged to produce overlapping yet different responses against 

pathogens via interaction with both HLA-C1 and -C2.  

 

4.5 KIR2DL4: different from other two domain KIRs 

Unlike other KIR2D receptors that have D1 and D2 domain arrangement, KIR2DL4 

consist of a D0 and D2 domain. The D0 domain is similar to that of the lineage II KIRs 

(KIR3Ds). I found that the D0 domain served as the oligomerization site of KIR2DL4. I 

showed that the structure of KIR2DL4 is markedly different from other members of 

KIR2Ds. Although the monomeric structure of KIR2DL4 resembles other members of 

KIR2D family, I revealed that KIR2DL4 oligomerizes in a concentration-dependent 

manner. In the crystal lattice, KIR2DL4 exists as a tetramer and this oligomerization 

state was confirmed by SAXS, MALS, and analytical ultracentrifugation. 

 

4.5.1 Other KIRs with D0 domain show no oligomerization 

The structure of the KIR3DL1 in complex with HLA-B*57 revealed that its D0 domain 

is involved in making key conserved contacts with HLA-B*57, that are crucial for the 

formation of the complex (Vivian et al., 2011) and not in the oligomerization of the 

receptor. This observation suggested that HLA may be a ligand for KIR2DL4. Indeed, 

it has been reported that HLA-G acts as a ligand for KIR2DL4 (Rajagopalan et al., 

2006, Rajagopalan and Long, 1999, Rajagopalan, 2010). Whether HLA-G is, in fact, a 

ligand for KIR2DL4 is disputed in the literature with cellular assays using confocal 

microscopy and flow cytometry techniques reporting an interaction (Rajagopalan et 

al., 2006, Rajagopalan and Long, 1999), whilst direct binding techniques such as 

SPR, ELISA, and flow cytometry observing no interaction (Boyson et al., 2002, Le 

Page et al., 2014). Certainly, my studies using SPR, SAXS and single-antigen bead 
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binding techniques, were unable to detect any interaction between KIR2DL4 and 

HLA-G or any other HLA molecule tested. (Boyson et al., 2002, Le Page et al., 2014). 

Modelling of the potential KIR2DL4-HLA complexes suggests that due to the 

oligomerization of KIR2DL4, the D0 domain is no longer accessible for interaction 

with HLA in a manner like that observed for the D0 domain of KIR3DL1 or the D1 

domain of KIR2DL1/2/3 (Boyington et al., 2000, Fan et al., 2001, Vivian et al., 2011). 

The caveats of this model are: (i) KIR2DL4 may be a functional monomer and/or 

dimer in vivo. (ii) KIR2DL4 may bind HLA in a manner not previously observed for KIR 

receptors. (iii) The interaction of KIR2DL4 and HLA may require the presence of other 

factors such as adaptor proteins which were missing in my experiments. (iv) The 

affinity of the interaction may be too weak to be detectable by the methods I 

employed.  

 

4.5.2 Other examples of oligomeric proteins 

Like other multimeric proteins that signal through their oligomerization state, the 

oligomerization of KIR2DL4 may be related to its signal transduction, and the 

tetramer/dimer status of KIR2DL4 might act as on/off switch for its function. It is 

possible that KIR2DL4 is active as a dimer and could interact with its unknown ligand 

in this state, whereas the tetramer of KIR2DL4 is its inactive form or vice versa. At 

lower concentrations, KIR2DL4 is detected to be in its monomeric state. Thus, it is 

possible that at low concentration at the cell surface, KIR2DL4 is monomeric, and 

oligomerizes when it is relocated to the endosome or bound to its unknown ligand 

(Rajagopalan, 2010).  

