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ABSTRACT 

Natural killer (NK) cells are crucial in early defense against viral infections by rapidly 

terminating infected cells and by secreting cytokines to shape adaptive immune responses. The 

activity of NK cells is regulated by balance of activating and inhibitory signals during interaction 

with target cells. Inhibitory receptors are important as they trigger inhibitory signals to prevent 

damage of normal health tissue through interaction with self MHC-I molecules. KIR3DL1 is one 

of inhibitory receptors implicated in resistance to viral diseases such as HIV/AIDS. Structurally, 

KIR3DL1 contains three Ig domains and has specificity for MHC-I molecules belonging to the 

HLA-Bw4 serogroup. The receptor’s second (D1) and third (D2) Ig domains confer the Bw4 

specificity, but the role of the first Ig domain (D0) in ligand recognition remained enigmatic until 

recently.  

In this thesis, I found that KIR3DL1 expressed in YTS cells and as a soluble receptor can 

weakly recognize additional MHC-I molecules including HLA-B*0702 and HLA-G. This 

interaction is highly sensitive to blocking with antibodies to the MHC-I α3-domain and the anti-

KIR3DL1-D0 antibody, Z27, but not the canonical blocking antibody DX9. Using chimeric 

receptors between KIR3DL1 and KIR2DL1 expressed on YTS cells and as soluble Fc-fusion 

proteins, I showed that the presence of a second and independent site of interaction between the 

KIR3DL1-D0 domain and MHC-I proteins. This data is consistent with the finding of the D0 

domain interaction with the MHC-I α1 region in the co-crystal structure reported by Vivian JP et 

al in 2012. However, after reconciling antibody blocking results with the published co-crystal 

structure, I proposed a new model in which a third site of interaction occurs. Moreover, using 

same strategies, I showed KIR3DL1 binding to xenogenic MHC-I, such as mouse MHC-I. 



Similarly as shown in HLA, either anti-α3 antibodies or Z27 dramatically inhibited the binding. 

In addition, mutagenesis studies showed that position 194 at the α3 domain somehow interferes 

KIR3DL1 binding with unknown mechanism.   

 Collectively, the results may shed light on how KIRs evolved from LILRs, and be used to 

interpret genetic association of KIR with diseases such as HIV/AIDS. 
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1.1. Natural killer cells 

Natural killer (NK) cells are bone marrow derived lymphocytes containing 

large granules in the cytoplasm. They were discovered in the early 1970's as cells 

able to spontaneously lyse tumors in the absence of prior antigen stimulation in a 

mouse model (1, 2). Subsequent studies uncovered the important role of NK cells 

in responding to infections and tumorgenesis. NK cells comprise 10-15% of 

circulating peripheral blood lymphocytes, and they are distributed in diverse 

tissues such as the liver, spleen, peritoneal cavity and in the uterus during 

pregnancy. Mature human NK cells are defined by the surface expression of 

Neural Cell Adhesion Molecule 1 (NCAM1), also known as CD56, but lack of the 

expression of T lymphocyte marker, CD3 (3).  

To lay the foundation for understanding my research, in this Chapter, I will 

cover aspects of NK function and their molecular basis, particularly the 

complicated receptor systems that are involved. 

1.1.1 NK functions 

NK cells are differentiated from a common lymphoid progenitor cell, which 

is the same origin as T and B cells. However, in comparison to the adaptive 

immune cells, NK cells are effectors of the innate immune system as they rapidly 

respond to invading pathogens without prior antigen exposure (4, 5). In particular, 

NK cells are pivotal in defending against viral infection as most viruses have 

developed mechanisms to evade the adaptive immune response (6).  

 In general, NK cells act in two ways: cytotoxicity and cytokine secretion. 

NK cells serve as "natural killers" using a similar mechanism as cytotoxic T cells 

(CTL). Equipped with a unique receptor system, NK cells have the ability of 

direct lysis of abnormal or virally infected cells by releasing stored cytotoxic 

molecules such as perforin and granzymes, upon contacting target cells. In 

addition, NK cells can use their Fc receptors expressed on the surface to lyse the 
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antibody coated cells via antibody dependent cell-mediated cytotoxicity (ADCC). 

On the other hand, NK cells secrete cytokines, such as interferon- γ (IFN-γ) and 

tumor necrosis factor α (TNF-α), which have direct antiviral effects and modulate 

subsequent adaptive immune responses (3, 7).     

1.1.2  Controlling NK function   

NK cells have the ability to kill cells. Therefore, this function must be 

carefully controlled to prevent damage to healthy tissues. To distinguish pathogen 

infected and transformed cells from healthy self cells, T cells are equipped with a 

T cell receptor (TCR) to recognize foreign peptides in the context of the Major 

Histocompability Complex class I proteins (MHC-I), whereas NK cells use a 

number of receptors to sense the reduction of MHC-I on target cells. This 

detection of MHC-I reduction therefore regulates NK functional responses, either 

positively towards activation or negatively towards inhibition (8, 9).  

 In association with certain alleles of MHC-I molecules, particular alleles of 

several NK receptors are strongly linked to resistance of important pathogens such 

as Hepatitis C Virus (HCV) and Human Immunodeficiency Virus (HIV) (10-13). 

In addition to the response to infection, NK cells have been implicated in 

susceptibility to autoimmune diseases, prevention of tumor growth, bone marrow 

transplant rejection, and protection of embryonic development during pregnancy 

(14-17). Thus, NK cells are crucial in human health. Better understanding of NK 

function may aid in disease prevention and treatment.  

1.2. Target cell recognition 

1.2.1. Distinguishing between "self" and "non-self" 

To defend against pathogen invasion, the immune system developed a 

precise strategy to discriminate healthy self-cells from abnormal self-cells and 

foreign agents (non-self). This discrimination is monitored through MHC-I (the 
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details of MHC will be described in section 1.3). The MHC locus was originally 

defined as an important factor in tissue transplantation (18,19), and the proteins 

present self and non-self peptides to the TCR (19). The recognition of non-self 

antigens in the context of MHC-I by the TCR leads to T cell activation and results 

in tissue rejection. A typical example is skin graft rejection, mediated by T cells. 

An F1 hybrid offspring generated by mating two strains of mice expresses MHC 

alleles from both parents. A skin graft from either parent is accepted by the F1 

recipient, however, a skin graft from the F1 hybrid is rejected by either parent due 

to the mismatched inherited non-self MHC from the other parent. Studies of bone 

marrow transplantation revealed another mechanism. F1 hybrid recipients 

vigorously reject bone marrow grafts from either parent, despite the fact that 

donor bone marrow grafts have only self-MHC-I (20-23). This observation, also 

known as hybrid resistance, was later determined to be mediated by NK cells, and 

led to the "missing self hypothesis" to explain how NK cells sense the absence of 

self-MHC-I (24, 25).  

1.2.2. Missing self hypothesis 

Early experiments in mice revealed that NK cells have the ability to lyse 

tumor cells that lack MHC-I expression, but spare autologous cells (24, 25). 

Subsequent in vitro studies with human cell lines revealed a similar phenomenon. 

An Epstein-Barr Virus (EBV) transformed B cell line, 721, was resistant to NK 

cells whereas its MHC-I deficient variant was lysed by the same NK cells (26). 

These observations led to the formation of the missing self hypothesis, initially 

proposed by K. Karre. He predicted that the absence or altered expression of 

MHC-I would render target cells susceptible to NK cell attack (27). The 

hypothesis was then validated by numerous subsequent studies and the molecular 

basis is now better understood. The current explanation of the missing self 

hypothesis is that self MHC-I engages inhibitory receptors on the surface of NK 
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cells to transmit inhibitory signals to prevent NK activation, and that NK activity 

is related to "missing self" when a loss/reduction of self MHC-I occurs.  

1.2.3. Induced self hypothesis 

In addition to a decrease in inhibitory signals, increases in activating signals 

also play an important role in controlling NK cells.  This idea, known as "induced 

self activation", was formed by understanding what the activating receptor 

NKG2D recognized and when its ligand was upregulated (28). NKG2D is a 

homodimeric molecule expressed by the majority of NK cells, which mediates 

NK cytotoxicity and cytokine secretion when binding to stress induced molecules 

on target cells. Besides NKG2D, other activating receptors, such as natural 

cytotoxic receptors (NCRs), including NKp30, NKp44 and NKp46, have also 

been reported to control NK response to tumor cells. For example, NKp46 

deficient mice are prone to tumorgenesis (29), and molecules on tumor cells are 

found to be NKp46 ligands (30).   

 1.2.4. Non-self recognition 

A third way for NK-target cell recognition was revealed by the finding that 

a mouse activating receptor, Ly49H, could be engaged by an MHC-I like 

molecule derived from Mouse Cytomegalovirus (MCMV) (31, 32). In human, a 

protein encoded by influenza virus, hemagglutinin, was reported to be a potential 

ligand for the activating receptors, NKp44 and NKp46 (33). These observations 

suggest another mechanism of activating receptor involvment in NK responses, 

through direct interaction with non-self molecules.  

1.2.5. The modified missing self  hypothesis 

With more molecular information being uncovered, there is now agreement 

that NK activity is actually based on the integration of activating and inhibitory 

signals (Fig 1-1). Under normal conditions, the presence of self-peptides in the 

context of MHC-I prevents NK action due to the predominant inhibitory signals. 
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However, when MHC-I is down-regulated during viral infection, as a common 

viral strategy to escape T cell responses, it causes a reduction in inhibitory 

signaling, permitting NK activation. Alternatively, activating pathways are turned 

on by the appearance or up-regulation of ligands for activating receptors, such as 

stress molecules, viral proteins and tumor antigens. Ultimately, overriding the 

inhibitory signaling by enhancing activating signals, allows for NK activation.  

Given that the MHC family is important in distinguishing self from non-self 

by NK cells, I will describe both classical and non-classical MHC-I as they 

pertain to the studies presented in this thesis.  
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 Fig 1-1.  Illustration of the missing self hypothesis  

The activity of NK cells is based on the integration of inhibitory and activating 

signals. The balance of activating and inhibitory signals protects normal cells 

from damage. Abnormal conditions, such as viral infections and tumor 

transformation, offset the balance and consequently induce NK activation.   



8 

  

 

 

 

Table 1-1.  MHC evolution and diverse gene organization between species. 

Time of 

Emergence 
Class 

Representative 

Species 
Key Features 

500 million 

years ago 

(MYA) 

Teleost 

Cartilaginous Fish I, II and III region 

Zebra Fish Unlinked I, II and III region 

350 MYA Amphibia Frog 
I, II and III region in the order of 

II, I, III 

 Reptile Crocodile 
I, II region, MHC organization 

remains unclear. 

300 MYA Avian Chicken 

Minimal and essential, only 19 

genes are distributed in I, II, III 

regions. 

100 MYA 

Mammal 

 

 

Mouse 

H-2, has I, II and III region with 

unique genes compared to human. 

Class I region is separated by II 

and III regions. The order is I, II, 

III, I  

Chimpanzee 
The most homologous MHC to 

human 

Human 

Over 260 genes in I, II and III 

region and extended regions. The 

order is II, III, I region 
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1.3.  Major histocompatibility antigen (MHC)  

The Major Histocompatibility Antigens (MHC) are encoded by a group of 

genes clustered in a confined genomic region. The MHC cluster contains a large 

number of genes, controlling both immune and non-immune functions. The MHC 

was originally discovered in mice (34) and later in humans (35) through studying 

tissue rejection. Subsequently, MHC has been identified in all jawed vertebrates 

examined to date, and has rapidly evolved from an ancient ancestor 500 million 

years ago (Table 1-1) (36). In mammals, MHC genes are scattered into three 

condensed but distinct regions known as class I, II and III, but the number and 

type of genes are different between species due to gene duplications and 

mutations. Despite the great genetic differences, the overall function and structure 

of the MHC proteins is conserved between species.  

Aside from being a barrier to transplantation as described in section 1.2, the 

MHC gene complex has been reported to be linked to autoimmune disease (37-

39), resistance to infection (40, 41) and fertility (42, 43). Additionally, MHC is 

involved in non-immune related functions such as central nervous system 

development (44). Here, I will provide some basic information about human 

MHC and focus on particular members of the MHC class I locus that are most 

relevant to this thesis. 

 1.3.1. Human leukocyte antigen   

MHC in humans is called Human Leukocyte Antigen (HLA). The extremely 

gene-dense region is located on the short arm of human chromosome 6. Thus far, 

a total of 253 different genes have been identified within the MHC cluster (44). 

The gene complex contains five regions, including the extended Class I, Class I, 

III, II and the extended Class II from the telomeric to the centromeric end (Fig 1-

2a). The distinct regions encode more than 150 glycoproteins that are categorized 

into three groups: class I, II and III molecules. Furthermore, Class I molecules are 
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divided into classical and non-classical groups. Classical MHC-I are encoded by 

the genes in region A, B and C shown as grey blocks in Fig 1-2a, while non-

classical MHC-I are encoded by genes located in region E, F and G shown as 

black blocks in Fig 1-2a. Classical MHC-I genes are highly polymorphic. Thus far, 

2,132 alleles of HLA-A, 2,798 alleles of HLA-B and 1,672 alleles of HLA-C have 

been identified in human populations (45). However, non-classical genes have 

limited polymorphism, such that the reported alleles of HLA-E, F and G are 11, 

22 and 50, respectively (45).  

1.3.1.1. Nomenclature of HLA   

A naming system was developed to distinguish individual HLA genes and 

alleles. The nomenclature of HLA is based on guidelines provided by the World 

Health Organization (WHO) Nomenclature committee, established in 1968. 

Figure 1-3 exemplifies the recent strategy for assigning a new HLA gene name 

(46). In brief, a letter and four sets of digits are used to describe identified alleles. 

The letter denotes the location of the locus. Four sets of digits are separated by  

colons, each set representing aspects of the changes in sequence. The optional 

suffixes (N,L,S,C,Q and A) that indicate the alterations in expression, are also 

used at the end if applicable. Every allele has at least the first two sets of digits. 

The last two pairs of digits are added only if necessary. Alleles that differ in the 

first two sets of digits have at least one different amino acid in the sequence.  
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Fig 1-2.  The organization of selected genes in human MHC cluster and basic 

structure of an MHC-I molecule.  

a) Distribution of HLA genes on human chromosome 6 from the centromeric to 

the telomeric end.  The organization of the indicated genes in the Class I region is 

shown.  b) Schematic of the basic structure of MHC-I. 
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Fig 1-3. Example of the recent nomenclature for a given HLA allele 
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1.3.1.2. The basic structure of MHC class I molecules 

In spite of the vast genetic variation, the encoded MHC-I molecules share a 

basic structure. The structure consists of two polypeptide chains: a 45 kilodalton 

(kDa) alpha (α) chain and a 12-kDa beta 2-microglobulin (β2m) (47) shown in Fig 

1-2b. β2m is encoded by a conserved gene located on chromosome 15. The α 

chain is a transmembrane glycoprotein composed of three extracellular domains 

(α1, α2 and α3), a transmembrane region and a short cytoplasmic tail. Each 

individual extracellular domain contains approximately 90 amino acids. The 

extremely polymorphic α1 and α2 domains create a groove that fits an 

approximately 8-11 amino acid long peptide derived from self or non-self proteins. 

The α3 domain is conserved and it is linked with a short stem that anchors the 

MHC-I molecule to the cell membrane.  

The α chain, β2m domain of MHC-I and corresponding peptides are 

assembled in the endoplasmic reticulum (ER) with the assistance of chaperones 

such as calnexin, calreticulin, ERp57 and binding immunoglobulin protein (BiP). 

The formed trimeric complex egresses through the Golgi compartment to the cell 

membrane (48). The structure of the α/β2m heterodimer is stabilized with a 

disulfide bond between the α2 and α3 domains and with a non-covalent 

association of the α3 chain with β2m (49, 50). In addition, the bound peptide is 

required for the stability of the complex, and assists in stabilizing the structure of 

the MHC-I complex on the cell surface (27). Apart from the basic structure, small 

conformational changes occur due to sequence variations (51). For some alleles,  

a free α chain without β2m is observed (52). 

 

 

 



14 

  

 

 

 

 

 

Table 1-2. The comparison of the Bw4 and Bw6 determinants 

 77 78 79 80 81 82 83 Representative 

subtypes 

Bw4 N L R I/T A/L L/A R B*27, B*51, B*58,  

Bw6 S L R N L R G B*07, B*35, 

The residue that is important for determination of the Bw4/Bw6 specificity is 

indicated red.  

 

 

                    Table 1-3. The comparison of HLA-C1 and C2 serological groups 

 77 78 79 80 81 82 83 Representative subtypes 

C1 S L R N L R G Cw01, 03,07,  

C2 N L R K L R G Cw02,06,15  

The residue that is important for determination of the C1/C2 specificity is 

indicated red.  
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1.3.1.3. Classical HLA   

As described in section 1.3.1.1, classical HLA molecules are extremely 

polymorphic and are expressed on almost all nucleated cells. The polymorphisms 

are mainly located near the peptide binding cleft and this restricts the types of 

peptide that can be bound to each subtype. Different subtypes confer distinct 

specificities for T and NK cell recognition. In the subsequent text, subtypes that 

are most relevant to this thesis will be described, which include HLA-B and C.  

1.3.1.3.1. HLA-B  

Of all the classical molecules, the HLA-B locus has the highest diversity, 

having over 2000 variants. Human Bw4/Bw6 antisera were originally used to 

define two HLA-B antigens (53), but later, these two antigens were found to 

represent shared determinants of a larger family of HLA-B alleles (54), also 

known as public epitopes (55). Presently, the variants of HLA-B are categorized 

into the Bw4 group or Bw6 group, based upon detectability by either Bw4 or Bw6 

specific antisera. Among all the identified HLA-B molecules, the Bw4 motif is 

present in one third of HLA-B molecules, while the Bw6 epitope is expressed in 

the remaining two thirds of HLA-B molecules (56). 

Sequence comparisons of variants reacting with Bw4 or Bw6 antibodies 

revealed that these two serological groups bear distinct amino acid sequences at 

positions 77-83 located in the α-helix of the α1 domain (specifically residues 77, 

80, 81, 82, and 83) (57, 58). The sequence variations are described in Table 1-2. 

Of these residues, the amino acid at position 80 is the dominant determinant for 

serological specificity (56). Bw4 variants are defined by polymorphisms at 

positions 80, 81 and 82. Functionally, polymorphisms in this region are known to 

affect peptide binding (59) and modify T cell and NK cell responses (56, 60).   

HLA-B alleles were initially classified by serological evidence and then by 

molecular methods. In most scenarios, the serological classification agrees with 
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the amino acid sequences observed at the public epitopes. However, there are a 

few exceptions as several alleles bearing the Bw4 sequence also react with anti-

Bw6 antibodies (61). Moreover, the Bw4 and Bw6 epitopes are not restricted to 

HLA-B molecules. For example, the Bw4 motif is found in several HLA-A 

molecules (62, 63). 

As previously mentioned, the HLA-B locus is highly polymorphic as 

compared to the other two classical MHC-I groups. To further distinguish 

individual members in the Bw4 or Bw6 groups, other antibodies are utilized to 

divide HLA-B groups into a number of subtypes, such as B27 and B7, shown in 

Table 1-2. Of those, the B27 subtype is unique because of the presence of an extra 

cysteine (C) at position 67 (52). This cysteine contributes to the formation of a 

homodimer comprising only heavy chains (52, 64). The complexity of this 

subtype and its impact on NK response will be described in Chapter 6.  

1.3.1.3.2. HLA-C  

Studies of HLA-C were neglected until the findings of NK cells in the 

1990s. The observations that HLA-C impacts the response of alloreactive human 

NK cells (65, 66) led to subsequent studies. Now, HLA-C mismatch is known to 

be responsible for the graft versus leukemia response during bone marrow 

transplantation (17).    

The surface level of HLA-C is much lower than that of HLA-A and B (67) 

despite a similar level of transcript (68). In terms of function, HLA-C molecules 

are less efficient at triggering T cell responses in comparison to HLA-A and B 

molecules (69). However, they are important to NK cell activity. Based on their 

specificities to NK cells, HLA-C molecules are classified into two groups: C1 and 

C2 (70). Residues involved in the specificity are mapped to positions 77 and 80 of 

the α1 domain (71) (Table 1-3). The influence of polymorphism of these residues 

on NK recognition will be described in section 1.5.1.  
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1.3.1.4. Non-classical HLA 

Unlike classical HLA, non-classical HLA molecules have limited diversity. 

Expression of HLA-E on the cell surface was thought to be restricted to peptides 

derived from signal sequences of other MHC-I molecules (72), and HLA-E is 

recognized by NK cells (73-75). However, recently, the presentation of peptides 

from pathogens or stress molecules by HLA-E has been reported (76-79). The 

association of other peptides impacts the recognition by NK cells (80). In addition, 

the non-self peptides derived from viral products that associate with HLA-E also 

permit recognition by a subset of CD8+ T cells (81, 82).   

Of the three non-classical MHC-I, HLA-F is the least characterized. HLA-F 

molecules are mostly expressed intracellularly in various healthy tissues and 

immune cells (83). Surface expression of HLA-F is detected on activated 

lymphocytes (84) and on invading fetal cells (trophoblasts) during pregnancy (85). 

In comparison to canonical MHC-I, HLA-F has non-synonymous changes at 

residues required for antigen presentation, yielding a different structure (86). The 

cytoplasmic tail directs the protein to the surface bypassing the classical antigen 

presentation pathway (87). In addition, surface expression of HLA-F is 

independent of peptides (88). In terms of receptor interaction, tetramers of HLA-F 

were found to stain cells expressing leukocyte Ig-like receptors, and the direct 

binding was confirmed with BIAcore analysis (89). However, the function of 

HLA-F remains enigmatic.   

HLA-G has a similar structure to other MHC-I molecules, but contains a 

short cytoplasmic tail that lacks an endocytosis motif, resulting in a longer half-

life in comparison to other class I molecules (90). HLA-G dimers are formed due 

to extra cysteines in the α1 and α2 domains (91). To date, 7 isoforms of HLA-G 

have been reported, of these, several variants have truncated extracellular domains 

(42). In addition, free heavy chains have been observed, and they bind different 

NK receptors (92). HLA-G has a restricted tissue distribution. Under normal 
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conditions, it is only found in medullary thymic epithelial cells and in the cornea 

(93, 94). During pregnancy, several HLA-G variants are expressed on extravillous 

trophoblasts, the fetal cells invading the maternal decidua (95). The presence of 

HLA-G is believed to inhibit maternal NK cytotoxicity and thereby permit the 

development of the embryo. However, abnormal expression of HLA-G is an 

indicator for disease. For example, reduction of HLA-G level on the trophoblast is 

linked with pregnancy disorders such as miscarriage and pre-eclampsia (42). 

Upregulation of membrane bound and soluble HLA-G are frequently detected in 

cancer patients and people diagnosed with autoimmune diseases or infection (42).  

In comparison to conventional MHC-I molecules, human hemochromatosis 

protein (HFE) has a similar structure but a distinctly different function. HFE was 

initially discovered in 1996 and was named as HLA-H (96). Later, it was renamed 

as heredity hemochromatosis (HH) and was finally defined as HFE, to distinguish 

it from the HLA pseudogene HLA-H. This gene is one megabase (Mb) away from 

the telomeric end of the classical HLA-A gene region (Fig 1-2a). An aberrant 

HFE gene, due to a mutation at position 282, results in an iron metabolic disorder, 

known as hemochromatosis (96). The primary amino acid sequence of HFE 

compared to HLA is quite distinct, but it shows a similar MHC-I structure that has 

a heavy α chain non-covalently associated with β2m (97). However, the α1 and α2 

domains are not polymorphic and the resulting peptide binding groove is narrow, 

which does not accommodate for any peptide (97). Rather than antigen 

presentation, HFE interacts with an iron transporter to maintain iron metabolism 

(98).  

1.4.  NK receptor systems   

To identify and respond to various stimuli, NK cells express several unique 

and diverse germline encoded receptor systems. The majority of these receptors 

are structurally classified into two superfamilies: the C-type lectin like family and 

the Immunoglobulin (Ig) Superfamily (IgSF). These receptors have their specific 
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ligands. In some cases, one ligand is recognized by several NK receptors. Each 

NK cell can express a distinct subset of receptors and each individual has their 

own repertoire of NK receptors.  

1.4.1. Human NK receptors 

Genes encoding IgSF is known as Leukocyte Receptor Complex (LRC), 

while the gene cluster encoding C-type lectin like are located on a different 

chromosome, called the Natural Killer Complex (NKC) (Fig 1-4a).  

Members of the IgSF are type I transmembrane proteins. They are 

commonly referred to as “paired receptors” since these receptors have highly 

homologous extracellular domains but contain distinct transmembrane segments 

and cytoplasmic tails, transmitting either activating or inhibitory signals. The 

IgSF receptors expressed in humans are the Leukocyte Ig-like Receptors (LILRs) 

and the Killer cell Ig-like Receptors (KIRs). The LILR family is comprised of a 

group of immunoreceptors expressed on the surface of lymphoid and myeloid 

cells (99, 100). KIRs are polygenic and polymorphic and are predominately 

expressed on NK cells and a subset of T cells. These diverse proteins have been 

classified according to the number of extracellular Ig domains, cytoplasmic tail 

length and sequence similarity (101). More details of LILR and KIR will be 

described in section 1.5.  

The receptors of the C-type lectin like families exhibit distinct structures as 

shown in Fig 1-4b. However, similar to IgSF receptors, C-type lectin like 

receptors either trigger activating or inhibitory signals upon engagement with self 

ligands. For example, CD94/NKG2A is a hetrodimer of CD94 with NKG2A with 

limited polymorphism. It inhibits NK activation through interaction with a non-

classical MHC-I molecule, HLA-E.  
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Fig 1-4. Genomic organization of genes encoding NK receptors and 

illustration of diverse receptors. 

a) The gene distribution of the LRC and NKC on human chromosomes 19 and 12. The 

maps are not to scale. Adapted from Trowsdale, J: Genetic and Functional Relationships 

between MHC and NK Receptor Genes. Immunity, 2001, 15: 363-374.  b)  Illustration of 

selected members of the IgSF and C-type lectin like superfamilies. Activating receptors 

are in black and inhibitory receptors are in grey. 

a). 

b). 



21 

  

 

1.4.2. Receptors that regulate NK function 

NK receptors are functionally grouped into either activating or inhibitory 

categories. Each family has activating and inhibitory receptors depending on their 

transmembrane regions and cytoplasmic tails as shown in Fig 1-4b. As described 

in section 1.2.4, activating receptors interact with induced self or non-self 

antigens to transmit activating signals, while inhibitory receptors bind self MHC-I 

molecules to deliver inhibitory signals. The interplay of these two signals 

regulates NK activities.  

1.4.2.1. NK activating receptors and their signaling pathway 

Although the main focus of this thesis is an inhibitory receptor, it is 

important to put the inhibitory signaling in the context of how NK cells are 

activated. A few important activating receptors were described briefly in sections 

1.1 and 1.2, including CD16 (Fc receptor for ADCC mentioned in section 1.1.1), 

NKG2D and the NCRs (section 1.2.3). Although they have different structures as 

shown in Fig 1-4, these receptors have a common feature in that they contain 

short cytoplasmic tails. These tails do not contain any sequence motifs typically 

required for the activation of signaling cascades. Instead, they have a positively 

charged amino acid in the transmembrane region which associates with negatively 

charged residues of adaptor molecules such as DAP10, DAP12, CD3 and Fc 

receptor γ chain (FcɛRIγ) that transmit activating signals (8) (Fig 1-5). These 

adaptor moleculess bear immunoreceptor tyrosine-based activation motifs 

(ITAMs). The consensus sequence of an ITAM is (D/E)xxYxx(L/I)X6-8Yxx(L/I) 

with the exception of DAP10, which is YxxM. In the sequence, x denotes any 

amino acid, and two YxxL/I sequences are separated by any 6-8 amino acids.  

Interaction of activating receptors with their ligands permits membrane 

proximal src-family tyrosine kinases (SFKs) such as Lck to phosphorylate 

tyrosine residues in ITAMs. Subsequentially, the phosphorylated ITAMs recruit 

tyrosine kinases, Syk and ZAP70. The recruitments then initiate a cascade of 
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downstream signaling pathways including a number of key signaling molecules as 

illustrated in Fig 1-6. Ultimately, this leads to NK effector functions including 

cytotoxicity and/or cytokine secretion.  

Fig 1-6 shows multiple activating cascades by one activating receptor. The 

actual activating system is much more complex than the figure depicts in that 

different activating receptors deliver distinct and sometimes similar signaling 

pathways. Aside from classical activating receptors, adhesion molecules also 

contribute to initiation of activation signaling. For example, lymphocyte function-

associate antigen-1 (LFA-1) dependent cytotoxicity was shown when its ligand, 

intercellular adhesion molecule (ICAM), was present, and LFA-1 was found to 

control lytic granule polarization (102).  

1.4.2.2. The mechanism of inhibition   

The hallmark of inhibitory receptors is an immunoreceptor tyrosine-based 

inhibitory motif (ITIM) sequence in their long cytoplasmic tails (Fig 1-7). The 

ITIM consensus sequence is (I/L/V)xYxx (L/V) (103). Engagement of self-MHC-

I by inhibitory receptors permits phosphorylation of the tyrosine residues in the 

ITIM by kinases, such as SFK (104, 105), as described in section 1.4.2.1.  

The inhibitory function is primarily dependent on tyrosine phosphatases, 

SHP-1 and SHP-2, which contain two Src homology 2 (SH2) domains at the N-

terminus and a tyrosine phosphatase domain at the C-terminal end. Under normal 

circumstances, the catalytic domain is blocked and the phosphatase is inactive. 

Engagement of phosphorylated tyrosines by the SH2 domains leads to exposure of 

the enzymatic site, allowing for the subsequent events (Fig 1-7). The observation 

that overexpressing a catalyticaly inactive SHP-1 mutant caused elimination of 

inhibition (103) suggests a vital role for the enzymatic domain in negative 

signaling. In the case of NK cells, both SHP-1 and SHP-2 (106) molecules have 

been reported to dephosphorylate phosphoproteins in the close proximity of SHP-
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1 or SHP-2, such as Vav1 (107), and also to prevent downstream signaling events 

that occur in the activating pathway in direct and indirect manners (108, 109).      
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Fig 1-5. Illustration of selected activating receptors on human NK cells. 

The five activating receptors described in chapter 1 and their associations with 

corresponding adaptor molecules are shown. The ligands are indicated in blue.  
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Fig 1-6. Illustration of NK activating pathways 

Engagement of an activating receptor with a ligand triggers the phosphorylation 

of tyrosines in ITAM motifs of the associated adaptor molecules by membrane 

proximal kinases, such as Lck. The phosphorylated ITAMs then allow for the 

recruitment of Syk and ZAP70, initiating a cascade of downstream signaling. 

Some of the key molecules and downstream events are shown.  
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Fig 1-7. Schematic of the mechanism of KIR mediated inhibition.  

Engagement of KIR by MHC-I leads to the phosphorylation of the ITIMs by 

membrane proximal kinase, SFK. Subsequently, the binding of phosphorylated 

tyrosines in ITIMs by SHP-1 yields the conformational change of SHP-1 from an 

inactive form to an active form. Active SHP-1 then results in the 

dephosphorylation of kinases in the vicinity and prevents downstream activating 

signaling cascades.  
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1.5.  KIR  and LILR 

1.5.1. KIR 

In humans, KIRs are expressed on the surface of NK cells and a subset of T 

cells. To date, there are 17 distinct KIR genes and each gene is highly 

polymorphic. Their encoded KIR receptors bind specific subsets of MHC class I 

such as HLA-A, B or C. In addition to humans, KIRs are also present in other 

mammalian species, such as primates, but with less diversity. In mice, KIR genes 

are located on chromosome X, but are not expressed by mouse NK cells. These 

cells have the Ly49 family of C-type lectin receptors as a functional equivalent to 

the KIRs. 

As KIR is the focus of my research, I will provide details of this receptor 

family including KIR nomenclature, diversity, evolution, ligand specificity and 

the specific receptor studied in this thesis.  

1.5.1.1. KIR nomenclature 

KIR genes and alleles are named by the KIR Nomenclature Committee 

(110). Based on the number of Ig domains encoded, the KIR genes are named as 

2D or 3D. Fig 1-8 demonstrates an example of how to describe a KIR allele. In 

brief, "D" refers to the extracellular Ig domains, and the first digit before D 

indicates the number of Ig domains. "L" or "S" refers to the length of the 

cytoplasmic tail as “long” or “short”, generally indicating inhibiting or activating. 

"P" denotes pseudogenes. KIR alleles are named similarly to HLA alleles. In brief, 

the first three digits refer to the non-synonymous changes. The next two digits 

represent synonymous differences within exons, and the last two digits suggest 

variations in introns, promoters or other non-coding regions. Table 1-4 shows the 

KIR family members identified to date in humans. Fig 1-9 illustrates the 

classification and structures of the typical members. In general, the long tailed 

KIRs are inhibitory KIRs, whereas short tail KIRs exert activating functions. The 
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exception is KIR2DL4. KIR2DL4 has an ITIM motif and a charged residue at the 

transmembrane region that associates with an ITAM contained adaptor molecule, 

FcɛRI γ chain (111) (Fig 1-9). Therefore, KIR2DL4 has the potential for both 

inhibitory or activating functions (112, 113).  
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Fig 1-8. KIR nomenclature. 

The illustration explains the various elements for an example of naming a KIR 

allele. 
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Table 1-4. Members of the KIR Family 

KIR Genes/Alleles Ligand Function 

2DL1 HLA-C2 Inhibition 

2DL2 HLA-C1 Inhibition 

2DL3 HLA-C1 Inhibition 

2DL4 HLA-G Activation 

2DL5A HLA-A11, and some C Inhibition 

2DL5B N/A Inhibition 

2DS1 HLA-C2 Activation 

2DS2 HLA-C1 Activation 

2DS3 HLA-C2 Activation 

2DS4 HLA-C, A11 Activation 

2DS5 N/A Activation 

3DL1 Subset of HLA-A and B 

carrying Bw4 epitiope 

Inhibition 

3DL2 HLA-A Inhibition 

3DL3 N/A Inhibition 

3DS1 N/A Activation 

2DP1 N/A N/A 

3DP1 N/A N/A 
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Fig 1-9.  Illustration of human KIR proteins. 

Paired KIRs are shown with either long or short tails. KIR2D are type I or type II 

based on the relationship of the extracellular Ig domains.  
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Fig 1-10.  Evolution of 3DL/3DX 

 a) Illustration of KIR3DL/3DX expansion in non-primates and primates.  

b) Genetic organization of KIR2D and KIR3D in human. Exons are shown in 

boxes as indicated.  
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1.5.1.2. KIR evolution 

In humans, the diverse KIRs are grouped into three types (KIR3D, type I 

KIR2D and type II KIR2D) based on the number and type of extracellular Ig 

domains (Fig 1-9). Since KIR2Ds were identified first and their Ig domains were 

named as D1 and D2, the first Ig domain of KIR3D was then denoted as D0. 

Based on the contents of the Ig domains, KIR2D is divided into type I and II as 

illustrated in Fig 1-9. Type I KIR2D possess D1 and D2 domains, whereas type II 

have D0 and D2. In humans, type I includes KIR2DL1, KIR2DL2 and KIR2DL3, 

which recognize HLA-C molecules, and type II contains KIR2DL4 and KIR2DL5, 

which interact with non-classical MHC-I, such as HLA-G. Members of KIR3D 

contain three Ig domains (D0, D1 and D2 from membrane distal to proximal) as 

shown in Fig 1-9. Individual members of KIR3D have distinct ligands. For 

instance, KIR3DL1 recognizes HLA-A and B molecules carrying the Bw4 motif, 

while KIR3DL2 binds subsets of HLA-A molecules (114, 115).  

The origin of human KIR is traced back to 135 million years ago when one 

of two ancient forms, 3DL and 3DX, diverged from a common ancestor before the 

diversification of modern placental mammals (116). Fig 1-10a illustrates the 

expansion of KIR families in non-primates and primates. 3DX diversified in non-

primates, such as cattle, where 3DL remained as a single copy. Conversely, 3DL 

expanded in the primate/human lineage, while 3DX is maintained in the genome 

but is non-functional. The expansion of 3DL emerged approximately 31-44 

million years ago when simian primates evolved (117, 118).  

Comparative genetic studies in human KIRs reveal some information about 

the 3DL expansion. The genomic 3D gene is comprised of nine exons, as 

indicated in Figure 1-10b. Of note, exon 3, 4 and 5 encode extracellular Ig 

domains, D0, D1 and D2, respectively. Deletion of a region including exon 4 

permitted the appearance of type II 2D that have homologous D0 and D2. 
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Replacement of exon 3 with a pseudoexon resulted in the emergence of type I 2D 

(D1 and D2) (101).  

Three KIR lineages were defined during the course of studying the 

development of 3DL expansion. Human type I, II 2D and 3D belong to lineage III, 

I, and II, respectively (101) as shown in Fig 1-10a. Given the fact that 3D 

emerged prior to 2D and that high homology is shared by 3D and 2D, there is 

agreement that the 2D KIRs (lineage I and III) evolved from the 3D KIRs (lineage 

II). Individual lineages then further diversified as the result of gene duplications 

and deletions such as the KIR3DL/S1 lineage as shown in Fig 1-10a.    

Comparison of genomic 3DL genes between other primates and humans 

show that 3D KIRs are present in all primates, while 2D KIRs appear only in 

some primates and correspond to the emergence of HLA-C (119). These studies 

reveal the co-evolutionary progression of KIR with MHC-I. Thus, KIR receptors 

are likely so diverse in order to keep up with their extremely polymorphic and 

rapidly evolving ligand, MHC-I. 

1.5.1.3. KIR diversity 

In humans, KIR genes are clustered in a 150 kilobase (kb) region with the 

LRC on the long arm of chromosome 19 (Fig 1-4a). Thus far, 17 unique KIR 

genes have been reported (45) (Table 1-4). These genes are arranged head to tail 

approximately 2 kb apart in continuous sequence in the direction of centromeric 

to telomeric (120) (Fig 1-4a). The intergenic regions are highly homologous to 

each other.  

The distribution of KIR genes within populations is complicated for two 

reasons. First, the diversity of the number and type of genes present in the genome 

(haplotypic diversity), and second, the variation in DNA sequence in individual 

genes (allelic polymorphism) (121).  



35 

  

 

More than 50 different haplotypes have been reported thus far. This number 

is likely an underestimate as only a small number of groups were studied relative 

to the entire human population. The diverse haplotypes are likely generated by 

gene duplication, deletion, uneven recombination and reciprocal recombination 

(101). Based on gene content, most of the common haplotypes are conventionally 

divided into two groups, group A and group B. Despite the distinct gene content, 

these two groups have four fixed genes that are known as "framework" genes. 

They are KIR3DL3, KIR3DP1, KIR2DL4 and KIR3DL2. The KIR gene cluster is 

segregated from other gene families by two of these genes, KIR3DL3 and 

KIR3DL2. Within the 150 kb region, KIR3DL3 and KIR3DP1 form the frame for 

the centromeric region, whereas KIR2DL4 and KIR3DL2 mark the boundary of 

the telomeric region (Fig 1-11a). Most of the variations are within the centromeric 

and telomeric regions (122). For example, new sets of genes can be generated by 

means of reciprocal recombination occurring between KIR2DL4 and KIR3DP1 

(Fig 1-11b). Non-reciprocal recombination outside the region of KIR3DP1-

KIR2DL4 generated several unusual haplotypes including truncated haplotypes 

with frame shift deletions of some framework genes (123) as well as longer 

haplotypes containing duplicated genes (118, 124). Therefore, some of the 

resulting haplotypes are hard to place into the A or B group.  

In addition to the framework genes, group A haplotypes have up to four 

additional genes, and two pseudogenes (Fig 1-11a). In group A haplotypes, the 

majority are inhibitory KIRs with one activating gene, KIR2DS4. Conversely, 

group B haplotypes have more genes encoding activating KIRs (125-127) (Fig 1-

11a). Studies of populations from different geographic regions suggest that 

inhibitory KIRs are always present in A and B haplotypes, but the number of 

activating KIRs can vary a lot with higher frequency in B haplotypes. Although 

group A has a limited number of genes, the individual genes are polymorphic. 

Conversely, the genes specific to group B are less diverse but the organization of 

specific genes varies (128).  
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KIR gene polymorphism is second only to the MHC locus in terms of 

diversity in the human population. New alleles are generated due to point 

mutations and non-homologous recombination between intergenic regions (101). 

The recombination of one KIR gene with other KIR genes creates pairs of KIR 

containing highly similar extracellular domains but different signaling tails, such 

as KIR3DL1 and KIR3DS1. Another example of how recombination builds new 

KIR genes is KIR2DL2. KIR2DL2 is the hybrid product of the centromeric region 

of KIR2DL3 with the telomeric region of KIR2DL1. KIR2DL2 and KIR2DL3 are 

never found on the same haplotype and are now considered as alleles of the same 

locus, although they were first thought to be distinct genes (101). The allelic 

variation allows KIR haplotypes that are identical by gene content to be 

significantly different. Importantly, allelic polymorphism influences ligand 

recognition and alter the surface expression, which will be further described in 

section 1.5.1.7.  

Collectively, the distribution of KIR genes in the entire human population is 

complicated by the results of haplotypic diversity, allelic variation and the 

inheritance of parental haplotypes (homozygous AA, heterozygous AB and 

homozygous BB). Therefore, there are barely any identical KIR genotypes 

between unrelated individuals across populations. The frequencies of the KIR 

genotypes are remarkably different though the distribution of group A/B 

haplotypes is relatively equal. 
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Fig 1-11. Organization of the human KIR locus. 

a) Gene distributions in haplotype A and B are shown. Framework genes are shown in 

grey. Genes specific to A haplotypes are shown in yellow. b) An example of reciprocal 

recombination of KIR genes inherited from parents who have a genetic background as 

shown in a). Recombination occurs between KIR3DP1 and KIR2DL4.  



38 

  

 

1.5.1.4. The regulation of variegated KIR expression on NK cells 

Of all the studied KIR genes, the central framework gene, KIR2DL4, is the 

only gene expressed by every NK cell (129). The other KIRs are expressed 

"clonally" as described below. KIR genes are randomly expressed during NK cell 

development such that an individual NK cell expresses only a subset of KIR 

receptors encoded within their genome (101). Moreover, the presence of a given 

gene in the genome does not guarantee expression on the surface (130, 131). 

Between individuals, the frequency and level of expression of a given KIR gene 

varies and is controlled by elements in the promoter regions that are themselves 

polymorphic (113, 131). Collectively, NK cells express a pool of various KIR 

combinations, also known as the KIR repertoire. Individuals differ in the KIR 

repertoire unless they are identical twins. Once KIRs are developmentally turned 

on, the pattern of expression is stably maintained in individuals throughout life 

(123, 132, 133).  

 The mechanism of controlling variegated KIR expression has not been fully 

elucidated. However, research data have shown that KIR expression is regulated 

at the epigenetic and genetic level (134-136). Methylation is a typical epigenetic 

method of regulating KIR transcription as it causes inaccessibility of the promoter 

region (134, 136). It is proposed that KIR genes are epigenetically silenced by 

DNA methylation in early hematopoietic development (137). Demethylation 

occurs at the late stage and permits access to the open promoter, resulting in 

initiation of transcription (138). Subsequently, gene transcription is initiated by 

the proximal bidirectional promoter, which is present upstream of the coding 

region of the gene (135) as well as the more distal promoter. If the reverse 

transcription is strong, it leads to silencing of the distal promoter which normally 

takes over all transcription for the KIR gene in mature NK cells (139). 