 

KIR2DL4 oligomerization might be related to its activation/inhibition or 

association/disassociation with yet to be identified ligand, like what is observed for 

Src homology 2-B (SH2-B) protein (Qian and Ginty, 2001). It has been reported that 

SH2-B multimerization is crucial for nerve growth factor signaling (Qian and Ginty, 

2001). Others have shown that formation of Hedgehog multimeric protein complex is 

a prerequisite for activation of its signaling and has a key role in embryonic 

development (Chen et al., 2004). Whether KIR2DL4 signaling is controlled via its 
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oligomerization is a question that remains unanswered, and further investigation is 

required. Regarding further investigation, I suggest designing mutants of KIR2DL4 

lacking to form a tetrameric state. By site direct mutagenesis and alteration in amino 

acid residues crucial for tetramerization of KIR2DL4 in order to establish mutants of 

KIR2DL4 which can only form monomer and/or dimer. These mutants would help 

further to investigate if KIR2DL4 may interact with its unknown ligand as 

monomer/dimer. Investigation on cell signaling of KIR2DL4 mutants unable of 

oligomerization will help to address if KIR2DL4 oligomerization has a direct impact on 

its signaling. It should also be noted that the exact physiological function and 

signaling of KIR2DL4 cannot be precisely investigated unless its exact ligand(s) is 

discovered.  

 

It was reported that the KIR2DL4 mediated responses are modulated by heparin 

sulfate and positively charged patch of the D0 domain of KIR2DL4 interacts with the 

negatively charged heparin sulfate (Brusilovsky et al., 2013). Further investigations 

are required to address whether KIR2DL4/heparin sulfate interaction may have 

influence on the oligomerization state of KIR2DL4. Whether heparin sulfate acts as an 

intermediate to facilitate access of potential ligand(s) of KIR2DL4 to its binding site 

needs to be investigated further (Brusilovsky et al., 2014).  

 

4.6 Conclusion 

In summary, I reported for the first time, the crystal structure of KIR2DL2 and 

KIR2DL3 bound to HLA-C*07:02. I showed that the binding surface area of their 

interaction is different and D1 domain of KIR2DL2 generates more contacts with the 

α1 domain of HLA-C*07:02, compared to that of KIR2DL3. Contacts made by D1 

domain are less conserved, and this may play a crucial role in flexibility and specificity 

determination of KIR2DL2 and -L3 which further results in different docking mode on 

top of α1 domain of HLA-C. Whereas contacts made by D2 domain are highly 

conserved and may act as a platform in order to maintain the same hinge angle 

between D1-D2 domain. Further, I showed that HLA molecules play an important role 

in docking of KIRs and are involved in dictating the docking mode of KIR bound to 
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their cognate ligand. Further, I showed that KIR2DL4 is an atypical receptor among 

KIR family and unlike other members of this family it oligomerizes via its D0 domain 

and its structure in solution is markedly different from other members of the KIR 

family. By examining the molecular basis of ligand recognition by KIRs using 

biochemical and structural approaches, I obtained data that provides a molecular 

basis to understand why certain types of KIRs have a broader range of HLA class I 

ligands.  
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6 Supplementary Figures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S6.1 Unbiased electron density of refined KIR2DL3.  
Unbiased electron density of (A) KIR2DL3 P16 (shown in green colour). KIR2DL2 and 
–L3 amino acid residues differ at positon 16, and instead of P16, KIR2DL2 possess 
R16. By deleting P16 from KIR2DL3 (built by Coot software via KIR2DL2 as a PDB 
template) and repeating the refinement process (via PHENIX software), the electron 
density related to the deleted residue will re-appear which fits with Pro from KIR2DL3 
and not Arg from KIR2DL2. (B) Unbiased electron density of KIR2DL3 R148 (shown 
in green colour). The refined electron density map fits Arg located on the D2 domain 
of KIR2DL3 instead of C148 located on KIR2DL2.  
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Figure S6.2 Exclusive contacts between KIR2DL2 and HLA-C*07:02. 
Additional contacts between the D1 domain of KIR2DL2/HLA-C*07:2 (cyan) 
compared to that of KIR2DL2/HLA-C*03:04 (deep salmon). The D1 domain of 
KIR2DL2 contacts with Pro20 and Val76 of the α1 domain of the HLA-C*07:02 via 
Phe 45 and Lys 44 residues (indicated by black dash lines). (PDB ID 1EFX). Glu187 
of KIR2DL2, located on the D2 domain creates additional contacts with Val76 of HLA-
C*07:02, which is absent in the complex among KIR2DL2 and HLA-C*03:04.  
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Figure S6.3 Different contacts between KIR2DL2 bound to HLA-C03:04 and -
C*07:02. Asp 72 of KIR2DL2 has additional contact with α1 domain Arg 75 of HLA-
C*03:04 (cyan) whereas -C*07:02 (deep salmon) cannot establish the same contact 
with KIR2DL2. KIR2DL2 residues Glu187 and Tyr134, located on the D2 domain, 
display additional contacts to the α2 domain of HLA-C*07:02 were observed at 
positions Lys146 and Ala149.  
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Figure S6.4 Different docking mode of KIR2DL2 and -L3 bound to HLA-C*07:02. 
Differences in binding mode of KIR2DL2 (light blue) and -L3 (light pink) in complex 
with HLA-C*07:02 leads to the shift of E-F loop about 3.4 Å between the complexes 
(residues 68-73). As a result, KIR2DL2 has more extensive contacts than KIR2DL3 to 
the α1 and α2 helices and the peptide of the HLA-C*07:02-RL9 complex.  
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Figure S6.5 Interactions of KIR2DL2 and -L3 with RL9.  
Differences in interactions of KIR2DL2 and -L3 with RL9. Gln71 on the D1 domain of 
KIR2DL2 has additional contact with Val7 of RL9 compared to KIR2DL3.  
 