Additionally, expression of the KIR genes is also influenced by the presence 

of their specific MHC-I ligands. Providing evidence for this is the observation that 
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similar KIR surface phenotypes are observed only between KIR and HLA 

identical siblings (123). Studies of KIR distribution in populations from different 

geographic regions show that a high frequency of activating KIR alleles occurs 

when there is a lack of corresponding specific MHC-I (140). In contrast, an 

enhanced frequency of inhibitory KIRs appears when their specific MHC-I 

ligands are present (122).    

 1.5.1.5. KIRs and disease 

Comparative studies across populations and species suggest that the rapid 

expansion of KIR genes is driven by survival from diseases and infections (119). 

Additionally, more and more evidence suggests the association of various KIR 

genotypes with diseases. In comparison to KIR alone, combinations of KIR alleles 

and MHC-I alleles are more strongly associated with susceptibility to disease and 

resistance to infection, though these two gene clusters are located on different 

chromosomes (chromosome 19 and 6, respectively) (43, 141).  

Some paired KIR receptors recognize similar subsets of MHC-I ligands as 

shown in Table 1-4, but generally the inhibitory receptors have higher affinity 

than the activating receptors (142, 143). Therefore, KIRs could act as either 

inhibitory or activating during the development of diseases. Table 1-5 

demonstrates some examples of the genetic linkages of KIR-MHC-I combinations 

with reported diseases including viral infection, autoimmune disease, cancer and 

pregnancy related disorders. In addition to associations with allelic variation, KIR 

haplotypes have also been linked to disease susceptibility. For example, women 

who are homozygous for the A haplotype are prone to preeclampsia (Table 1-5).  

Despite the strong genetic correlations, the molecular basis and functional 

relationships of KIR-HLA with the related diseases are not yet clearly understood. 

Moreover, the stochastic expression pattern of KIR on NK cells adds more 

complexity to the task of investigating and understanding the mechanism of KIR 
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and HLA in disease. Nonetheless, all the published evidence suggests that higher 

affinity interactions triggering more inhibition is detrimental for pregnancy while 

weaker binding and thus less inhibition is beneficial for the clearance of viral 

infection (with the exception of HIV infection) and restriction of tumor growth. 

Those possessing haplotypes with more activating receptors are more likely prone 

to developing auto-immune diseases.   

Given the clinical importance of inhibitory KIRs, I will describe several 

inhibitory KIR family members in the subsequent text. There will be a particular 

emphasis on the receptor that is studied in this thesis, KIR3DL1.  
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Table 1-5.     The association of KIR-HLA genotypes with disease 

Disease Combination of KIR-HLA Role 

HIV infection KIR3DS1 - HLA-Bw4 (13) 

KIR3DL1-HLA-Bw4 (12)  

Protection 

HCV 

infection 

KIR2DL3/HLA-C1 (11) Protection 

Psoriasis KIR2DS1/HLA-Cw6 Promotion 

Type I 

Diabetes 

KIR2DS2/ HLA-C1 (144) Promotion 

Pre-eclampsia KIR2DL1/HLA-C2 (145) 

Haplotype AA/HLA-C2 (146) 

Promotion 

Promotion 

 

Hepatocellular 

carcinoma 

KIR3DS1/HLA-Bw4 (10, 11) Protection 

Cervical 

neoplasia 

KIR2DL1/HLA-C2 (147) Protection 
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1.5.1.6. Inhibitory KIR2D 

As shown in Figure 1-9, inhibitory KIR2D members are grouped into two 

types, type I and type II. Here, I will only discuss the well studied type I members. 

The inhibitory type I 2D family consists of three members: KIR2DL1, KIR2DL2 

and KIR2DL3. They all have extracellular domains D1 and D2 and contain long 

cytoplasmic tails. Of these receptors, KIR2DL1 is the most extensively studied 

dating back to the 1990's. The KIR2DL1 receptor recognizes HLA-C2 group 

members, with lysine (K) at position 80, such as HLA-Cw4 and Cw15. The other 

two members, KIR2DL2 and KIR2DL3, are allelic variants of the same locus. 

They bind to members of the HLA-C1 group, which have asparagine (N) at 

position 80, such as HLA-Cw3 and Cw7. In terms of binding affinity, KIR2DL1 

has the highest and KIR2DL3 has the lowest for the same ligands (143, 148). 

The crystal structure of KIR2DL1 demonstrates that D1 and D2 form a V 

shape at the interdomain region (149). The structure of the complex of KIR2DL1 

with HLA-Cw4 demonstrates that the hinge region of the two Ig domains (D1 and 

D2) of KIR2DL1 orthogonally interacts with the region of HLA-C at the C-

terminal end of the peptide-binding groove. The residues in HLA-C that are 

involved in the interaction are 77-80 (α1) and 145-151 (α2) (7, 150) (Fig 1-12a). 

At the binding site, the D1 domain interacts with the α1 domain while the D2 

domain binds to the α2 domain. The interaction site overlaps with but is distinct 

from the site where the TCR binds (7). Mutagenesis studies have proven the 

critical role of methionine (M) at position 44 of KIR2DL1 (143) and lysine (K) at 

position 80 of HLA-Cw4 (151) in this interaction. In addition, the amino acids at 

position 7 and 8 of bound peptides contribute to the sensitivity of binding (149, 

152).  

KIR2DL2 has a similar overall binding mode as KIR2DL1 when interacting 

with HLA-Cw3, but with a weaker affinity (143). The amino acid difference at 

position 44 in the contact site along with other residue variations change the 
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interaction forces from electrostatic (KIR2DL1-Cw4) to hydrogen bonds 

(KIR2DL2-Cw3) and therefore alter the specificity (149). Interestingly, the 

KIR2DL1-Cw4 complex also formed a crystallographic dimer (149). In this dimer 

structure, two HLA-Cw4 molecules are connected by the interaction of α1 and 

β2m, perhaps resulting in the facilitation of KIR clustering under normal 

conditions, though neighboring KIR2DL1 molecules do not contact each other 

(149) (Fig 1-12b). On the other hand, KIR2DL1 has a zinc binding motif with the 

consensus sequence HExxH. This sequence is able to drive dimerization of 

KIR2DL1 in vitro and enhances KIR avidity and signaling (153, 154).   

There are a total of 43 alleles and 24 protein variants of KIR2DL1 

according to the KIR Immuno Polymorphism Database (IPD-KIR database last 

dated 2013). Although all of the reported polymorphisms are found outside the 

contact regions, the polymorphisms have been shown to affect KIR2DL1 

recognition (155).  
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Fig 1-12.  Crystal structure of HLA-C with KIR2DL1.  

a). The ribbon diagram of the crystal structure of KIR2DL1 interacting with 

HLA-Cw4 (149).  b). The ribbon diagram of a crystallographic dimer of 

KIR2DL1-HLA-Cw4 complex (149). Two KIR2DL1 molecules are shown in 

pink (KIR2DL1a) and gray (KIR2DL1b), and two HLA-Cw4 molecules are 

indicated in red (HLA-Cw4a) and blue (HLA-Cw4b). In this dimer structure,  

KIR2DL1a (pink) binds to HLA-Cw4a (red) to form one complex, while 

KIR2DL1b (gray)  interacts with HLA-Cw4b (blue) to form the other complex.  
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1.5.1.7. KIR3DL1   

KIR3DL1, the focus of this thesis, is of particular interest due to its genetic 

association with HIV infection and progression to Acquired Immunodeficiency 

Syndrome (AIDS) (12, 156). It is also of interest because it is highly polymorphic 

and there are numerous unknown aspects of how it functions.  

Structurally, KIR3DL1 has three extracellular Ig domains (D0, D1 and D2) 

with a long cytoplasmic tail that contains two ITIMs to recruit phosphatases SHP-

1 or SHP-2, which deliver an inhibitory signal. KIR3DL1 recognizes HLA 

molecules carrying the Bw4 epitope. Genetic combinations of KIR3DL1 and 

HLA-Bw4 appear to have a protective implication in decelerating progression to 

AIDS and reducing the risk of HIV exposure in an uninfected population (12, 

156). Recently, a second critical role of inhibitory receptors such as KIR3DL1 has 

been described. During NK development, self-MHC-I recognition in mouse NK 

cells confers functional competence to be triggered by activating receptors, a 

process termed licensing (157), which is similar to positive selection in T cell 

development. Human NK cells are also subjected to this process such that NK 

cells expressing KIR3DL1 with HLA-Bw4 background are more responsive than 

those having HLA-Bw6 background (158), indicating the role of KIR3DL1 in 

maturation during NK development. 

1.5.1.7.1. KIR3DL1 polymorphism 

KIR3DL1 is the most diverse member in the KIR family likely due to the 

need to rapidly co-evolve with the extremely diverse HLA-B molecules. 73 alleles 

and 58 protein variants have been reported thus far for KIR3DL1 (45). Global 

genetic studies of distinct ethnic groups suggest that most of the naturally 

occurring KIR3DL1 subtypes diversified from two sources: *015 lineage and 

*005 lineage (159) (Fig 1-10). The extraordinary diversity of KIR and HLA 

influences KIR3DL1 expression, ligand recognition and function. The influence 
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of polymorphism on expression frequency, binding affinity and inhibition 

capacity is shown in Table 1-6. 

Flow cytometric analysis of human NK cells using a KIR3DL1 specific 

antibody, DX9, revealed that KIR3DL1 subtypes are expressed at different levels 

(high, low or null) on the cell surface (160). This phenomenon is due, in part, to 

variations in the extracellular domains (161). The representative alleles for high, 

low and null are *015, *005 and *004, respectively (160). The poor expression of 

*004 is due to mutations in the D0 and D1 domains (162), which lead to retention 

of the protein in the ER (163). However, this allele is strongly linked to slow 

progression to AIDS by an unknown mechanism (12).  

KIR3DL1 alleles also exhibit variation in their ability to inhibit NK activity 

upon encountering the same HLA-B allele (164). Allele *005 is a low density 

allele, and exerts weak inhibition in comparison to *015, which is a strong 

inhibitory allele. The functional difference is due to alterations in the D1 and D2 

domains that influence affinity and/or expression. Besides the typical alleles 

derived from the described lineages, there are other variants that cannot fit with 

this classification, such as *001. Allele *001 is likely the recombinant product of 

*005 and *015, due to the fact that its D0 domain is homologous to that of *005 

and its D1D2 domains are similar to that of *015. The *001 allele is well 

expressed at the cell surface and provides a strong inhibitory function. The 

frequencies of KIR3DL1 alleles across populations are varied. The frequencies of 

prototypical alleles such as *015 and *005 are largely altered in populations from 

different geographic regions. Conversely, *001 and *004 are present in high 

frequencies across various populations (159). 

As shown in Table 1-7, polymorphisms are found across the entire coding 

region. Of note, D0 is the most diverse domain in comparison to the other two Ig 

domains. Polymorphism within the D0 domain not only contributes to ligand 

interaction, but also influences surface expression (161). 
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Table 1-6. The expression frequency, surface density and inhibition capacity  

of different KIR3DL1 alleles 

KIR3DL1 

Allele 

Frequency (a) 

(%) 
Surface Density(b) 

Inhibition 

Capacity (c) 

*001 41 High Strong 

*002 24 High Strong 

*003 14 High ND 

*004 31 No ND 

*005 26 Low Strong 

*006 0 Low ND 

*007 11 Low Low 

*008 6 High ND 

*009 4 ND ND 

*015 ND High Medium 

*020 ND High Medium 

Note:  

(a). The frequency  data is adapted from Northern Irish populations (165) and 

European American data (12).   

(b). The surface density is adapted from the literature (122) by DX9 staining.  

(c). The inhibition capacity summary is adapted from the literature (122, 164).  

The alleles described in Chapter 1 are indicated in red. 
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Table 1-7. Sequence comparison of KIR3DL1 alleles 

             Note:  The alleles described in Chapter 1 are colored red. 

 

 

 D0 D1 D2 S TM CYT 

Position 2 31 44 47 54 86 145 182 238 277 283 312 320 343 373 

*001 M R R I I S R P G R W S I C E 

*002 V - - V L - - - R - - - - - - 

*003 V - - V L - - - - - - C - - - 

*004 - H G - - L - S - - L - V Y Q 

*005 - - - - - - - S - - L - - - - 

*006 - - - V L - - - - C L - - - - 

*007 V - - V L - - - - - - - V - Q 

*008 V H - V L - - - - - - - - - - 

*015 V - - V L - - - - - - - - - - 

*020 V - - V L - S - - - - - - - - 
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1.5.1.7.2. KIR3DL1 ligand recognition 

  KIR3DL1 recognizes HLA-A and B molecules carrying the Bw4 epitope 

(160), which includes 20% of HLA-A allotypes and 33% of HLA-B allotypes 

(164, 166). In most human populations, 50% of HLA haplotypes encode an HLA-

A and/or HLA-B allotype carrying the Bw4 epitope (159). Consequently, at least 

50% of people have a cognate ligand for KIR3DL1. However, for a given 

individual, less than 40% of NK cells express the receptor.  

KIR3DL1 variants differ in response to the same HLA-Bw4 molecule, and 

vice versa, such that the same KIR3DL1 molecule responds differently to diverse 

HLA-Bw4 allotypes (71). The Bw4 determinant is located in residues 77-80 of the 

α1 domain, but variations at position 80 are pivotal for determination of 

KIR3DL1 binding affinity. Isoleucine at position 80 confers strong affinity, such 

as in HLA-B*58:01, while threonine at this position provides weak affinity such 

as in HLA-B*27:05 (71). Aside from diversity within the Bw4 region, 

polymorphisms outside the Bw4 epitope also affect ligand interaction, particularly 

a polymorphism found in the α3 domain (167), which will be described in detail 

below.   

1.5.1.7.3. The interaction of KIR3DL1 with ligand 

When I started this project, the crystal structure of KIR3DL1 and the 

complex with its ligand had not been published. At that time, it was only known 

that the second and third Ig domain (D1 and D2) of KIR3DL1 had approximately 

80% identity to the two Ig domains of KIR2DL1, and that these two Ig domains 

were responsible for binding specificity to HLA-Bw4 in a similar manner as 

KIR2DL1-HLA-C (168). However, the first Ig domain (D0) of KIR3DL1 was 

known to also be important for ligand recognition. The D0 domain was shown to 

be required for proper folding of the protein and ligand interaction using a cell 

based binding assay with variable combinations of extracellular Ig domains of 
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KIR3DL1 (169). Mutagenesis studies indicated that the D0 domain acted as an 

enhancer for ligand interaction, however, the mechanism was not clear (168). 

Interestingly, combined natural substitutions in the α1 and α3 domains of HLA-

Bw4 reduced KIR3DL1 mediated inhibition (167).   

1.5.2. Leukocyte Ig-like receptor 1 (LILRB1)  

Another type of inhibitory receptor, LILRB1, has been reported to bind 

MHC-I molecules and influence KIR2D signaling (170, 171). In this thesis, I have 

examined whether LILRB1 also influences KIR3DL1 signaling. The LILRB1 

receptor is discussed in the following sections.  

1.5.2.1. General features of LILRB1 

LILRB1 is also known as CD85j, Ig-like transcript 2 (ILT2) and LIR-1. It is 

expressed on various cells derived from myeloid and lymphoid lineages, such as 

monocytes, dendritic cells, B cells and a subset of NK and T cells (172). In 

comparison to KIR, LILRB1 is less polymorphic (173). Expression is variable 

between individuals and is affected by particular cytokines (174). Structurally, the 

receptor has four extracellular Ig domains named D1, D2, D3 and D4 from 

membrane distal to proximal, and contains four ITIM motifs in the cytoplasmic 

tail. Mutagenesis studies demonstrated that the predominant role of the two 

membrane distal ITIM motifs is recruitment of SHP-1 (175).   

Changes in LILRB1 expression are correlated with Human 

Cytomegalovirus (HCMV) re-activation in transplant patients (176) and 

polymorphism in LILRB1 has been linked with autoimmune diseases, tumor 

growth and pregnancy related disorders (177).  

1.5.2.2. LILRB1 ligands 

LILRB1 recognizes classical (HLA-A, B and C) and non-classic MHC class 

I molecules (HLA-G) with different affinities. LILRB1 binds HLA-G with the 
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highest affinity (178). Although it only shares 25% homology with HLA 

molecules, the HCMV protein, UL18, binds with much higher affinity to LILRB1 

than any of the HLA molecules (179). The interaction between LILRB1 with 

MHC-I can be blocked by LILRB1 specific antibodies (HPF1 and GHI/75) or by 

an antibody that reacts with all classes of HLA molecules, W6/32 (92, 171, 180). 

1.5.2.3. The interaction of LILRB1 with MHC-I 

The co-crystal structure of LILRB1-D1D2/HLA-A2 complex demonstrates 

that the interaction is largely dependent on the two membrane distal Ig domains 

(D1 and D2) (170). The tip of D1 binds to residues 193-200 of the α3 domain and 

the hinge region between D1 and D2 interdomain contacts β2m (Fig 1-13a). 

LILRB1 has been reported to use a similar mode of interaction to bind UL18 (179, 

181). Point mutants analyzed by surface plasmon resonance (SPR) revealed the 

critical role of a tyrosine (Y) at position 38 of LILRB1-D1 in recognition of UL18 

(182). Although the role of the two membrane proximal Ig domains, D3 and D4, 

remains unclear, the comparison of binding to HLA molecules between the full 

length ectodomain and D1-D2 revealed that D3 and D4 mainly provide a support 

stem for the D1 and D2 domains and do not contact ligands (181, 182). LILRB1 is 

also found to interact with MHC-I on the same cell (cis interaction) (183) (Fig 1-

13b).   
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Fig 1-13. LILRB1 interacts with MHC-I in trans and cis 

a). Ribbon diagram of crystal structure of D1D2 of LILRB1 bound to HLA-A2 

( adapted from Willcox B.E. et al, Nature Immunology, 2003, vol 4; 913).   

b)  Illustration of LILRB1 interaction of MHC-I in trans and cis .  
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1.6. The immunological synapse (IS) 

Previously, I have described fundamental mechanisms of how individual 

NK receptors control effector functions. Given the redundancy of receptors in 

regulating NK functions, I will now provide basic information of how receptors 

are involved in the events that occur on the cell surface and how these events 

occurring on the cell surface influence signaling inside the cells.  

The immunological synapse (IS) defines a micrometer sized region formed 

at the cell surface between two immune cells in close contact. The IS is assembled 

by organization of surface receptors, adhesion molecules and intracellular 

signaling proteins in trans. The concept was first described in the 1990's at the  

organized cell-cell contact region between a T cell and an antigen presenting cell 

(APC), where the T cell receptor (TCR) interacts with MHC-I (184, 185). 

Subsequent studies have extended the observation and have shown the presence of 

IS for other types of immune cells, such as NK cells. Given that immune cells are 

highly motile, synapses that occur between immune cells and potential target cells 

are transient but dynamic, also called "make and break" synapses (186). 

 When an NK cell encounters a target cell, a number of events occur 

sequentially at the interface of the contact. To date, a total of three distinct stages 

are used to describe the time-dependent activating process in NK cells upon 

engagement of target cells, including the initial, effector and termination stages. 

The initial stage involves adhesion of the NK cell to the target cell, through 

clustering of adhesion molecules and activating receptors, and subsequent 

initiation of activating signals. Next, the effector stage is characterized by actin 

polymerization and re-orientation of lytic granules (187, 188). After lytic granules 

are released, the termination stage begins (188), this includes the detachment of 

the NK cell from the apoptotic target cell.         
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At the initial stage, events involved in assembling activating synapses (e.g., 

adhesion) and initiating activating signals (e.g. recruitment of signal molecules) 

are regulated by inhibitory receptors. Previously, our lab has shown that 

accumulation of inhibitory KIR2D (KIR clusters) occurring at the interface with a 

ligand bearing target cell correlated with inhibition of cytotoxicity and inhibition 

of adhesion (189, 190). A chimeric KIR2DL1 with an N-terminal EGFP moiety, 

which had less binding to the same ligands in comparison to KIR2DL1, formed 

smaller clusters (microclusters) of KIR2DL1 when engaged with HLA-C 

molecules (189). Consequently, there was less impact on cytotoxicity than 

adhesion (189, 190). Other studies have demonstrated clusters of KIR associated 

signaling molecules such as SHP-1 at the synapses (189-191). These clusters were 

shown to be independent of actin re-organization and ATP-driven cytoskeletal 

rearrangement (192, 193), but actin polymerization can enhance the process (194). 

In addition to KIRs, synapses with other inhibitory receptors, such as LILRB1 and 

NKG2A, have been studied. LILRB1 recognizes classical and non-classical 

MHC-I with highest affinity for HLA-G. However, visible accumulation of 

LILRB1 was not detected at the synapse when engaged with HLA-G (195).   

In the following section, I will describe the influence of LILRB1 on KIR 

mediated signaling and how it led to the studies described in this thesis.  

1.7. The influence of LILRB1 on KIR signaling    

This is little evidence to support the concept that the binding strength of 

LILRB1 with classical HLA is sufficient to protect target cells from destruction in 

the absence of another inhibitory receptor. Interestingly, truncated KIR2DL1 that 

lacks a cytoplasmic tail loses most of its inhibitory function in some cells but not 

others. The observation of this residual inhibition indicated that other inhibitory 

receptors may be involved in the interaction (171). Using an NK cell line that co-

expresses an ITIM-mutated KIR2DL1 and normal LILRB1, S. Kirwan in our lab 

showed that the presence of LILRB1 signaling is dependent on the presence of the 
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mutated KIR2DL1 (171). Given that the interaction of KIR2DL1 with HLA-C 

allows for the accumulation of HLA-C molecules at the synapse, the proposed 

model was that the accumulation causes the increased avidity of LILRB1 binding 

to HLA-C, facilitating LILRB1 signaling.   

1.8. Research focus 

 When I began my studies, the KIR3DL1-D0 domain was known to 

somehow participate in the KIR3DL1 interaction. However, the mechanism 

remained unclear. The cognate ligands of KIR3DL1 are also known to bind with 

LILRB1. Given the known effect of LILRB1 on the KIR2DL1 signaling, my 

research began to test if LILRB1 either modifies KIR3DL1 signaling via engaging 

HLA-B molecules carrying the Bw4 motif or if the presence of the D0 domain 

might prevent such a phenomenon.   

Surprisingly, during my initial investigations, I discovered that an anti-

MHC-I antibody, W6/32, which was known to block LILRB1 interaction but had 

no impact on KIR2DL1 recognition, prevented inhibition mediated by KIR3DL1. 

Given the structural differences between KIR3DL1 and KIR2DL1, I speculated 

that the phenomenon was due to presence of the D0 domain. Therefore, the initial 

hypotheses to be tested in this thesis were:  

1.  LILRB1 can cooperate with KIR3DL1. 

2. The D0 domain of KIR3DL1 is directly involved in KIR3DL1 mediated 

ligand binding 
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Chapter 2 

 

 

MATERIALS AND METHODS 
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2. Materials and methods 

2.1. Antibodies 

 Anti-KIR3DL1 mAb DX9 (IgG1), anti-KIR2DL1/S1 mAb HP-3E4 (IgM) 

and anti-HLA-ABC mAb DX17 (IgG1) were purchased from BD Biosciences 

(Mississauga, ON).  Z27 specific for KIR3DL1/S1 was purchased from Beckman 

Coulter (Mississauga, ON). W6/32 (IgG2a) and control IgG2a (51.1) were 

purified by protein G-Agarose from the hybridomas obtained from ATCC.  

Control IgG1 MOPC-21 and control IgM MOPC-104E were purchased from 

Sigma-Aldrich (Oakville, ON). B27M1 (anti-B27 mAb) was kindly provided by 

Dr. Kane (University of Alberta). Anti-Bw4 was purchased from One Lambda. 

Full length LILRB1-Fc was purchased from R&D Systems (Minneapolis, MN, 

USA). B22-249 (anti-Db α1) (196) , 28-14-8s (anti-Db α3) (197), Y3 (anti-Kb α1) 

(198), 11-4.1(anti-2k) (199), 34-5-8s (anti-H-2Dd) (200) were obtained from Dr. 

Kane (University of Alberta). 

FITC-anti-HLA-G (IgG1) and FITC mouse-IgG1 isotype controls were 

obtained from eBioscience (San Diego, CA), PE-anti-HLA-E (IgG1) and PE-

mouse-IgG1 isotype controls were purchased from Abcam (Cambridge, MA). 

Goat anti-human IgG Fc and alkaline phosphatase (AP) conjugated F(ab’)2 goat 

anti-mouse IgG and IgM were obtained from Jackson ImmunoResearch 

Laboratories (West Grove, PA). PE-conjugated anti-mouse IgG was purchased 

from Cedarlane (Burlington, ON).  

2.2. Cell lines 

Retroviral packaging cell line, Phoenix (obtained from Dr. S. Vidal's lab), 

were cultured in DMEM with 10% heat inactivated Hyclone characterized fetal 

bovine serum (FBS). NK92 (ATCC) was cultured in Iscoves medium with 12.5% 

heat inactivated Hyclone characterized FBS, 12.5% horse serum, 0.2 mM  Inositol, 

0.02 mM folic acid, 100 µM 2-mercaptoethanol (ME) and 2 mM L-glutamine. 
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NKL was maintained in Iscove's modified Dulbecco's medium with 10% Hyclone 

characterized FBS with 2mM L-glutamine. YTS cells, a subclone of YT cell line, 

obtained from G. Cohen was maintained in Iscove's modified Dulbecco's medium 

with 15% Hyclone characterized FBS / 50 µM 2- ME / 2mM L-glutamine. YTS 

transfectant, 2DL1.YTS produced in our lab were maintained in Iscove's modified 

Dulbecco’s medium containing 15% FBS / 50 µM 2-mercaptoethanol / 2 mM L-

glutamine and supplemented with 1 µg/ml puromycin where required (189). The 

mutant B lymphoblastoid cells 721.221, 221.G, HLA-B*58:01, B*27:05 and 

B*07:02 were provided by Eric Long and cultured in 10% FBS/Iscove's modified 

Dulbecco's medium supplemented with 0.5 mg/ml G418 (129, 201).  Cos-7 cells 

from Dr. Kane (University of Alberta) were cultured in 10% FBS/DMEM. 

Primary NK cells were obtained from donors following written informed consent 

with approval from the Health Research Ethics Board at the University of Alberta. 

NK cells were purified from total PBMC using the StemSep Human NK Cell 

Enrichment Kit (StemCell Technologies). RMA and RMA/S (25, 202) (obtained 

from Dr. Kane, University of Alberta), R1E and R1E transfected with H-

2Kbmβ2m or H-2Dbmβ2m (203) (provided from Dr. David Williams, University of 

Toronto) were maintained in RPMI 1640 medium supplement with glutamine and 

10% FBS. NZB (murine lymphoma cell line from NZB animal) and RDM-4 

(murine lymphoma cell line derived from AKR mice) (204) (provided from Dr. 

Kane’s lab) were cultured in DMEM supplemented with 10% FBS. Rat cell line, 

RNK-16 and YB2/10 were maintained in RPMI 1640 medium supplement with 

10% FBS. All the rat cell lines were provided from Dr. Kane (University of 

Alberta).  
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Table   2-1. List of surface receptors on NKL, NK92 and YTS cells 

Cell 

lines 
LIR-1 KIRs NKG2A NKG2D CD8 CD16 CD28 CD56 

NKL Yes No Yes Yes No No No Yes 

NK92 Yes No Yes Yes No No Yes Yes 

YTS No No No No No No Yes Yes 
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2.3.  Constructs 

Cl42TGpMX.  C-terminals of KIR2DL1* gene tagged with EGFP (cl42TG) 

in the context of pBabe vector was generated previously in our lab (189). The 

construct was digested with EcoRI and NotI at 37°C overnight, and the resulting 

fragment was subcloned into pMX-puro (gift from Dr. Lanier, UCSF).  

KIR3DL1pMX, 3DL1Y2FpMX. KIR3DL1*001 and its ITIM mutant 

3DL1Y2F were amplified and inserted into pSport vector by Johnason Huckle, a 

previous student in our lab. The constructs were digested with EcoRI and NotI, 

and the resulting fragments were subcloned into pMX-puro.  

D02DL1pMX. The signal sequence and D0 domain of KIR3DL1*001 was 

linked to KIR2DL1 using PCR products with appropriate restriction sites as 

follows. KIR2DL1*0020101 was amplified by PCR from 2DL1 in the plasmid 

pMX with a forward primer complementary to the region just downstream of the 

signal sequence cleavage site and containing a BamH1 site 

(5’CAGGGGGCGGATCCGAACCACAGAAAACCTTCCCTCC3’), and the reverse primer 

complementary to the pMX backbone (5’CTAACTGACACACATTCCACAGC3’) and 

reinserted into pMX with NotI and BamH1.  The D0 of KIR3DL1 was amplified 

by PCR from KIR3DL1 in pMX with forward primer 

5’CCTCTAGACTGCCGGATCTAGC3’ complementary to the backbone of pMX upstream 

of KIR3DL1 signal peptide sequence and including a BamH1 site from the vector, 

and the reverse primer 5’CAGGGGGCGGATCCGCTCCTGTGACCATGATCACCACGG3’ 

complementary to the region at the end of the KIR3DL1 D0 domain extended 

with a BamH1 restriction site.  The resulting PCR product was digested with 

BamH1, and ligated into the BamH1-KIR2DL1 construct in pMX.  The D0 

boundary ends with IMVTG and is linked by ADPN to HRKPS at the beginning 

of the D1 domain of KIR2DL1 starting at the second histidine of the mature 

protein and corresponding to the beginning of KIR3DL1 D1’s at the sequence 

NHRKP. 



61 

  

 

3DL1Y200ApMX. was generated using Quick Change Mutagenesis kit 

(Stratagene, LA Jolla, CA), confirmed by complete sequencing of the inserted 

DNA and subsequently subcloned in the pMX vector.  

HA.B*27:05. DNA encoding HLA-B*27:05 was amplified by RT-PCR 

from RNA extraction of the cells stably expressing HLA-B27 (provided by Dr. 

Long's lab, NIH) with the forward primer B27fwdXmaI complementary to the 

region just downstream of the signal sequence cleavage site extended with a XmaI 

restriction site (5'-CCCCCGGGGGCTCCCACTCCATGAGG-3') and the reverse primer 

B27bwdSalI complementary to the end of HLA-B27 followed by SalI cloning site 

(5'-GC GTCGACTCAAGCTGTGAGAGACACATC-3'). The PCR product was cloned 

into the vector pCRII (Invitrogen, CA).  

HA.B*27:05I194A. The mutation at position 194 from isoleucine (I) to 

alanine (A), I194A was generated by site directed mutagenesis of HLA-B*27:05 

in pCRII using the QuickChangeTM (Stratagene) method. Primers used to generate 

HLA-B*27:05 I194A were 5'-GTGACCCACCACCCCGCCTCTGACCATGAGGC-3' and 

its reverse complement and 5'-GCCTCATGGTCAGAGGCGGGGTGGTGGGTCAC-3' and 

its reverse complement to change GCC to GGC.  

HFE. HFE was amplified by RT-PCR using RNA extraction of 721.221 

cells with the forward primer HFEfwdBgl that is complementary to the region just 

downstream of signal sequence cleavage site and extended with a BglII site (5'-

AGATCTCGCTTGCTGCGTTCACAC-3') and the reverse primer HFEbwdSalI that is 

complementary to the stop codon region followed with a SalI site (5'-

GTCGACTCACTCACGTTCAGCTAAGACG-3'). 

 B27α1α2HFEα3.  HLA-B*27:05α1α2 domain downstream of signal 

sequence was linked to HFE α3 using PCR fragments with PstI. B27α1α2 was 

amplified from HLA-B*27:05 in the plasmid pCRII with the B27fwdXmaI primer 

and the reverse primer that is complementary to the end of α2 region at residue 

180, that naturally contains a PstI site (5'- CTGCAGCGTCTCCTTCCC-3') and inserted 
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into pDisplay with XmaI and PstI. The α3 of HFE was amplified by PCR from 

HFE in pCRII with forward primer 5'-CTGCAGCAACAAGTGCCTCCTTTGGTGAAGG-

3' complementary to the region of the beginning of α3 domain of HFE extended 

with a PstI site and the reverse primer HFEbwdSalI. The resulting PCR product 

was digested with PstI and SalI, and ligated into the same site digested 

B27α1α2pDisplay.  The α1α2 boundary of HLA-B27 ends with GKETLQ and is 

linked to the beginning of the α3 domain of HFE starting at residue 182 of mature 

protein by the amino acids as QQVPPLV.  

HFEα1α2B27α3. The construct was generated with the similar strategy that 

link HFE α1α2 domain with B27α3 with KpnI. HFEα1α2 was amplified from 

HFE in pCRII with the forward primer that is complementary to the beginning of 

HFE downstream of the signal sequence with the additional of an XmaI site ( 5'-

CCCGGGCGCTTGCTGCGTTCACACTC-3') and the backward primer complementary 

to the end of α2 domain of HFE followed by a KpnI site (5'- 

GGTACCGTCCAAAACACCTCTCCC -3'). The α3 domain of HLA-B*27:05 was 

amplified from B*27:05 in pCRII with a forward primer complementary to the 

region at the start of the α3 domain of HLA-B*27:05 at residue 181 and 

containing a KpnI site (5'- GGTACCCGCGCGGACCCCCCAAAG-3') and the backward 

primer B27bwdSalI. The α1α2 boundary of HFE ends with the amino acid 

sequence LGRGVLD and is linked by the amino acids GT to the beginning of 

B27α3 (RADPPK...).  

All the PCR products were cloned into pCRII and the constructs were 

confirmed by sequencing. The pDisplay signal sequence and HA tag were fused 

in frame to the above constructs with XmaI and SalI except BglII and SalI for 

HFE insert. The constructs were subcloned into pMX-puro with EcoRI and NotI 

and transduced into 721.221 cells using the method described in chapter 2.  The 

cells were selected in 1 µg/ml puromycin and stable clones established by single 

cell sorting based on W6/32 surface staining analyzed by flow cytometry. 
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3DL1Fc. The Cd5lneg1 vector containing human IgG Fc and the plasmids 

encoding 3DL1Fc and 2DL1Fc were provided by Dr. Long, NIH (169).   

D0Fc, D0D1Fc, D1D2Fc. DNA encoding the first Ig domain D0 of 

KIR3DL1, the first and second Ig domains (D0D1) and the second, third Ig 

domains (D1D2) in cd51neg1 constructs (169) were kindly provided from Dr. 

Long's lab (NIH). The Fc fusion proteins were generated and purified as described 

in chapter 3.  

D02DL1Fc. The chimeric construct D02D was generated by first linking D0 

of KIR3DL1*001 to the D1 and D2 domain of KIR2DL1.  The D0 domain of 

KIR3DL1 was amplified using the forward primer 5’-

CAGGGGGCGCTAGCGCACATGGGTGGTCAGGACAAACC-3’ corresponding to sequences 

immediately downstream of the signal sequence and containing an NheI site, and 

reverse primer 5’-CAGGGGGCGCTAGCGGTCCTGTGACCATGATC-ACCACGG-3’ upstream 

of the D1 domain of KIR3DL1 and containing an NheI site.  The segment with 

the KIR2DL1 Ig domains were amplified using the forward primer 

5’CAGGGGGCGCGAGCGCATGAGGGAGTACACGAGAAACC-3’ downstream of the signal 

sequence cleavage site and containing an NheI site, and reverse primer 5’-

GAGGTCCCAGGATCCGCATGGTGCAGGTGTCTGGGGTTACC-3’ upstream of the 

transmembrane region and containing a BamH1 site. In the resulting fusion, the 

D0 domain ends at IMVTG and is linked by amino acids PLA to the first histidine 

of the mature KIR2DL1 protein. D02D was inserted into Cd51neg1 vector with 

NheI and BamH1.   

LILRB1-D1D2Fc.  DNA encoding the first two extracellular domains 

(D1D2) of LILRB1 (residues 1-197) were amplified from LILRB1 in pSport 

using  5’-GCTAGCGGGGCACCTCCCCAAGCCCACC-3’ as the forward primer and 5’-

CGCTAGCCCTAGGACCAGGAGCTCCAGGAG-3’ as the reverse primer. The resultant 

fragment was inserted into Cd51neg1 vector (provided by Dr. Long, NIH) with 

NheI.      
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LILRB1Fc.  Fusion protein containing the extracellular domains of LILRB1 

linked with human IgG1 Fc was purchased from R&D Systems Inc. (Cedarlane). 

The concentration was adjusted to 100 µg/ml as suggested by the manufacturer.  

2.4.  Optimized retroviral transduction protocol  

The protocol was modified based on Dr. Nolan's protocol 

(http://www.stanford.edu/group/nolan/retroviral_systems/phx.html). Briefly, 2.5 x 

106 cells of Phoenix cells were seeded in a 60 mm petridish at 37°C with 5% CO2 

for 12-16 hours. The following day, the medium was removed and the dish was 

replenished with 3 ml complete medium supplemented with 25 µM chloroquine. 

DNA/HBS mixture was prepared in a 15 ml tube as follows: up to 15 µg DNA 

were added into 450 µl sterile distilled water with 50 µl 2.5M CaCl2, and then 

mixed with 500 µl 2X HEPES Buffered Saline (HBS) (50 mM HEPES, pH=7.05; 

10 mM KCl; 12 mM Dextrose; 280 mM NaCl; 1.5 mM Na2HPO4). The 

DNA/HBS mixture was added drop wise to the cells, gently mixed. The cells were 

then incubated at 37°C for 8-10 hrs. The medium was changed to 3 ml NK culture 

medium, and the cells were incubated at 32°C with 5% CO2 up to 48 hours. 48 

hours post transfection, the supernatant containing retroviral particles were 

collected by centrifuge at 1200X rpm for 5 minutes. The harvested supernatant 

was then supplemented with 8 µg/ml polybrene to make infection cocktail. 0.5 

million exponentially growing NK cells were suspended with the infection 

cocktail, and the suspension was plated into a 24 well plate with 0.5 ml per well. 

The plate was then spun at room temperature for 90 minutes at 1500 x rpm prior 

to another three hours subsequent incubation at 37°C with 5% CO2. Next, the 

infected cells were pooled, pelleted and resuspended in 5 ml NK media. The cells 

were then placed into a 60mm petridish and incubated at 37°C with 5% CO2 for 

48 hours. 48 hours post infection, the expression of EGFP was measured by flow 

cytometry on a FACs Canto (BD Biosciences).    
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NK cell lines, NK92, NKL and YTS, were transduced with 

KIR3DL1*001pMX, KIR3DL1Y200A.pMX mutant or D02DL1pMX constructs 

using the described retroviral transduction. The positive cells were selected in 1 

µg/ml (NKL and YTS) or 4 µg/ml puromycin (NK92).   

2.5. Cell sorting  

Subclones were isolated based on high KIR3DL1 expression by a single cell 

sorting (FACSAria) using FITC-conjugated anti-KIR3DL1 (DX9) antibody. In 

brief, all of the cells resistant to purimycin were pelleted and washed with 3 ml 

sterile FACs buffer (PBS with 1mM EDTA and 2% FBS). 5 µl FITC-coupled 

DX9 was diluted into 1 ml sterile FACs buffer and the diluted antibody solution 

was filter sterilized using 0.22 µm Millipore filter (Millpore). The sterilized 

antibody was then added to the washed cells using a ratio of 0.5 ml mAb to 1 

million cells, and incubated at 4°C for 30 minutes. The isotype control was 

stained as described as DX9 but with less cells (0.5 million). The stained cells 

were then washed with 3 ml of sterile FACs buffer and resuspended in 1 ml of 

sterile FACs buffer. Prior to sorting, NK media supplemented with the appropriate 

amount of puromycin, 0.1% gentamycin (50 mg/ml, Cat#15750-060, Invitrogen) 

and 1% anti-fungi reagent, Antibiotic-Antimycotic (Cat # 15240-062, Invitrogen) 

were added to a 15 ml conical tube (10 ml) and a 96 well plate (100 µl per well). 

Next, the resulting cells were sorted into the plate as a single cell per well, and the 

remained cells were sorted into the tube. The sorted cells were maintained at 37°C 

with 5% CO2 with the previous sorting media. The clones expressing high 

KIR3DL1 and containing a comparable lysis of 721.221 cells relative to parental 

NK cells were obtained for further functional examination.   

221 cells were transduced with HA tagged B*27:05, I194A, HFE, 

HFEα1α2B27α3 or B27α1α2HFEα3 constructs using the optimized retroviral 

transduction method described in section 2.4. The positive cells were selected in 1 

µg/ml puromycin. Subclones were isolated by a single cell sorting using anti-
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MHC-I antibody, W6/32, and PE coupled anti mouse IgG. The clones expressing 

comparable levels of HA relative to wild type B*27:05 were obtained for further 

examination.   

2.6. Virus titer determination  

 NIH 3T3 cells were seeded in a 6 well plate with 0.2 million cells per well 

and incubated at 37°C with 5% CO2 for 12-18 hours. The following day, a serial 

dilution of the virus stock released from Phoenix cells was performed with 

standard fibroblast medium (SFM: containing 10% heat inactivated fetal bovine 

serum, 2mM L-glutamine in DMEM) supplemented with 15 µg/ml of polybrene. 

Next, NIH 3T3 cells were infected with 1 ml of each dilution for 24-48 hours at 

37°C with 5% CO2. 48 hours post infection, the cells were trypinsized and 

analyzed for EGFP expression as measured by flow cytometry. The virus titer 

(IU/ml) were calculated as (% positive cells expressing EGFP) X (the amount of 

target cells), and adjusted for the dilution factor (205).  

2.7. Cytotoxicity assay 

The cytotoxicity of transduced and parental NK cells was measured in a 

standard 4-h 51Cr release assay (206) using 221 cells and 221 tranfectants 

expressing HLA class I as the target cells as follows. 0.5 million of target cells are 

labeled with 10 micro Currie (µCi) of 51Cr at 37°C for one hour, and washed with 

10 ml CTL medium (Iscove/5%FBS). The cell pellets were resuspended with 1 ml 

CTL medium, counted and adjusted at 2.5 X 104 cells/ml. Effector cells (NK cells) 

were collected and washed with CTL medium and dilution made for effector: 

target ratios from 9:1 and diluted to 3:1 and 1:1 with CTL medium. The effector 

and target cells were then placed into 96 well plate at 100 µl per well of each. The 

plates were spun at 400 rpm room temperature with no brake for 3 minutes and 

then incubated at 37°C with 5% CO2 for 4 hours. Post incubation, the plates were 

recentrifuged, and 25 µl of the supernatant was added to 100 µl scintillation liquid 
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(Perkin Elmer) per well in 96 well flex plates (Fisher). The 51Cr in the supernatant 

was measured by 1450 Microbeta Trilux liquid Scintillation & Luminescence 

Counter (Wallac). The cytotoxicity was calculated as percentage lysis with the 

following formula: % lysis = (51Cr release of sample – 51Cr release of spontaneous) 

X 100 / (51Cr release of maximum – 51Cr release of spontaneous). For antibody 

reversal experiments, effector cells were preincubated with antibodies at room 

temperature for 10 minutes prior to adding the target cells. Unless otherwise 

indicated, the concentrations of the antibodies were:  2.5 µg/ml for anti-KIR3DL1 

mAb (DX9), anti-KIR2DL1 (HP3E4) or anti-LILRB1 (M405), 5 µg/ml for anti-

MHC-α3 mAb (W6/32). The same concentration of control IgG1 (MOPC-21), 

control IgG2a (51.1) and control IgM (MOPC-104E) were added for isotype 

controls. The results from at least three assays were aggregated and the 

significance of the differences determined using an unpaired Student T test.   