 

 

 

 

 

 

 

 

Val7 Val7 

Ala8 Ala8 

Gln71 
Gln71 

Leu104 
Leu104 



 

152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6.6 Binding of KIR2DL2 WT and F45A to a panel of HLA class I 
molecules. LUMINEX assay raw data shows the interaction of wild type (top figure) 
and F45A KIR2DL2 to a panel of HLA class I molecules. This assay was performed 
by Dr. Phillip Pymm from Prof. Rossjohn Laboratory, Monash University. Data was 
collected and analysed by Dr. Phillip Pymm. 
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Figure S6.7 Binding of KIR2DL2 Q71A and S133A to a panel of HLA class I 
molecules. LUMINEX assay raw data shows the interaction of Q71A (top figure) and 
S133A KIR2DL2 to a panel of HLA class I molecules. This assay was performed by 
Dr. Phillip Pymm from Prof. Rossjohn Laboratory, Monash University. Data was 
collected and analysed by Dr. Phillip Pymm. 
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Figure S6.8 Binding of KIR2DL2 D135A and D183A to a panel of HLA class I 
molecules. LUMINEX assay raw data shows the interaction of D135A (top figure) 
and D183A KIR2DL2 to a panel of HLA class I molecules. This assay was performed 
by Dr. Phillip Pymm from Prof. Rossjohn Laboratory, Monash University. Data was 
collected and analysed by Dr. Phillip Pymm. 
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7 Appendix 
 
7.1 Streptavidin pulldown protocol 
 

1. Concentrate biotinylated desalted protein to an approximately 1 mg/ml. 
2. For each sample add 20µl streptavidin coated Sepharose beads to an 

Eppendorf tube. 
3. Add 180 µl buffer (e.g. TBS, matched to protein buffer) to beads. 
4. Spin beads at 1000G for 2-3 minutes to pellet beads. 
5. Remove buffer carefully and repeat wash. 
6. Add 10 µg protein sample to beads with buffer removed and incubate 10-30 

minutes, room temperature. 
7. Add 180 µl buffer and mix briefly. 
8. Spin at 1000G 2-3 minutes as before. 
9. Remove buffer and save in a new tube marked “wash 1”. 
10.  Add 180 µl buffer, mix briefly and spin. 
11. Repeat three times, saving buffer from each wash in separate tubes marked 

washes 2-4. 
12. Take 1 µl of beads (after removal of final wash buffer) and save for gel. 
13. To remaining beads add 180 µl buffer, mix and take 10 µl from this mix to run 

on SDS-PAGE. 
14. Take 10 µl of saved wash buffers to run on SDS-PAGE. 
15. Samples 1 and 2 containing the streptavidin beads should be prepared for a 

reducing SDS-PAGE and incubated on a heat block at 90 °C for 30 minutes to 
remove attached protein from the beads. 

16. Remaining samples should be prepared for a reducing SDS-PAGE and heated 
at 90 °C for 5 minutes as normal. 

17. Run bead and wash samples on SDS-PAGE. Run the 10 µl bead sample 
adjacent to the wash samples to compare the ratio of biotinylated to 
unbiotinylated protein easily. 
 

 