2.8. Generation of Fc-fusion proteins  

Fc-fusion proteins were generated by transfecting Cos-7 cells modified from 

the protocol provided from Dr. E. Long (148). In brief, 10 million cells were 

seeded per roller bottle (Cat#430849, Corning) in batchs of three bottles, and were 

incubated at 37°C with 5% CO2 for two days. On the day of transfection, 

transfection medium (TM) was prepared as follows: 300 µg of DNA + 0.6 ml of 

1M HEPES buffer (PH 7.4) + 0.6 ml of 40 mg/ml DEAE-Dextran (Cat#D9885, 

Sigma) + 240 µl of 25 µM chloroquine in plain DMEM medium in a total volume 

of 60 ml.  The cells were washed with 25 ml plain DMEM three times prior to 

addition of 20 ml TM per roller bottle. Next, the cells replenished with TM were 

incubated at 37°C with CO2 for 2 hours. Post incubation, the cells were washed 

once with plain DMEM and replenished with 50 ml fresh complete medium per 

roller bottle prior to incubation at 37°C with CO2 overnight. The next day, the 

cells were washed with plain DMEM three times, and replenished with 50 ml 

DMEM supplemented with 5 ml Non-Essential Amino Acid (NEAA, Cat #11140-
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050, Invitrogen). The cells were then incubated at 37°C with 5% CO2. Every three 

to four days, supernatants were collected and clarified by centrifugation at 4000 X 

g for 20 minutes. To obtain enough of the proteins for purification, a total of three 

collections was done from 15 bottles. 

2.9. Purification of Fc-fusion proteins 

The various fusion proteins and control Fc protein were affinity purified on 

Protein G Plus-Agarose (Cat#IP08, Calbiochem) columns from serum free 

supernatants of transfected Cos-7 cells and dialyzed into PBS with Amicon® 

centrifugal filters (Cat#UFC910024, Millipore) essentially as described (148).  

Purity was verified by SDS-PAGE with Coomassie staining under non-reducing 

or reducing conditions. Protein concentrations were determined using the Micro 

Bicinchonic Acid assay (Pierce).   

2.10. Capture-based ELISA 

 The folding of the purified and concentrated proteins was tested with 

conformationally sensitive anti-KIR antibodies using the following method. 

ELISA plates were coated with 25 µg/ml goat anti-human IgG Fc in 0.1M 

NaHCO3 (pH=9.6) at 4°C overnight. The coated plate was then blocked with PBS 

with 2% BSA and 0.05% Tween-20 at room temperature for 1 hour. Next, the 

diluted Fc fusion proteins were added to the plate and incubated for 1 hr at room 

temperature prior to three washes with PBS/0.05% Tween-20. The bound proteins 

were incubated with 50 ng/ml DX9 or HP-3E4 at room temperature for 1 hour and 

then washed three times with PBS/0.05% Tween-20. Reactivity to antibodies was 

detected with alkaline phosphatase (AP) conjugated F(ab’)2 goat anti-mouse IgG 

or IgM (1:10,000 dilution) and the PNPP substrate (Pierce). The results were 

measured at 405 nM using Microplate Reader (Molecular Probe).   
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2.11. Western blot 

Purified Fc fusion proteins were mixed with 2x SDS-PAGE reducing buffer 

(Fermenta) and denatured at 100°C for 10 minutes. The prepared samples were 

loaded on an 8 % polyacrylamide gel. The gels were run at 100 MV for 1.5 hours 

prior to transferring to 0.22 µm cellular membranes as instructed. The resulting 

membranes were incubated with 1:1 PBS/Li-Cor blocking buffer (Cat#927-40000, 

Odyssey) overnight at 4°C. Next, the membranes were blotted with 0.5 µg/ml 

anti-KIR3DL1 antibody, DX9 or purified goat anti-human-Fc mAb at room 

temperature for three hours. The antibodies were diluted in dilution buffer 

consisting of 1:1 PBS/Li-Cor blocking buffer supplemented with 0.1% Tween-20. 

Post incubation, the membranes were then washed with PBS/0.1% Tween-20 four 

times. Subsequently, the membranes were blotted with AlexFlour®680 goat anti-

mouse-IgG (H+L) (Cat#A21057, Invitrogen) or AlexFlour®680 Donkey anti-

goat-IgG (H+L) (Cat# A21084, Invitrogen) at room temperature for one hour 

covered with aluminum foil. The secondary antibodies were diluted 1: 10,000 in 

the dilution buffer. The membranes were then washed with PBS for three times. 

The binding of the antibodies was measured with Li-Cor Quantitative Fluorescent 

Imaging System (Odyssey).  

2.12. Cell binding assay 

In order to measure binding of Fc-fusion proteins to MHC-I, 2x105 of 

721.221 cells or its derivatives expressing various MHC-I proteins were incubated 

in 20 µl with purified fusion proteins for 1 hour at 4°C with rotation. The 

incubation was maintained in 1.5 ml eppendorf tubes. The cells were washed and 

transferred into 5 ml Falcon tubes (Cat#352008, BD). The cells were then 

incubated with PE-conjugated goat anti-human Fc antibodies (eBioscience) for 30 

min at 4°C, washed again, fixed in 5% formaldehyde/FACs buffer (PBS + 2% 

FBS + 1 µM EDTA) and analyzed by flow cytometry. To block the binding, the 

antibodies were incubated with the cells for 10 minutes at room temperature, 
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followed by addition of the purified proteins to a final concentration of 100 µg/ml 

in 30 µl. The significance of the binding was determined on aggregated data from 

at least three assays using an unpaired Student T test.  

2.13. Generation of MHC-I conjugated streptavidin beads 

100 µl of Dynobeads® M-280 streptavidin beads (cat#112.06D, Invitrogen) 

were washed with PBS and resuspended in 10 µl PBS buffer. 5 µg of biotinylated 

HLA-B*27:05 monomer (provided by Dr. Brook's Lab, Australia) or H-2Kb 

monomer (provided by Elsa Marquez and Dr. Kevin Kane, University of Alberta) 

were added. The samples were incubated at room temperature with rotation for 30 

minutes prior to four washes with PBS/0.1% Tween-20. The monomer conjugated 

beads were used for further binding assay. The degree of conjugation was 

determined using MHC-I specific antibodies and flow cytometric analysis. The 

binding of Fc fusion proteins to beads was done similarly to the cell-binding assay 

(section 2.12) using 10 µl of Dynobeads. Fig 2-1 illustrates the process of 

conjugation and examination steps for analyzing antibody and Fc-fusion protein 

binding using flow cytometry.  
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Figure 2-1. Illustration of MHC-I monomer conjugated Dyno®bead  

Strepavidin coated Dynobeads® are coupled with biotinylated MHC-I monomer 

as illustrated. The resulting product then is detected for the binding of MHC-I 

using antibody.  
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2.14. Structural modelling of KIR3DL1 

Structural models of KIR3DL1 and its interaction with HLA were created 

based on crystal structures of the HLA-Cw4/KIR2DL1 complex (PDB code 

1IM9), or HLA-B*57:01/KIR3DL1*001 complex (PDB code 3VH8) and the 

LILRB1-HLA-A2 complex (PDB code 1P7Q). Superpositioning of models was 

performed with the SUPPOS program by Dr. Bart Hazes (University of Alberta) 

from the BIOMOL program package (unpublished results, University of 

Groningen) using the alpha carbon atoms of each residue. The model of KIR3DL1 

alone was achieved by superimposing the D2 domain of a second copy of 

KIR2DL1 onto the D1 domain of the first copy (rmsd is 0.6Å for 57 

superimposed residues) and using the resulting D1 position of the second copy as 

the model for the KIR3DL1 D0 domain. The KIR2DL1-HLA-Cw4 complex 

crystal structure was then used (PDB code 1IM9) to model binding of KIR3DL1 

to MHC-I.  For the complex we superimposed its D0 and D1 domains onto the D1 

and D2 domains of the LILRB1-HLA-A2 complex (rmsd is 1.2Å for 99 

superimposed residues).  The images were prepared with the program PyMol 

(DeLano Scientific LLC, San Carlos, CA, USA. http://www.pymol.org).     
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Chapter  3 

 

 

OPTIMIZATION OF A RETROVIRAL 

TRANSDUCTION SYSTEM FOR USE WITH NK 

CELL LINES AND FUNCTIONAL ANALYSIS OF 

KIR3DL1 IN THE PRESENCE OR ABSENCE OF 

ENDOGENOUS LILRB1 

 

Preface 

In this chapter, I optimized transferring genes of interest into NK cell lines by 

means of a retroviral transduction method. Using the optimized method, 

KIR3DL1 was stably introduced into three NK cell lines and the functions were 

carefully examined. I have performed all the experiments and the results have not 

yet been published. 
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3.1. Introduction 

Natural killer (NK) cells are one of the front line defenses against virally 

infected and transformed cells by means of releasing cytolytic granules and 

secreting cytokines. The activities of NK cells are dependent on the balance of 

inhibitory and activating signals regulated by the interactions of surface receptors 

with their corresponding cognate ligands (8). Despite the enormous number of 

different receptors, all NK receptors are classified into two superfamilies: the 

immunoglobulin (Ig) like superfamily (IgSF) and the C-type lectin superfamily. 

The IgSF consists of the Killer Cell Ig-like Receptor (KIR) family and the 

Leukocyte Ig-like Receptor (LILR) family. Genetic variation of particular 

members of these families are known to be associated with susceptibility to auto-

immunity and resistance to viral infections (4, 207). For instance, KIR3DL1, an 

inhibitory KIR receptor, is linked to the progression of Human Immunodeficiency 

Virus (HIV) infection (156). Variation of LILRB1, a well studied inhibitory LILR 

receptor, is associated with susceptibility to Rheumatoid Arthritis (RA) (208). 

Therefore, clarifying the mechanism of how these receptors regulate NK cells will 

allow us to better understand NK cell functions and explore therapies for these 

diseases. 

In order to understand mechanisms, it is important to study individual 

receptors. Though multiple receptors are co-expressed on NK cells under 

physiological conditions, it is a good strategy to simplify the system in order to 

begin investigation. Cytolytic NK and T cells are notoriously difficult to transfect. 

However, a few methods have been reported to stably transfer genes into NK cells, 

such methods include electroporation (209), particle mediated gene transfer (210) 

and retroviral transduction (211, 212). Unfortunately, these methods are not 

highly efficient and are tailored to individual cell lines. NKL and NK92 cell lines 

express endogenous LILRB1 and YTS cells are LILRB1 negative, therefore, these 

cell lines can be used to study the influence of LILRB1 on KIR signaling. The 
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laboratory already had a working protocol to retrovirally transduce mouse NK cell 

lines, but not human NK cell lines. Given the high efficiency of transduction, I 

chose to pursue a retroviral transfection method to transduce a gene of interest 

into human NK cell lines. 

A retrovirus is an RNA virus that is duplicated in a host cell using a reverse 

transcriptase to produce a DNA copy from its RNA genome. The resulting DNA 

is then incorporated into the host genome by an integrase enzyme. The virus 

proteins are transcribed and translated using host machinery, ultimately, to form a 

new virus. The natural retroviral mechnism of insertion into the genome makes 

them a good tool of stably introducing genes into target cells. For safety reasons, 

the genes that encode viral proteins are separated from the RNA genome, and they 

are inserted individually into packaging cell lines and retroviral vectors, 

respectively. Packaging cell lines are engineered to express the viral genes 

encoding for the retroviral envelope (env), the capsid proteins (gag) and the 

polymerase (pol). The retroviral vectors contain important viral elements, such as 

a viral packaging signal (Ψ), signals required for reverse transcription, and long 

terminal repeats (LTRs) for integration into host genome (213) (Fig 3-1). 

Packaging cells alone cannot produce virus due to lacking of these necessary 

replication elements. However, when transfected with the corresponding retroviral 

vectors, these cells can produce the virus and release it into the supernatant. The 

infectious supernatant can then be used for further infection of cells, in this case, 

NK cell lines (Fig 3-1). To transduce NK cell lines, we obtained PhoenixTM-

Ampho, a packaging cell line generated in Dr. Nolan's lab, derived from the cell 

line, 293T. These cells are easily transfected with conventional methods such as 

calcium phosphate or lipid mediated methods. In addition, the produced virus is 

able to infect both murine and human cells because the envelope protein is 

amphotropic. Since they lack the genes encoding gag-pol and env that are needed 

for virus assembly, the transduced NK cells cannot produce retrovirus, and 

therefore are less hazardous and relatively safe to work with. Dr. Nolan's lab 
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provides a basic procedure for transduction (Fig 3-2) 

(http://www.stanford.edu/group/nolan/retroviral_systems/phx.html), however, in 

order to effectively introduce genes into NK cells, the basic protocol was 

modified. Several critical parameters influencing the transduction efficiency, such 

as the amount of DNA, temperature, infection methods and types of retroviral 

vectors were optimized. In this Chapter, I will review how I optimized the 

protocol for three KIR negative NK cell lines, NKL, NK92 and YTS, using a gene 

encoding enhanced green fluorescent protein (EGFP). KIR3DL1*001, was 

introduced into the three NK cell lines by this method to obtain the stable clones 

for the further investigation. 

3.2. Results 

3.2.1.  Dose response of Phoenix transfection  

The goal is to use as much DNA as possible to achieve maximal virus 

production without being toxic to the packaging cells. To optimize the protocol, I 

chose an easy to detect reporter gene encoding Enhanced Green Fluorescent 

Protein (EGFP) that was linked with an inhibitory KIR receptor, KIR2DL1, at the 

N-terminus (Cl42TG) (Fig 3-3a) previously generated in our lab (189). The EGFP 

tagged gene was subcloned into a retroviral vector, pBabe (189). The first variable 

tested was the amount of plasmid required for optimal expression in Phoenix cells. 

8 µg of DNA was transfected into the Phoenix packaging cell line via the calcium 

phosphate method as described in section 2.4. 48 hours post transfection, the cells 

were trypsinized and analyzed for EGFP expression by flow cytometry. The 

majority of cells (around 80%) were observed to express a relatively high 

intensity of EGFP post transfection (Fig 3-3b). The results were not altered when 

the DNA amount was increased up to 15 µg (Table 3-1), suggesting that 8 µg 

DNA is sufficient for high transfection efficiency in Phoenix cells.   

 



77 

  

 

 

 

 

 

 

Figure 3-1. Illustration of retroviral transduction system. 

Packaging cell lines make the gag, pol and env proteins. The retroviral vectors contain 

cis-acting viral elements including long terminal repeats (LTRs), polyadenylation signal 

(polyA), a viral packing signal (Ψ) and signals required for reverse transcription. The 

viral RNA genome is replaced with a gene of interest and a drug selection marker. When 

transfected with retroviral vectors, the packaging cell line produces viral particles that are 

released into the supernatant, and these are used to infect target cells.   
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Figure 3-2. General procedure of retrovirus transduction provided by Dr. 

Nolan’s lab.  

* indicates the steps requiring optimization. 
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Table 3-1. Transfection efficiency in Phoenix cells using various amounts of 

plasmid DNA. 

DNA Amount (µg) % EGFP positive cell 
Geometric Mean Fluorescence 

Intensity (Geo MFI) 

8 77.5 630 

10 80.5 650 

12 76 630 

15 79 665 
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Figure 3-3. Comparison of EGFP expression with various amounts of DNA 

transfected into Phoenix packaging cells. 

a) Schematic diagram of the KIR2DL1/GFP chimeric construct, Cl42TG. b) 8 µg 

or 15 µg cl42TGpBabe plasmid was transfected into Phoenix cells using the 

calcium phosphate mediated method. 48 hours post transfection, the cells were 

trypsinized and analyzed for EGFP expression by flow cytometry. The filled 

histogram represents the empty vector control. Representative of four experiments 

is shown.  

Cl42TG TM D2 D1 EGFP CYT a) 

b) 

5' 3' 



81 

  

 

3.2.2. Media change post transfection has no influence on Phoenix cell 

transfection efficiency 

 Phoenix cells are tolerant to various types of media, but NK cell lines are 

quite particular about the media they require. As the viral supernatant was to be 

directly used for infecting NK cell lines, using NK media (Iscove's media with 

various serum conditions) on Phoenix cells post transfection would be ideal to 

keep NK cells healthy during infection. Here, the transfection efficiency with 

several different types of NK media was compared to that of Phoenix complete 

medium (DMEM with 10% FBS). In addition, since high serum levels could 

diminish the infection efficiency, DMEM medium with decreased serum was 

tested as well. Fig 3-4 shows that reducing fetal bovine serum (FBS) to 1% has no 

effect on the percentage of EGFP positive cells or the EGFP intensity relative to 

10% FBS. However, when changed to NK media, the proportion of cells 

expressing EGFP was slightly affected and the EGFP intensity was decreased (Fig 

3-4), indicating that NK medium indeed does influence transfection efficiency in 

Phoenix cells. Given that a transfection of 30-60% is sufficient to produce high 

titer virus from Phoenix cells (214), incubating them with NK media is still 

acceptable. 

3.2.3.  32°C increases production of retrovirus 

Phoenix cells, a derivative of 293T cells, contain a temperature sensitive 

large T antigen for plasmid replication and are permissive to growth at 32°C (215). 

The retrovirus produced at 32°C has a longer half-life than at 37°C 

(http://www.stanford.edu/group/nolan/retroviral_systems/phx.html). Shifting cells 

to a lower incubation temperature post transfection has been reported to increase 

retroviral titers by 5 to 15 fold (216). Therefore, I compared viral titer between 

32°C and 37°C 48 hours post transfection. In brief, 8 µg of DNA was transfected 

into Phoenix cells via the calcium phosphate method as described. 9 hours post 

transfection, the medium was replaced with NK medium and the cells were 
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incubated at either 32°C or 37°C. 48 hours post transfection, the supernatant was 

harvested as described and diluted 10 fold in NIH 3T3 medium. The diluted 

supernatant was then used to infect 0.2 million NIH 3T3 cells as described in 

section 2.6. 48 hours post infection, NIH 3T3 cells were trypsinized and analyzed 

for EGFP expression. The viral titer was then calculated as (% positive cells 

expressing EGFP) X (the number of target cells) / dilution factor. The results 

show that the infectious supernatant produced at 32°C causes an enhanced EGFP 

intensity on NIH 3T3 cells relative to that produced at 37°C (Fig 3-5). The viral 

titer was increased three fold, supporting the previous observation by the Nolan 

group that incubation at 32°C post transfection increases the viral titer.    
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Figure 3-4.  The influence of media composition on transfection efficiency.  

 9 hours post transfection with cl42TGpBabe, Phoenix cells were incubated with 

10% FBS in DMEM medium (the complete medium), 1% FBS-DMEM , NKL or 

NK92 medium for 40 hours. The cells were then trypsinized and analyzed for 

EGFP expression by flow cytometry.  A representative of two experiments is 

shown. 
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Figure 3-5. Infectivity is enhanced for virus produced at 32°C.  

9 hours post transfection, Phoenix cells were resuspended in NK media and 

incubated at 37°C or 32°C. 48 hours post transfection, the supernatants were 

harvested and diluted 10 fold. The diluted supernatants or media control were then 

used to infect NIH 3T3 cells to determine the viral titer. 48 hours post infection, 

the NIH 3T3 cells were trypsinized and analyzed for EGFP expression by flow 

cytometry. The titer = (% EGFP positive cells X the number of NIH 3T3 cells 

used for infection) / Dilution Factor (IU/ml). 

EGFP 
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3.2.4. Spin infection enhances infection efficiency 

Polybrene is a cationic agent utilized during the infection to neutralize the 

charge repulsion between viral particles and the sialic acid on the cell surface. The 

presence of polybrene therefore increases the infection efficiency (217). Other 

studies suggest that 2-8 µg/ml provides the best infection efficiency without 

becoming toxic and 4 µg/ml is often used for adherent cells (214, 218). A higher 

amount of polybrene might be detrimental to some cell types (218). First, to test if 

these amounts of polybrene are toxic to NK cells, I compared the viability of NKL 

and NK92 cells post treatment with 4 or 8 µg/ml polybrene. In brief, 0.5 million 

NKL or NK92 cells in log phase were treated with various amounts of polybrene 

for 6 hours at 37°C. The cell suspension was then centrifuged and resuspended in 

NK media. 48 hours post treatment, the cells were stained with trypan blue and 

analyzed to determine the percentage of live cells. As expected, 8 µg/ml of 

polybrene had no effect on the viability on NKL and NK92 cells compared to 4 

µg/ml (80% and 82% vs 79% and 82%). Next, I examined if 8 µg/ml polybrene 

could increase infection. Phoenix cells were transduced and the supernatant 

incubated at 32°C was harvested as previously described. The infectious 

supernatant supplemented with 4 or 8 µg/ml of polybrene was used to infect 0.5 

million NKL cells for 6 hours at 37°C. The cells were then cultured in fresh NK 

medium and continuously incubated at 37°C. 48 hours post infection, the cells 

were analyzed for EGFP expression by flow cytometry. However, 8 µg/ml only 

slightly increased EGFP expression on NKL cells compared to 4 µg/ml (Fig 3-6a). 

This was still too low to grow out the positive NK cells from the whole population. 

Nonetheless, the results do suggest that 8 µg/ml of polybrene is not toxic for 

NK92 and NKL cells.  

The reason that NK cells are not infected well with even the highest 

acceptable amount of polybrene remains unclear. However, a method known as 

"spin infection" has been used to increase the infection efficiency in other cell 
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types (216). In this method, the cells suspended in the viral supernatant are 

centrifuged and this presumably concentrates the virus and cells together in the 

cell pellet. In brief, the cells suspended in the infection cocktail including 8 µg/ml 

polybrene were placed in a 12 well plate and centrifuged at 1500 rpm for 90 min 

at room temperature. The cells were subsequently incubated at 37°C for another 3 

hours to adsorb the virus. After adsorption, the cells were washed and 

resuspended in complete medium and incubated for 48 hours prior to analysis of 

EGFP expression. 48 hours post infection, NKL cells treated with the spin 

infection dramatically increased EGFP expression in comparison to the traditional 

infection (Fig 3-6b), indicating the "spin infection" method increases the infection 

efficiency of NKL cells.   



87 

  

 

 

 

 

Figure 3-6. Transduction of NKL cells is improved by "spin -infection".  

a) 4 µg/ml or 8 µg/ml polybrene was added to the supernatant containing viral 

particles. The resulting cocktail was then directly used to infect NKL cells for 6 

hours at 37°C with 5% CO2 prior to recovery in fresh complete NKL media. 48 

hours post infection, the cells were analyzed for EGFP expression by flow 

cytometry. The filled histogram represents the media only control.  b) The 

infection cocktails containing 8 µg/ml polybrene or the media only control were 

used to infect NKL cells with the traditional direct infection or the spin infection. 

48 hours post infection, the cells were analyzed for EGFP expression by flow 

cytometry.  

EGFP 

EGFP 
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3.2.5. Retrovirus vectors 

 The procedure of introducing EGFP in the context of the pBabe vector was 

optimized as described above. Different types of retroviral vector can also 

influence transduction efficiency for various cell types. For instance, another 

retroviral vector, pMX, which is a modified form of pBabe, contains an extended 

packaging signal derived from the MFG vector (219), perhaps resulting in the 

elevated production of viral particles. 8 µg of EGFP-pBabe or EGFP-pMX were 

compared for transfection and infection efficiencies. Interestingly, it appears that 

there was a greater portion of Phoenix cells expressing EGFP when transfected 

with the pBabe construct, in comparison to pMX (Fig 3-7a). However, the pBabe 

transfected cells produced less virus than the cells transfected with the pMX 

(1.034 X 106 IU/ml vs 4.72 X 106 IU/ml) as measured using NIH 3T3 cells. As a 

consequence, less NKL cells expressing EGFP were detected when infecting with 

the supernatant transfected with pBabe relative to that with pMX (27.97 % with 

MFI 113.60 compared to 53.49% with MFI 227.07) (Fig 3-7b). A similar 

observation was made in NK92 cells as well (9.26 % with MFI 68.95 vs 18.47 % 

with MFI 126.81). The results suggest that pMX enhances viral production and 

leads to greater transduction, even despite the decreased efficiency at the 

transfection stage relative to pBabe. The reason for lack of correlation between 

transfection efficiency and viral titer is perhaps due to more RNA copies being 

packaged instead of being translated when using the pMX vector. Although 30-

60% transfection efficiency is enough to allow packaging cells to produce high 

titers of virus, my results indicate that the level of expressed EGFP on Phoenix 

cells is not always correlated with how many retroviral particles are produced by 

the cells. We have thus concluded that pMX is likely a better vector to use for our 

purposes. 
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Figure 3-7. Comparison of transfection and infection efficiencies between 

pMX and pBabe vectors.  

a) Comparison of EGFP expression on Phoenix cells transfected with 

cl42TGpBabe or cl42TGpMX. The filled histogram represents empty pMX vector 

only.  b) Comparison of EGFP expression on NKL and NK92 cells with the two 

retroviral vectors. The supernatants obtained from a) were harvested and used to 

infect NKL or NK92 cells using the optimized protocol as described in this 

Chapter.   

EGFP 

EGFP 
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3.2.6.  Drug selection and establishment of stable clones 

As described above, the procedure of retroviral transfection into NK cell 

lines was optimized with modifications of the incubation temperature post 

transfection, cultured media post transfection, the infection method and the type 

of retroviral vectors. Next, I moved on to study a KIR receptor of interest, 

KIR3DL1. KIR3DL1*001 was chosen for the study because this allele is well 

expressed at the cell surface and induces strong inhibition upon engaging its 

ligand, HLA-Bw4 (see section 1.5.1.7). The cDNA of this receptor obtained from 

Dr. Long (NIH) was subcloned into the pMX-puro vector as described in Chapter 

2.   

I determined the optimal concentration of puromycin for NKL and NK92 

using various titrations ranging from 0.5 to 6 µg/ml. Given puromycin is the drug 

selection marker in the pMX construct and it acts quickly to kill up to 99% of 

nonresistant cells in 2 days at low concentrations starting from 0.5 µg/ml (220), 

the cells were monitored 48 hours post treatment with trypan blue staining to 

determine viability. Treatment with 1 and 4 µg/ml puromycin led to the death of 

NKL and NK92, respectively. The results show that 1 and 4 µg/ml of puromycin 

are the optimal doses for NKL and NK92 cells, respectively.  

To obtain KIR3DL1 expressing cell lines, the 3DL1pMX construct was 

retrovirally transduced into three KIR negative NK cell lines, NKL, NK92 and 

YTS as described in Chapter 2. 48 hours post infection, the optimal amounts of 

puromycin were added to transduced NKL and NK92 cells. Transduced YTS cells 

were treated with 1 µg/ml of puromycin as this is the reported effective dose (189). 

Approximately four to five days post treatment, puromycin resistant NKL, NK92 

and YTS cells were observed, and in less than two weeks, the cells were confluent.  

Next, KIR3DL1 expression was assessed by flow cytometry in the 

puromycin resistant cell population (Fig 3-8). The results show that only a small 
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percentage of the cells express KIR3DL1 and the expression is not stable as 

KIR3DL1 intensity diminished after one month in culture. Therefore, to ensure 

uniform and hopefully stable expression, I isolated the cells expressing KIR3DL1 

using a FITC coupled anti-KIR3DL1 antibody and cell sorting (FACs Aria). The 

cells were sorted into a 96 well plate by single cell sorting and the remaining cells 

were collected into a 15 ml tube based on KIR3DL1 high expression. Comparison 

of KIR3DL1 expression between the mixed population (grown from the bulk sort) 

and subclones (obtained from the 96 well plate) showed that the level of 

KIR3DL1 on subclones was more stable during long term culture. Thus, the 

subclones were further screened for the expression of KIR3DL1 (Fig 3-8) and for 

maintenance of cytolytic capacity comparable to parental NKL cells using MHC-I 

negative target cells, 721.221. The resulting subclones were maintained in 

puromycin supplemented NK medium for use in functional assays. 
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Figure 3-8. Comparison of the expression of KIR3DL1 on pre-sorted 

populations and a sorted subclone.  

Expression of KIR3DL1*001 retrovirally transduced into NK92 cells is shown for 

the cells prior to sorting and stable clone. The cells were stained with FITC 

conjugated anti-KIR3DL1 (DX9) antibody and the results were analyzed by flow 

cytometry. Filled histogram represents the isotype control.  
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3.2.7. Application of retrovirally transduced cells to study KIR3DL1 function in 

NK cell lines with and without endogenous LILRB1 

To examine KIR3DL1 function, I chose MHC-I negative 721.221 cells and 

221 cells expressing a strong KIR3DL1 ligand, HLA-B*58:01 (abbreviated as 

B*58:01 in the subsequent text) as target cells. The lysis of selective target cells 

by NK cells expressing KIR3DL1 (Fig 3-9a) was examined using a 51Cr release 

assay. Surprisingly, KIR3DL1 positive NK92 cells lysed targets expressing 

B*58:01 similar to parental 221 cells (Fig 3-9b). The results are representative of 

five independent subclones. However, a noticeable reduction of lysis was 

observed when KIR3DL1 positive YTS and NKL cells encountering 221 cells 

expressing B*58:01, relative to parental 221 cells (Fig 3-9c and d). These results 

suggest that KIR3DL1 expressed on YTS and NKL cells functions properly.  

One explanation for the lack of KIR3DL1 signaling in NK92 cells is that the 

clones obtained may have mutations in signaling molecules required for 

KIR3DL1 to transmit a signal, for example, SHP-1 and SHP-2. To address the 

issue, I tested if these cells were able to transmit a negative signal. I used 

KIR2DL1 recombinant Vaccinia virus (KIR2DL1vv) generated by S. Kirwan in 

our lab (171) to express another KIR in the KIR3DL1 positive NK92 cells, and 

compared their lysis in response to the cells expressing KIR2DL1 ligand, HLA-

Cw15, relative to B*58:01. Expression of KIR2DL1 in KIR3DL1+ NK92 

subclones led to elimination of lysis in response to Cw15 relative to B*58:01 (Fig 

3-10). The result suggests that the related downstream inhibitory signal molecules 

are not altered in the selected clones. Hence, the inability of inducing inhibition 

by KIR3DL1 expressed on NK92 cells is perhaps due to expression level being 

insufficient in these cells, even though it is similar to that on YTS and NKL cells 

(Fig 3-9a).  
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Figure 3-9. Analysis of 3DL1 function in NK92, NKL and YTS clones.  

 a). Flow cytometric analysis of subclones expressing KIR3DL1. b-d).The 

cytolysis of the indicated cells on parental 221 cells and 221 cells expressing 

KIR3DL1 ligand, HLA-B*58:01 was measured using a 51Cr release assay as 

described in Chapter 2. E:T indicates the effector : target ratio. Representative of 

two experiments with triplicate measurements is shown.   
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Figure 3-10. Inhibitory functional analysis of 3DL1+NK92. 

Vaccina virus encoding KIR2DL1(KIR2DL1 vv) or control virus (pSC66 vector 

only) were used to infect KIR3DL1.NK92 cells at 37°C for 2 hours with a 

multiplicity of infection of 10. The cytolysis mediated by the infected KIR3DL1 

positive NK92 cells was measured using a 51Cr release assay in response to cells 

expressing B*58:01 or KIR2DL1 ligand HLA-Cw15. Representative of two 

experiments with triplicate measurements is shown.  



96 

  

 

3.2.8.  The influence of LILRB1 on KIR3DL1 signaling 

LILRB1 has a broad specificity and interacts with both classical and non-

classical HLA class I molecules but affinity depends on the subtype (181). It was 

previously reported that LILRB1 enhances signaling by KIR2DL1 when engaged 

by the KIR2DL1 ligand, HLA-Cw4 (171). However, whether LILRB1 influences 

KIR3DL1 signaling is not known. To study the role of LILRB1 in KIR3DL1 

functional recognition in NKL cells, I first determined whether LILRB1 alone on 

the parental cells has an impact on NK lysis in response to KIR3DL1 ligand. The 

results show that the interaction between LILRB1 and B*58:01 does not alter 

lysis in comparison to the receptor alone (Fig 3-9c and 10). Importantly, LILRB1 

specific antibody, M405, also did not influence the lysis (Fig 3-12a). These results 

suggest that the amount of endogenous LILRB1 on NKL cells (Fig 3-11b) is not 

sufficient to induce LILRB1 signaling or that LILRB1/B*58:01 interaction is too 

weak to induce a detectible inhibitory signal.  

In order to reveal if LILRB1 can assist KIR3DL1 signaling, the two 

tyrosines (Y) in the ITIM motifs in the cytoplasmic tail of KIR3DL1 were 

mutated to phenylalanines (3DL1.Y2F) (Fig 3-11a) to prevent KIR3DL1 signaling. 

The construct was introduced into YTS and NKL cells as described in section 2.4. 

The cells were then sorted and subclones were selected for comparable KIR3DL1 

expression and cytotoxic capacity relative to wild type KIR3DL1 (Fig 3-11b and 

11d). First, I examined if mutations of the ITIM motifs renders the loss of 

inhibition in the absence of LILRB1. As expected, the Y2F mutant did not inhibit 

lysis of YTS cells in response to B*58:01 (Fig 3-11c), indicating that the two Ys 

within the ITIMs are important for transmitting the negative signal. A similar 

phenomenon was observed in the presence of endogenous LILRB1 in NKL cells 

(Fig 3-11e). These results suggest that mutations of Y398 and Y428 in the 

KIR3DL1 ITIMs disrupt the inhibitory signal and that LILRB1 cannot 
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compensate. However, in certain experiments, the lysis of B*58:01 did appear 

lower in comparison to that of parental 221 cells (Fig 3-12c).   

 Given we have observed some differences in the maximal lysis by various 

sublines of NKL, to better determine if there was any role for LILRB1 in 

KIR3DL1 signaling, I tested how various blocking antibodies affected the lysis. In 

agreement with previous reports (71), the anti-KIR3DL1 antibody, DX9, 

significantly reverted the inhibition seen with wildtype KIR3DL1 (Fig 3-12b). 

However, the strength of the inhibition in the presence of KIR3DL1 was perhaps 

slightly altered by M405, though not to a level reaching statistical significance 

relative to the matched isotype control (p=0.16, n=4) (7% lysis vs 5% lysis) (Fig 

3-12b). Remarkably, the lysis was enhanced by the combination of DX9 and 

M405, relative to DX9 alone (p=0.0096, n=4) (Fig 3-12b), indicating a possible 

role for LILRB1 signaling in the presence of KIR3DL1.   

To discriminate LILRB1 from KIR3DL1 in terms of inhibitory signaling, it 

is best done with the ITIM mutated KIR3DL1. As expected, the ITIM mutation 

resulted in reduction of the KIR3DL1 inhibitory signal in NKL cells (Fig 3-11c). 

Given that the clone expressing mutated KIR3DL1 has greater staining with DX9 

than the cells expressing wild type KIR3DL1 (Fig 3-11d), the loss of inhibition 

was not due to less expression. In fact, a small reduction of lysis occurred when 

ITIM mutated KIR3DL1 interacted with B*58:01 relative to parental 221 cells 

based on the aggregated results from 4 experiments (Fig 3-12c). If LILRB1 

enhances KIR3DL1 signaling as it does with KIR2DL1, the expectation is that 

there may be a decrease of lysis with the KIR3DL1Y2F receptor, and that such a 

decrease should be reverted in the presence of DX9 or M405. Interestingly, 

relative to the isotype control, the lysis was increased by M405 (p= 0.07, n=4), 

but it was not further increased when both of DX9 and M405 were present 

(p=0.056, n=4) or significantly by DX9 alone (p=0.2, n=4) (Fig 3-12c). Together, 

the results indicate that if LILRB1 influences KIR3DL1 mediated signaling, the 
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influence is very weak. However, the one caveat to these experiments is the low 

level of KIR3DL1 expressed on the NKL cells relative to the levels on primary 

NK cells as shown by Fig 3-9a and 3-13. These levels may not drive MHC-I 

clustering sufficiently to invoke a LILRB1 signal. 

3.2.9.  Anti-MHC-I-α3 antibody blocking of KIR3DL1 interaction with B*58:01 

Detectible LILRB1 signaling in response to B*58:01 was not observed in 

this system (Fig 3-12a). However, interestingly, a pan-reactive anti-MHC-I 

antibody, W6/32, that is known to block the interaction with LILRB1 (92, 171), 

slightly decreased NK lysis when LILRB1 was engaged with B*58:01. It must be 

noted that the same amount of the antibody as in other reports (92, 171) was used 

in this assay. Such a reduction was reproducible in three independent experiments 

but did not quite reach statistical significance (p = 0.06, n=4) (Fig 3-12a). 

Surprisingly, the same amount of W6/32 yielded a remarkable increase in the lysis 

similar to DX9 (p= 0.009, n=4) when KIR3DL1 was expressed at the cell surface 

(Fig 3-12b). Collectively, these results suggest that the enhancement in lysis by 

W6/32 is mainly caused by blocking KIR3DL1, and not the endogenous LILRB1.  
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Figure 3-11. Mutating tyrosines to phenylalanines in the ITIMs of KIR3DL1 

disrupts inhibitory signaling.  

a) Schematic diagrams of wild type and ITIM mutated KIR3DL1. b) and d) Flow 

cytometric analysis of the indicated cells with FITC coupled anti-KIR3DL1 (DX9) 

or PE coupled anti-LILRB1 (GHI/75) antibodies. The filled histogram represents 

the matched isotype control.  c) and e) The cytolytic analysis of the indicated cells 

at the various E:T ratios. A representative of three experiments is shown. 
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Fig 3-12. Antibody blocking of KIR3DL1 and LILRB1 on NKL cells.    

The cytolysis of target cells by parental NKL (a), NKL expressing wild type 

KIR3DL1 (b) and mutated 3DL1 (c) of 221 or 221 expressing HLA-B*58:01 was 

assessed at an E:T of 20:1 in the presence of 5 µg/ml of various antibodies (with 

the exception of W6/32 at 10 µg/ml) as shown in the legend beside (c). The 

average of four experiments is shown with the standard error. ** indicates p< 

0.01-0.05, *** indicates p< 0.01.  
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Fig 3-13. KIR3DL1 expression on primary NK cells and a stable KIR3DL1 

expressing YTS clone.   

Flow cytometric analysis of primary NK cells, parental YTS and YTS expressing 

KIR3DL1 using a FITC coupled DX9 antibody (anti-KIR3DL1). The filled 

histogram indicates the isotype control staining on primary NK cells.  
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3.3. Discussion 

In this Chapter, I optimized the general retroviral transduction protocol 

supplied by Dr. Nolan's lab for transduction of three NK derived lymphoma lines, 

NKL, NK92 and YTS. This includes modification of incubation temperature to 

produce virus, incorporating a spin during the infection and the type of retroviral 

vector. Moreover, I successfully transferred the gene of interest, KIR3DL1*001 

into three NK cell lines, NKL, NK92 (KIR-LILRB1+) and YTS (KIR-LILRB1-). 

However, I found that the lines did not express uniform amount of receptor and 

were not sufficiently stable when propagated as a mixed population. Therefore, I 

established subclones stably expressing KIR3DL1. I showed that the NKL and 

YTS clones expressing KIR3DL1 are able to induce KIR3DL1 inhibitory 

signaling when engaged by a cognate ligand, HLA-B*58:01. Furthermore, I 

studied the influence of LILRB1 on KIR3DL1 signaling by disrupting the 

intracellular signaling of KIR3DL1 in the presence of endogenous LILRB1. My 

results did not provide clear evidence that LILRB1 can cooperate with KIR3DL1 

for inhibitory signaling, nor did they rule it out. 

 Of note, the KIR3DL1 positive YTS cells obtained here have less surface 

expression in comparison to primary NK cells (Fig 3-13) despite many attempts to 

obtain cells with higher expression. Although no direct comparison of KIR3DL1 

surface level to primary NK cells was done for the NK92 and NKL subclones, 

these cells seem unable to express the receptor to a level similar to that being 

observed under physiological conditions, as suggested by Fig 3-9a. The reason for 

the limited expression may be a consequence of the expression system not 

producing enough transcript or may indicate that the cells lack other proteins 

required for optimal KIR3DL1 expression. Despite the relatively low surface level, 

KIR3DL1 presented on the surface of NKL and YTS was able to inhibit NK lysis, 

showing that the level of KIR3DL1 obtained is sufficient to induce inhibitory 

signaling in response to HLA-B*58:01, and suggesting that NKL and YTS cells 

are sensitive to inhibitory signaling. However, a similar level of KIR3DL1 on 
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NK92 cells failed to reduce NK lysis. Since possible defects in downstream 

inhibitory signaling molecules were ruled out, the lack of inhibition in NK92 cells 

is perhaps due to the high cytolytic capacity of NK92 as shown in Fig 3-9, which 

may be hard to be altered by the low level of KIR3DL1 obtained. As an 

alternative approach to obtain higher KIR3DL1 expression, I attempted to 

generate recombinant vaccina virus given that high expression with other KIRs 

have been obtained such as KIR2DL1, KIR2DL3 (171, 221) and KIR3DL1 (222). 

No KIR3DL1 positive recombinant viruses were obtained, in spite of the protocol 

being successful for other receptors in my hands.  

LILRB1 enhances KIR2DL1 signaling though the signal derived from 

LILRB1 is hardly detectible when encountering with the KIR2DL1 ligand, HLA-

C (171). Endogenous LILRB1 on NKL cells was also not able to trigger an 

inhibitory signaling in response to B*58:01 in this system (Fig 3-12a). However, 

in the presence of KIR3DL1 signaling, an additive effect by LILRB1 specific 

antibody, M405 (Fig 3-12b) suggests possible LILRB1 signaling. Here, I studied 

the potential effect of LILRB1 on KIR3DL1 signaling using the KIR3DL1Y2F 

mutant. Mutation of the ITIM motifs caused the loss of KIR3DL1 signaling. If 

KIR3DL1 allows for LILRB1 signaling, the inhibitory signal induced by LILRB1 

should have been observed and the inhibition should be reverted by anti-

KIR3DL1, DX9, or anti-LILRB1 antibody, M405. However, my accumulated 

results with DX9 and M405 show only that there may be a weak inhibition in the 

presence of both of the receptors when KIR3DL1 lacks signaling ability. However, 

the blocking was not statistically significant. Hence, these results did not provide 

clear evidence for the role of LILRB1 in KIR3DL1 signaling.   

KIR3DL1 is known to recognize HLA molecules carrying the Bw4 epitope, 

such as HLA-Bw4 or HLA-A2. Here, I have shown that W6/32 blocked 

KIR3DL1 interaction with HLA-B*58:01. The antibody is believed to react to the 

α2 and α3 domains of MHC-I (223) and block the LILRB1 mediated interaction 
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(92, 171). These results raise a possibility that KIR3DL1 interacts with or near the 

MHC-I-α3 domain. Moreover, it could perhaps explain why it is hard to detect 

any influence of LILRB1 on KIR3DL1 signaling if both of the receptors interact 

with MHC-I at the α3 domain. Given that W6/32 does not inhibit 2D KIRs and 

that the D1 and D2 domains provide the Bw4 specificity akin to KIR with 2D, the 

effect of W6/32 on KIR3DL1 is likely due to the D0 domain.   

In summary, I established the optimized protocol of retroviral transduction 

and obtained NK clones stably expressing KIR3DL1. In addition, I tested the 

relationship of LILRB1 and KIR3DL1 on signaling in this system. In the course 

of these studies, new questions were raised for further examination regarding how 

KIR3DL1 interacts with HLA-B, such as why W6/32 blocks KIR3DL1 function.  
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Chapter 4 

 

 

THE FIRST IG DOMAIN OF KIR3DL1 

CONTACTS MHC CLASS I AT A SECONDARY 

SITE 

 

Preface 

Given the ill-defined role of the first Ig domain (D0) of KIR3DL1 and the 

observations in Chapter 3, the studies in this chapter were designed to explore the 

role of the KIR3DL1-D0 domain in ligand recognition. I have performed the 

majority of the experiments with the exception of Fig 4-21, which was done by Dr. 

Bart Hazes. I wrote the first draft of the manuscript. A major editorial contribution  

from my supervisor, Dr. Deborah Burshtyn, led to the final version of the paper. 

A version of this chapter has been published on Journal of Immunology, 2011, 

187:1816-1825. 
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4.1. Introduction 

The binding specificity of many of the inhibitory KIRs is understood. 

Particular KIRs bind subsets of class I HLA molecules that belong to defined 

groups with similar amino acids in region 77-80 of the α1-helix. For example, 

KIR2DL1 binds group 2 HLA-C molecules and KIR2DL2 and KIR2DL3 interact 

with group 1 HLA-C molecules. The interaction between these KIR2D receptors 

and their class I HLA ligands has been well defined by both mutagenesis and 

structural studies of the complex of the receptor and ligand (7, 70, 149). The inter-

domain region between the Ig domains of KIR2D receptors makes contact with 

the top of the α1-α2 domain towards C-terminus end of the peptide binding 

groove (7, 149, 150, 224).  

 KIR3DL1 is highly polymorphic and can detect down-regulation of HLA-B 

molecules during HIV infection (225) and the combination of particular alleles of 

KIR3DL1 and HLA-B are associated with slower progression to AIDS (12). 

Despite the clear physiologic relevance of KIR3DL1, less is known about 

KIR3DL1 binding to its ligands compared to KIR2Ds. KIR3DL1 recognizes 

HLA-B and a few HLA-A molecules that possess the Bw4 epitope in the region 

on the α1-helix that corresponds to where KIR2D bind to HLA-C (168). 

Correspondingly, the Ig domains are named D0, D1 and D2 for the KIR3D 

receptors and D1 and D2 for the KIR2D receptors. Using Fc-fusion proteins, 

Long and colleagues first showed that the D1 and D2 domains were sufficient for 

the binding of HLA-B by KIR3DL1 (169). The specificity for Bw4 is determined 

by residues in KIR3DL1- D1 and D2 domains that are analogous to those in 

KIR2D that contact HLA-C (168). More importantly, the D0 domain has been 

reported to contribute to ligand recognition (168) but the mechanism of D0 

contribution to binding has yet to be clearly defined. When these studies were 

initiated, the structure of KIR3DL1 had not been solved, and therefore, neither the 

orientation of D0 relative to D1 and D2 nor the points of contact of D0 with 
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MHC-I were known. Based on their studies of various human and chimpanzee 

receptors, Parham and colleagues proposed a model in which the D0 domain 

contacts both D1 and D2 to form a contiguous binding interface with the MHC-I 

(161). Curiously, they also identified a polymorphism in the α3 domain of HLA-

Bw4 molecules that influences recognition by KIR3DL1 (167). The position of 

this residue (position 194) is on a loop at the base of the α3 domain near the 

membrane, and coincidentally, it is a contact residue with the broadly reactive 

receptor, LILRB1 (170).  

Previously in Chapter 3, I showed an unexpected result that the anti-MHC-

α3 antibody, W6/32, remarkably prevented KIR3DL1 mediated inhibition in 

comparison to the effect on LILRB1 using the NKL system. The result revealed a 

possibility that the first Ig domain (D0) of KIR3DL1 may play a role in the ligand 

recognition. In this Chapter, I present my study of the role of the D0 domain in 

binding and functional recognition of HLA-B molecules using soluble Fc fusion 

proteins and the YTS cell line. The results suggest that KIR3DL1-D0 domain 

interacts with HLA-B molecules carrying the Bw4 epitope, as well as other class I 

HLA molecules at a secondary site distance away from the conventional site.  

4.2. Results 

4.2.1. Characterization of KIR3DL1 specificity in YTS cells 

To investigate KIR3DL1 function, I expressed KIR3DL1*001 in YTS cells 

which lack expression of endogenous KIR, LILRB-1, NKG2A and CD16 (Fig 4-

1a).  Subclones were isolated by cell sorting. However, it is important to note that 

the expression on the best clones was still significantly lower than on primary NK 

cells (Fig 4-1b). YTS cells expressing KIR3DL1 capable of lysing 221 cells at a 

similar level to parental YTS were inhibited when the target cells expressed HLA-

B*58:01 (Fig 4-1c). As expected, expression of KIR2DL1, which does not 

interact with HLA-B, had no effect on YTS lysis of cells with B*58:01 relative to 
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parental 221 cells (Fig 4-1c). The recognition of B*58:01 by KIR3DL1 was 

blocked by the anti-KIR3DL1 antibody, DX9 (Fig 4-2). 

4.2.2. Anti-MHC-a3 antibody blocking of  KIR3DL1 mediated inhibition 

The anti-MHC-α3 antibody, W6/32, has been reported to block LILRB1 

interaction. In my hands, the antibody was shown to block KIR3DL1 mediated 

inhibition in the presence of LILRB1 (Fig 3-12b). To clarify the effect of W6/32 

on KIR3DL1, here, I performed an antibody reversal experiment using KIR3DL1 

transduced YTS cells as the cells lack LILRB1 expression. Interestingly, W6/32 

blocked KIR3DL1 recognition of B*58:01, but as expected, it had no effect on 

KIR2DL1 recognition of HLA-Cw15 (Fig 4-2). These results confirm that an 

antibody that binds to the α3-region of MHC-I blocks KIR3DL1 in the absence of 

LILRBs.   

To better understand if W6/32 blocks the same interaction as DX9, I tested 

if the combination of the antibodies was different than using each alone.  I first 

established the dose that provides the maximal effect of DX9 or W6/32 alone (Fig 

4-3a). Next, I determined the effects of combining the antibodies together using 

the optimal concentration of each antibody alone. Surprisingly, the combination 

of DX9 and W6/32 had a greater effect than either antibody alone (Fig 4-3b).  

Similar results were obtained with DX17 (Fig 4-3b), another antibody that binds 

to a broadly conserved epitope in class I HLA molecules and also likely in the α3-

domain.  

4.2.3. The functional recognition of non-Bw4 molecules by KIR3DL1 

To further confirm the specificity of KIR3DL1 in YTS cells, I examined 

target cells with a weak Bw4+ ligand, B*27:05 (226), as well as a Bw6+ HLA-B 

molecule, B*07:02. As expected, the inhibition mediated by B*27:05 is less than 

that of B*58:01, and is blocked by DX9. Moreover, as we observed for 221-

B*58:01 cells, W6/32 significantly increased the lysis of 221-B*27:05 cells (Fig 
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4-4) (226). Surprisingly, W6/32 increased the lysis of 221-B*07:02 cells whereas 

the anti-KIR3DL1 DX9 had no effect (Fig 4-4). The effect of W6/32 was small 

but reproducible and statistically significant (p = 0.03, n=4). The extra increase in 

lysis in the presence of W6/32 with DX9 for B*58:01, and particularly the 

increase of lysis of B*07:02 that lacks the Bw4 epitope only by W6/32, suggests 

that W6/32 blocks an interaction at a site distinct from the one blocked by anti-

KIR3DL1, which is conserved and away from Bw4 epitope.  
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Figure 4-1.  Characterization of YTS cells expressing KIR3DL1.  

a)  Surface staining of parental YTS cells with anti-KIR3DL1 (DX9), anti-KIR2DL1 

(HP3E4), anti KIR2DL2/3 (DX27), anti-LILRB-1 (GHI/75), anti-NKG2A (Z199), 

followed by PE coupled anti mouse IgG (H+L). Fc receptor was stained with PE coupled 

anti-CD16 (eBioscience); b) Surface expression of KIR3DL1 on transduced YTS cells 

(3DL1.YTS) compared to primary NK cells.  YTS cells (solid grey line), 3DL1.YTS cells 

(black line) or primary NK cells (dashed line) were stained with anti-KIR3DL1 (DX9).  

The isotype control is shown by the filled histogram for the YTS cells but is similar for 

all;  c) KIR3DL1 recognition of B*58:01. Cytolysis of the indicated target cells was 

measured by 51Cr release. The results are representative of three independent experiments 

with triplicate measurements. 
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Figure 4-2.  Anti-MHC-α3 blocks KIR3DL1 mediated inhibition.    

Lysis of 221 cells expressing HLA-B*58:01 or HLA-Cw15 by YTS cells 

expressing KIR3DL1 (a) or KIR2DL1 (b). The cytolysis was measured at an E:T 

of 1:1 in the presence of the indicated antibodies at 2.5 µg/ml. Representative of 

three experiments with triplicate measurements is shown and the error bars 

represent the standard error of the triplicates within the assay.  
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Figure 4-3. Antibodies blocking of functional recognition of HLA-B*58:01 by 

KIR3DL1.  

a) Titration of antibodies blocking of KIR3DL1. 3DL1YTS lysis of 221-B*58:01 

was performed with the indicated concentrations of antibodies.  b) Combined 

effects of anti-KIR and anti-MHC-I antibodies. Lysis of 221 expressing HLA-

B*58:01 cells by 3DL1.YTS cells was measured at an E:T =1:1 in the presence of 

5 µg/ml DX17 or W6/32 and 2.5 µg/ml DX9. Representative of three experiments 

with triplicate measurements is shown and the error bars represent the standard 

error of the triplicates within the assay. 
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Figure 4-4. KIR3DL1 recognition of non-Bw4 ligands.   

Lysis of 221 cells expressing the indicated ligands by YTS cells expressing 

KIR3DL1 was measured at an E:T=1:1.  DX9 was added at 2.5 µg/ml and W6/32 

at 5 µg/ml. The average of four experiments with triplicate measurement is shown. 

Error bars represent standard errors of the triplicates within the assay. ** indicates 

p < 0.01  and * indicates p ≤ 0.01-0.05 compared to the corresponding control IgG.   
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4.2.4.  KIR3DL1 binding to Bw6+ molecules 

To directly determine if KIR3DL1 bound non-Bw4 molecules and if W6/32 

was blocking an independent binding site from DX9, I assessed the binding of 

KIR3DL1 to HLA-B molecules using a soluble Fc fusion protein, 3DL1Fc. The 

construct of 3DL1Fc was generated by means of linking extracellular Ig domains 

of KIR3DL1 with human IgG1 Fc fragment. The encoded protein was produced 

using Cos cells and confirmed with ELISA assay as described in Chapter 2. First, 

I performed a titration of 3DL1Fc protein and 221 cells expressing B*58:01 and 

B*07:02. As expected, 3DL1Fc bound to B*58:01 better than to B*07:02 (Fig 4-

5a), in spite of there being a higher intensity of 221-B*07:02 than 221-B*58:01 

based on W6/32 staining (Fig 4-5b). None-the-less, there was detectable binding 

to B*07:02 at high concentrations compared to the control Fc alone (Fig 4-5b).  

Next, I examined how antibodies affected the binding. 3DL1Fc binding to 

B*58:01 was highly sensitive to W6/32 (Fig 4-6a). Virtually maximal blocking 

was achieved even at the lowest dose tested. Curiously, at the lowest 

concentration tested, DX9 potentiated the binding to B*58:01, but blocked at 

higher doses (Fig 4-6a). The requirement for the relatively high dose of DX9 

compared with W6/32 is likely due to a requirement to saturate the amount of 

fusion protein in the assay (150 µg/ml). Finally, I tested the effect of combining 

DX9 and W6/32 at the maximal doses on binding to HLA-B58. I observed a 

consistent greater reduction of the binding than each antibody alone (p=0.007, 

n=4) according to Anova test (Fig 4-6b). I also observed weak but detectable 

binding of 3DL1Fc to B*07:02 that was blocked by W6/32 to a greater extent 

than DX9 (Fig 4-6b). These results are consistent with what we observed in the 

functional assays where both antibodies were required to fully block the receptor 

recognition of B*58:01 but only W6/32 blocked recognition of B*07:02. These 

results also suggest the binding being blocked by W6/32 is independent from that 

being blocked by DX9, although the two sites may synergize for higher binding. 
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Fig 4-5. Titration of 3DL1Fc binding to HLA-B molecules. 

a) Titration of purified 3DL1Fc to 221 cells expressing HLA-B*58:01 and HLA-

B*07:02. The binding assay was performed at 4°C as described in Chapter 2, and 

the results were calculated as geometric mean fluorescent intensity (Geo MFI) of 

3DL1Fc binding subtracted to Geo MFI of Fc control. The concentration of the 

3DL1Fc is indicated on the x-axis. b) The indicated cells were stained with W6/32 

and PE anti-mouse IgG. The isotype control is represented by the grey line 

histogram.  
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Fig 4-6.  Antibodies blocking of 3DL1Fc binding to HLA-B molecules 

a)Antibody blocking of 150 µg/ml 3DL1Fc binding to B*58:01. The 

concentration of the antibodies is indicated on the x-axis. b) Blocking by the 

combination of antibodies.  The binding of 3DL1Fc was measured at 150 µg/ml 

with 50 µg/ml of W6/32 or 300 µg/ml of DX9 and control IgGs at the 

corresponding concentrations. c) W6/32 blocks 3DL1Fc binding to 221 cells 

expressing B*07:02. The binding of 3DL1Fc was measured at 150 µg/ml and the 

indicated antibodies were added as described in b). For b and c, the average of 

three independent experiments with the error bars is shown. The statistical 

significance was calculated using Anova single factor test. ** indicates p < 0.01 

and * indicates p ≤ 0.01-0.05 compared to the corresponding control IgG.    
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4.2.5.  D0 effects on 2DL1 mediated inhibition when engaging with HLA-Cw15 

The simplest explanation for how W6/32 blocks KIR3DL1 but not KIR with 

only two Ig domains (e.g. KIR2DL1) is steric interference due to the presence of 

the D0 domain. To determine the effect of W6/32, I examined antibody blocking 

of KIR2DL1 mediated inhibition when EGFP was present at its N-terminus, HG 

(Fig 4-7a). The addition of EGFP at N-terminal of KIR2DL1 is known to 

interefere with the strength of the inihitory signal (189). Unlike the effect of 

W6/32 on KIR3DL1 (Fig 4-2), the antibody had only a minimal effect on function 

of KIR2DL1 in comparison to HP3E4 that binds to KIR2DL1 (Fig 4-7b). 

Interestingly, the combination of these two antibodies had a greater effect than 

each antibody alone, and the effect was statistically significant according to 

Anova single factor test (p=0.045, n=3) (Fig 4-7b). Since W6/32 does not interact 

with EGFP and KIR2DL1, the results suggest that W6/32 sterically interferes 

KIR2DL1 recognition of Cw15 in the presence of EGFP. However, steric 

interference does not explain the observation of the greater effect of W6/32 on 

KIR3DL1 interaction in comparison to HG (Fig 4-2 and 6c vs Fig 4-7b) and why 

DX9 does not prevent the recognition of B*07:02 by KIR3DL1 (Fig 4-4 and 4-6b).   

Another possible explanation is that W6/32 blocks broad binding 

contributed by the D0 domain, while DX9 blocks the canonical and more Bw4-

specific binding contributed by D1 and D2. Therefore, to determine if D0 is 

required for the effect of W6/32, I generated a chimeric receptor that links D0 of 

KIR3DL1 with KIR2DL1 (Fig 4-8a), and expressed it in YTS cells. It is worth 

noting that the N-terminal histidine of KIR2DL1 is missing, but I have previously 

shown a corresponding mutation in the wildtype receptor only minimally 

compromises the function of this receptor in YTS cells (189).  The D02DL1 

receptor was detectable at the cell surface with anti-KIR2DL1 (HP3E4) but not 

anti-KIR3DL1 (DX9) (Fig 4-8b).  In the clones we obtained, the surface staining 

of the chimeric protein was less than wild type 2DL1 when detected by HP3E4 
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(Fig 4-8b). Functional recognition of Cw15 by D02DL1 was blocked by the 

presence of HP3E4 (Fig 4-8c). However, even at doses well beyond that required 

to interfere with KIR3DL1, W6/32 did not have an effect on D02DL1 (Fig 4-8c). 

This result indicates W6/32 blocking of KIR3DL1 is unlikely to be due to steric 

interference unless the orientation of the D0 domain in the chimera is quite 

different than in KIR3DL1. However, we also observed that the inhibition by 

D02DL1 was further reverted by anti-KIR2DL1 in combination with W6/32 (Fig 

4-9a), which was not the case for 2DL1YTS cells (Fig 4-9b). The difference in 

lysis for the addition of W6/32 relative to HP3E4 alone was statistically 

significant for results pooled from several experiments using Anova test ( p =0.02, 

n=4) (Fig 4-9). These results suggest that there may be some steric effect of 

W6/32 on the chimeric receptor interacting via the D1D2 domain but that this is 

only evident in the presence of HP3E4. This would imply HP3E4 cannot block 

the chimeric receptor as well as it blocks KIR2DL1. However, it is also possible 

that the D0 domain confers an independent binding interaction that is blocked 

W6/32.  
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Fig 4-7. Steric interference of W6/32 on EGFP-KIR2DL1 inhibition. 

a) Schematic diagram of HG. b) Cytolysis of 221 expressing Cw15 or Cw7 by 

YTS expressing HG at an E:T = 2:1. The statistical significance was calculated 

using Anova single factor test. The average of three independent experiments with 

the error bars is shown. *** indicates p < 0.001,  ** indicates p < 0.01  and * 

indicates p ≤ 0.01-0.05 compared to the corresponding control IgG.   
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Fig 4-8. Characterization of D02DL1 chimeric receptor  

a)Schematic diagram of 2DL1, 3DL1 and D02DL1 constructs. For the D02DL1 

chimera, there is a linker between D0 of 3DL1 consisting of the residues ADPN.  

SS stands for signal sequence. b)Surface expression of D02DL1. YTS cells were 

stained by anti-KIR2DL1 (HP3E4) or anti-KIR3DL1 mAb (DX9) as indicated on 

the x-axis or the isotype control (MOPC21, filled histogram). c) Titration of 

antibody blocking of D02DL1YTS lysis of 221-Cw15. The concentrations of the 

antibodies are indicated on the x-axis.  Representative of three experiments with 

triplicate measurements is shown.  
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Fig 4-9. Effect of W6/32 on the functional interaction of 2DL1 chimeric 

receptors with Cw15.   

KIR2DL1 (a) or D02DL1 (b) inhibits NK lysis of 221 cells expressing HLA-

Cw15.  Cytolysis was measured at an E:T of 2:1 in the presence of the indicated 

antibodies at 5 µg/ml. Statistical significance was calculated using Anova single 

factor test. The results are the average of four independent experiments with 

triplicate measurements and the error bars represent the standard errors of the 

triplicates within the assay.   ** indicates p < 0.01 and * indicates p ≤ 0.01-0.05 .
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4.2.6. D0 effects on KIR2DL1 binding to HLA-Cw15 

 Based on the results with D02DL1 and the pattern of antibody blocking in 

the functional assays, I formulated the hypothesis that the D0 domain conferred 

weak but broad binding to MHC-I at a site blocked by W6/32. Therefore, as a 

strategy to isolate its binding characteristics, I generated a chimera of D0 from 

KIR3DL1 with KIR2DL1 as an Fc-fusion similar to what we expressed in YTS 

cells (Fig 4-10a). The resulting chimeric receptor D02DL1Fc has a three-residue 

linker (Pro.Leu.Ala) and maintains the N-terminal histidines of KIR2DL1. The 

intact chimeric D02DL1Fc appears slightly larger in size than wildtype 3DL1Fc 

under reducing conditions on SDS-PAGE. It is also quite smeared under non-

reducing conditions, perhaps due to heterogeneous glycosylation or limited 

proteolysis (Fig 4-10b). Under non-reducing conditions, a product at about 70kDa 

was evident for KIR3DL1Fc and to some extent for D02DL1Fc, but not 

KIR2DL1.  A smaller band for both also appeared under reducing conditions 

(~30kDa) suggesting the former was a breakdown product as opposed to 

monomeric receptor and again suggesting something in the D0 domain leads to 

protein instability. Western blotting confirmed the small fragments for 3DL1Fc 

contains the Fc portion of the protein (Fig 4-10c). 

I next measured the reactivity of the fusion proteins with anti-KIR2DL1 and 

anti-KIR3DL1 antibodies that bind the folded cell surface receptors using a 

capture ELISA assay (Fig 4-11). As expected, D02DL1Fc reacted with the anti-

KIR2DL1 antibody HP-3E4, but the sensitivity was less compared to wild type 

2DL1Fc, suggesting that the addition of D0 somehow perturbs the accessibility of 

the epitope or folding of the KIR2DL1 domains. The D02DL1Fc chimera was not 

detected by the anti-KIR3DL1 antibody DX9, which fits our result that DX9 did 

not detect the chimeric receptor expressed on the YTS cells (Fig 4-8b) and 

published results that D0 alone had minimal reactivity with DX9 (169).  
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To determine the function of D02DL1Fc, I first tested its ability to bind to 

HLA-C proteins expressed on 221 cells. As expected, D02DL1Fc bound HLA-

Cw15, a known ligand of KIR2DL1. However, the mean fluorescent intensity 

(MFI) corresponding to the binding to HLA-Cw15 was more than 10 fold less 

than 2DL1Fc used at the same concentration (Fig 4−12α). However, the high 

concentration of D02DL1Fc required to detect the interaction was similar to that 

required to detect binding of KIR3DL1 to its known HLA-Bw4 ligands. The anti-

KIR2DL1 antibody, HP3E4, was able to block the interaction, but there was also 

an effect of W6/32 alone but it only partially blocked binding to HLA-Cw15 (Fig. 

4-12b). In agreement with the functional results using YTS cells, anti-KIR2DL1, 

but not W6/32, fully blocked 2DL1Fc binding to Cw15 (Fig 4-12c). On the other 

hand, the binding of D02DL1Fc to Cw15 was blocked by anti-KIR2DL1 and 

partially by W6/32 but the two antibodies combined for a maximal effect (p=0.04, 

n=4) according to Anova single factor test (Fig 4-12c). The inability of anti-

KIR2DL1 to fully block the binding of D02DL1, while it is blocked along with 

W6/32 suggests D0 can bind MHC-I independently of D1D2 and that the 

specificity of this interaction includes Cw15. If D0 confers binding to a second 

site on HLA-C, this might occur for KIR3DL1 and D02DL1 with various other 

MHC-I molecules. A very low level of binding to Cw7 was observed and there is 

a significant decrease in the presence of W6/32 (Fig 4-12d).  However, the Cw7 

cells coincidentally have considerably less staining with W6/32 relative to 221 

expressing Cw15 (Fig 4-13a). Therefore, I reasoned that KIR3DL1 might also 

exhibit such binding to HLA-Cs if weak broad reactivity was due to the D0. 

Supporting this we observed very weak binding of 3DL1Fc to Cw7 and Cw15 

(Fig 4-13b). The binding is reduced by W6/32 (Fig 4-13b). A functional 

interaction of KIR3DL1 and Cw7 blocked by W6/32 but not DX9 was also 

detected over repeated experiments (Fig 4-13c). It is not clear why a functional 

interaction with Cw7 was observed here and not with Cw15 (Fig 4-2). 
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Fig 4-10. Characterization of fusion proteins.  

a)Schematic diagram of 3DFc, 2DFc and D02DFc respectively indicating the 

corresponding regions of KIR2DL1 and KIR3DL1.  b) SDS-PAGE analysis of purified 

fusion proteins.  The samples were run under non-reducing (left lanes) and reducing 

(right lanes) conditions stained with Coomassie. 1 µg of samples were loaded on each 

lane. c) Western blot of 3DL1Fc and Fc with anti-KIR3DL1 (DX9) and anti-human Fc 

antibodies. 

N - terminus C- terminus 
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Fig 4-11. Detection of soluble Fc fusion by anti-KIR antibodies. 

The indicated dilutions of Fc fusion proteins were captured on plates coated with 

anti-human IgG1 Fc mAb followed by the KIR-specific antibody and detection 

with AP-conjugated goat-anti-mouse IgG or IgM antibody for ELISA. See 

Chapter 2 for details. The results shown are representative of three experiments.  
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Fig 4-12. Binding of purified Fc fusion proteins to 221 cells expressing Cw15. 

a) The purified D02DL1Fc, 2DL1Fc or Fc proteins were incubated at the concentration 

shown on the x-axis and the bound proteins were detected as described in Chapter 2. b) 

Antibody blocking of D02DL1Fc binding to cells expressing HLA-Cw15. The binding of 

D02DL1Fc at 100 µg/ml to Cw15-221 cells was measured with various amounts of HP-

3E4 or W6/32 as indicated at x-axis.  c) and d) Fc-fusion protein binding to the indicated 

cells in the presence of antibodies. 150 µg/ml HP-3E4 or 50 µg/ml W6/32 were incubated 

with target cells at room temperature for 10 min, then 10 µg/ml 2DL1Fc or 100 µg/ml 

D02DL1Fc were added and incubated at 4°C for 1 hr. The cells were washed and stained 

with PE anti-human Fcγ. The isotype matched IgM and IgG controls were added at 100 

and 50 µg/ml respectively. The fusion proteins are indicated on the x-axis. Statistical 

significance was calculated using Anova single factor test. ** for p < 0.01 and  * for p ≤ 

0.01-0.05.  
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Fig 4-13. 3DL1Fc binds to HLA-Cw15.   

a) Surface expression of MHC-I on 721.221 cells expressing Cw7 or Cw15. The 

indicated cells were stained with W6/32 and PE anti-mouse IgG. b) 3DL1Fc binding to 

HLA-Cw7 cells. 200 µg/ml DX9 or control IgG1(MOPC21) or 50 µg/ml W6/32 or 

control IgG2 (51.1) were preincubated with indicated cells at room temperature for 10 

min. 200 µg/ml 3DFc was then added.  c) 3DL1YTS cell lysis of targets at an E:T of 1:1.  

The indicated antibodies were added as Fig 4-4. Statistical significance was calculated 

using an unpaired student’s t test. The means with standard error are shown as error bar 

with three to four independent experiments. The p values indicate the statistical 

significance relative to control antibodies with ** for p < 0.01 and  * for p ≤ 0.01-0.05.  
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4.2.7.  D0 confers weak binding and recognition of HLA-B 

To investigate if D0 conferred recognition of HLA-B molecules, we first 

examined the lysis of 221 expressing HLA-B*58:01 by YTS cells expressing the 

D0KIR2DL1 chimeric receptor (Fig 4-14). Although there was only a slight 

reduction in lysis of 221-B*58:01 cells relative to 221-Cw7, the reduction 

appeared to be specific to D02DL1 because it did not occur with 2DL1-YTS.  

Moreover, W6/32 specifically enhanced the lysis of HLA-B*58:01 targets 

compared to the matched isotype control and but HP3E4 did not. The effect is 

small but statistically significant (p=0.013, n=4). In parallel, we also tested if the 

soluble chimeric protein D02DL1 bound B*58:01. D02DL1Fc bound both 

B*58:01 and B*07:02 (Fig 4-15a), and the binding to B*58:01 was reduced by the 

anti-MHC-I α3 W6/32 relative to isotype matched control (Fig 4-15b). Curiously, 

the anti-KIR2DL1 antibody actually increased the binding compared to control 

IgM, but the increase was negated by W6/32 suggesting it was caused by specific 

binding to the MHC-I (Fig 4-15b). It is possible that multimerization of the 

chimera by the antibody actually enhances the binding via the D0 domain and 

similarly for DX9 with KIR3DL1 as seen in Figure 4-2a. 

Together, these results suggest that D0 confers on 2DL1 the ability to interact 

with HLA-B molecules in a way that is independent of the conventional D1/D2 

interaction, and blocked by the antibody binding to the MHC α3 domain.  
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Fig 4-14. Cytolysis of 221-B*58:01 cells by YTS cells expressing D02DL1.  

 Lysis of 221 cells expressing the indicated ligands by YTS cells expressing 

KIR2DL1 or D02DL1 was performed at an E:T=1:1.  The concentration of 

antibodies was added as Fig 4-4. The results are the average of three experiments 

with triplicate measurements, the error bars indicated standard error.  The p values 

indicate the statistical significance relative to control antibody with * for p ≤ 0.01-

0.05.  
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Fig 4-15. D02DL1Fc recognition of HLA-B*58:01.  

a) The binding of D02DL1Fc to indicated cells. The concentration of the proteins 

(D02DL1Fc and Fc) was indicated at x-axis. A representative experiment was 

shown. b) D02DL1Fc binding to 221 and HLA-B*58:01 transduced 221 cells. 

The binding was done at 200 µg/ml D02DFc with 200 µg/ml HP3E4 and its IgM 

control or 50 µg/ml W6/32 and its IgG control. The results are the average of 

three experiments, the error bars indicated standard error. The p values indicate 

the statistical significance using Anova single factor test relative to control 

antibody with * for p ≤ 0.01-0.05.  
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4.2.8.  KIR3DL -D0 recognition of HLA-G 

The results shown above with the soluble receptors suggests that the D0 

domain of KIR3DL1 confers weak but significant amount of binding to a range of 

class I HLA and this binding is sensitive to inhibition by antibodies to a highly 

conserved region in the α3 domain of the MHC-I proteins. Therefore, we 

investigated the possibility that the D0 domain interaction would extend to a non-

classical MHC-I molecule that is also reactive with the antibody W6/32, HLA-G.  

3DL1YTS lysis of 221 cells expressing HLA-G was not reduced relative to 221 

cells, but the presence of W6/32 increased the lysis compared to that of control 

antibody (Fig 4-16a). Although the effect is not strong, it was reproducible and 

significant for data aggregated from several experiments (Fig 4-16b). To further 

characterize the binding of 3DL1, and more specifically D0 to HLA-G, we tested 

if the soluble receptors could have some binding to 221 cells expressing HLA-G 

(Fig 4-17). Of note, these cells do not express HLA-E (Fig 4-17). We observed 

some binding of 3DL1Fc to HLA-G, and lower but detectable binding of D02DFc 

(Fig 4-17). Despite the relatively low degree of binding, W6/32 but not the 

relevant anti-KIR antibodies that bind the D1/D2 domains blocked the binding 

(Fig 6E and F). Similar to the binding of D02DL1 to B*58:01, the anti-KIR 

antibodies actually enhanced the binding of 3DL1Fc and D02DFc to HLA-G. 

These results support the idea that D0 confers weak but broad binding blocked by 

W6/32. 
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Fig 4-16. 3DL1YTS lysis of expressing HLA-G.   

a) Cytolysis of 221 and 221 expressing HLA-G by 3DL1YTS at an E:T of 2:1, in 

the presence of antibodies as indicated in the legend. The concentrations of 

antibodies were added as Fig 4-4.   b) The average lysis obtained under each 

condition as shown in a) for 10 experiments.  The p values were calculated using 

student t test.  
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Fig 4-17. KIR3DL1-D0 binding to HLA-G. 

a) The surface expression level of HLA-G.  The cells were stained with control 

IgG (grey fill histograms) or anti-HLA-G or anti-HLA-E (black lines) as indicated 

on the x-axis and analyzed by flow cytometry.  b) Binding of fusion proteins to 

221-G cells. The indicated fusion proteins were added at 200 µg/ml. Fc alone is 

shown in grey filled histogram. c) W6/32 but not DX9 blocks 3DFc binding of 

221-G. The blocking antibodies are indicated in x-axis. d) D02DFc blocked by 

W6/32 and not HP3E4.  The binding of the fusion proteins indicated on the x-axis 

were measured as before.  Antibodies and fusion proteins were added as Figure 4-

15. The results in c) and d) are the average of three experiments, the error bars 

indicated standard error.  The p values indicate the statistical significance relative 

to control antibody with * for p ≤ 0.01-0.05.  
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4.2.9.  Z27 mAb recognizes D0 and blocks D0-MHC-I interactions 

As an alternative method to test if W6/32 interfered with a distinct interaction 

of KIR3DL1, I expressed in YTS cells a mutated KIR3DL1 substituted Y200 to A 

in the D2 domain known to compromise recognition of B58 (168). This mutation 

disrupts the DX9 epitope, but not the epitope for another antibody, Z27 (Fig 4-

18a). As expected the mutation reduced the inhibition and removed the ability of 

DX9 to increase the lysis for cells expressing B*58:01. However, for this mutant 

receptor, W6/32 also significantly increased the lysis specifically of the cells with 

B*58:01 (Fig 4-18b) again suggesting that the site W6/32 blocks was distinct 

from that of the Bw4 epitope. Given we had determined that Z27 still bound the 

mutant receptor, we tested if Z27 could in fact block KIR3DL1 recognition of the 

B*58:01. Z27 did block KIR3DL1 recognition of B*58:01, but when combined 

with W6/32, it did not augment the lysis significantly (Fig 4-19a). There was also 

no increased effect of combining DX9 with Z27 relative to each antibody alone, 

but the DX9 also blocks binding of Z27 to KIR3DL1 (Fig 4-19b). In view of the 

ability of Z27 to block KIR3DL1 recognition of B*58:01 and to bind to 

3DL1Y200A, we tested if Z27 blocked the binding to molecules that lack the 

Bw4 epitope. Z27 blocked 3DL1Fc binding to B*07:02 with a dose response 

similar to W6/32 as opposed to DX9 (Fig 4-20a).  Here we did not observe any 

augmentation of the binding with low doses of the antibody Z27. The results 

suggest that Z27 blocks KIR3DL1 function by preventing the binding of the D0 

domain. To more directly test this, we determined that Z27 recognizes the D0 

domain in the D02DL1 chimera (Fig 4-20b) and that it blocks the binding of 

D02DL1Fc to both B*58:01 and HLA-G (Fig 4-20c). Taken together these results 

suggest that Z27 binding to D0 blocks D0’s interaction with a conserved region of 

the MHC-I that is distinct from the canonical specificity site corresponding to the 

Bw4 epitope.  
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Fig 4-18. Y200A abolishes DX9 recognition.  

a) The surface staining of YTS, 3DL1-YTS and 3DL1Y200A-YTS by PE coupled 

DX9 or PE coupled Z27 antibodies. b) Y200A interrupts 3DL1 inhibition. The 

assay was measured at an E:T= 2:1. Antibodies shown in the legend were added 

as methods. The results in are the average of three experiments with triplicate 

measurements, the error bars indicated standard error. The p values indicate the 

statistical significance relative to control antibody with * for p ≤ 0.01-0.05.  
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Fig 4-19. Z27 blocks 3DL1 mediated inhibition 

a) 3DL1.YTS lysis of 221 expressing HLA-B*58:01. The lysis was measured at 

E:T=1:1 and the indicated antibodies were added at 5 µg/ml. One representative 

experiment was shown here. b) DX9 interferes with Z27 binding to HLA-B*58:01.  

0.2 million of 221- B*58:01 cells were preincubated with the indicated 

concentrated DX9, the cells were then stained with PE conjugated Z27 antibody. 

The results were analyzed with flow cytometry. Representative of two 

experiments with triplicate measurements is shown.  
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Fig 4-20. Z27 recognizes D0 and blocks the D02DL1Fc binding to B58 and G.  

a) Z27 blocks 3DL1Fc binding of B*07:02. 3DL1Fc was added at 150 µg/ml to 221 cells 

expressing B*07:02. The indicated antibodies were added as shown on x-axis. The cells 

were incubated on ice for 2 hrs followed with PE-anti human Fcγ (eBioscience). b) Z27 

binds D02DL1. Surface staining of YTS (filled grey), 2DL1YTS (dashed line) and 

D02DL1YTS (solid line) was done with PE-coupled Z27. c) Z27 blocks D02DL1Fc 

binding to B58 and HLA-G. 50 µg/ml W6/32 or 200 µg/ml Z27 was incubated with the 

indicated cells for 10 min prior to addition of 200 µg/ml D02DL1Fc.  The results are the 

average of three experiments, the error bars indicate standard error. The p values 

indicate the statistical significance relative to control antibody with * for p ≤ 0.01-

0.05.  
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4.3. Discussion 

Several previous studies have shown that the D0 domain contributes to 

MHC-I binding (161, 168, 169) but the mechanism of this contribution has not 

been understood. In this chapter, I have used the highly sensitive reporter system 

of YTS cells and chimeric soluble proteins with the D0 domain to show that D0 

confers broad reactivity with classical MHC-I and even a non-classical MHC-I 

protein. In keeping with this idea, the D0 domain alone was previously shown to 

bind to cells with either B*51 or low levels of Cw4 (C1R), but the “binding” was 

considered as high levels of background due to poor folding of the isolated 

domain (169). I have shown that antibodies that bind to the MHC-I α3-domain 

and KIR3DL1-D0 domain but not antibodies that bind to the D1D2 domain 

prevent the binding and recognition via the D0 domain. These observations 

suggest that D0 contacts the MHC-I at a site that could be quite distinct from the 

canonical KIR site. 

Our results suggest an explanation for how the D0 has an impact on the 

physiologic function of the receptor without contributing per se to the specificity.  

Although a binding of soluble KIR3DL1 to a variety of HLA-B, C and G 

molecules is detected, the interaction on its own is not strong and corresponds to a 

very weak level of functional recognition of molecules Cw7, B7 and G but not the 

Cw15. Nonetheless, the higher levels of lysis in the presence of antibodies for 

cells expressing B7 and HLA-G are indicative of a low degree of inhibition 

through KIR3DL1 at least in YTS cells.  Recognition of these non-Bw4+ molecule 

as ligands may be limited due to the low levels of receptor expressed on the YTS 

cells but fits with the observations that only Bw4 molecules serve as physiologic 

ligands of KIR3DL1 expressed in primary NK cells. Thus, while the D0 

interaction appears to be functional in our system, it is secondary to the canonical 

interaction of KIR with the α1-region of MHC-I mediated by the D1 and D2 

domains and, as will be discussed below, the role of the D0 domain is likely to 
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provide sufficient avidity for signalling. The ability of the D0 domain to bind to a 

distinct site might also explain how KIR3DL1 recognition of HLA-B27 heavy 

chain homodimers can be independent of the peptide (227). While the affinity of 

the D0 to a secondary site might be quite low, the dimer can provide an increase 

in avidity as has been reported LILRB1 binding to disulphide-linked dimers of 

HLA-G (228). 

 Parham and colleagues have proposed that the D0 domain may extensively 

contact the D1 and D2 domains (161) forming a single interface with the top 

surface of the MHC-I. Our observation that the presence of D0 influences the 

function of the D1 and D2 domain in KIR2DL1 fits with such a model where the 

D0 interfaces with D1 and D2 and has a conformational effect that influences 

their interaction with MHC-I. Specifically, I observe that D0 reduces reactivity 

with the KIR2DL1 antibody and binding to its normal ligand Cw15. The presence 

of the D0 domain also diminishes the yield of Fc fusion protein compared to 

KIR2DL1 and is similar to producing KIR3DL1 protein suggesting the D0 

domain destabilizes the molecule overall which may also readout as the reduced 

binding. While our results do not directly refute the model in which the D0 forms 

a continuous surface with the D1 and D2 hinge region providing a larger face of 

interaction with the top of the MHC-I molecule, such a mode of interaction does 

not explain why W6/32 blocks KIR3DL1 recognition of its ligands but not the 

chimeric D02DL1 recognition the KIR2DL1 ligand Cw15. Therefore, I have 

considered other possibilities for the position of D0 based on two key points. First, 

the binding pattern of D0 is obviously reminiscent of how LILRB1 interacts with 

MHC-I that has very broad reactivity with diverse MHC-I molecules (HLA-A, B, 

C, E, G) but with relatively low affinity (178, 181). Second, perhaps it is not a 

mere coincidence that polymorphisms in residue 194 in the α3 domain of Bw4+ 

molecules impact the interaction with KIR3DL1 (167) and structural studies have 

shown that the corresponding residue in HLA-A2 is bound by LILRB1 (170). 

Therefore, it is also possible that D0 retains LILRB1-like features and the D0 
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domain actually makes direct contact with residues in the conserved region, such 

as the α3 domain.      

To explore this idea further, we tested the constraints on how D0 could 

interact with the α3-domain using molecular modelling(done by Dr. Bart Hazes). 

The KIR3DL1 domains D1 and D2 are closely related to the D1 and D2 domains 

of KIR2DL1 (77% and 88.4% sequence identity, respectively) and functional data 

indicate that they bind the α1-α2 domains of MHC-I in a similar manner (114, 

168). Accordingly, we used the KIR2DL1-HLA-Cw4 crystal structure to model 

the two C-terminal domains of KIR3DL1 and their interaction with MHC-I. 

However, the KIR3DL1 D0 domain only shares 35% and 39% sequence identity 

with the KIR2DL1 D1 and D2 domains, respectively. LILRB1 D1 also shares 

only 36.8% and 36.7% sequence identity with the KIR2DL1 D1 and D2 domains, 

respectively, yet its D1 and D2 domains adopt the same relative orientation as the 

two KIR2DL1 domains (root mean square deviation, rmsd, is 1.2Å for 99 

superimposed residues) and interact with MHC-I using the same surface of the 

hinge region between the domains (170). Therefore, because the linker between 

the KIR3DL1 D0 and D1 domains is the same length as that between the D1 and 

D2 domains of KIR2DL1 and LILRB1, and several key interacting residues in the 

domain interface are conserved, we explored possible binding mechanisms for 

KIR3DL1 assuming that its D0-D1 domain interface is equivalent to its D1-D2 

interface (Fig 4-21). In this model, the D0 domain cannot reach the α3 domain 

while simultaneously engaging the peptide-binding groove via its D1 and D2 

domains.  Even if we allow considerable flexibility between the D0 and D1 

domains, the short linker between them prevents interaction with α3.  However, 

on its own the D0 could reach the same site contacted by LILRB1. Our modeling 

exercise suggests that D0 of KIR3DL1 could interact with MHC-I in a manner 

very similar to LILRB1 and that two KIRs could bind to a single MHC-I molecule 

without steric conflicts and with the receptors anchored in the membrane. In 
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addition, a single KIR3DL1 can bind to two MHC-I molecules simultaneously. 

Bridging together of KIR3DL1 molecules by MHC-I could drive receptor and 

ligand clustering. Perhaps in the confines of the membrane such bridging could 

potentiate the inhibitory signal as has been previously proposed for KIR2D based 

on a crystallographic contact (7). KIR2D receptors also possess features that 

might have replaced this function as KIR2D evolved from KIR3D (101) such as 

zinc-binding motifs that may dimerize the receptors (154) and a higher affinity for 

HLA-C as inferred by the KIR2DL1Fc-fusion protein’s binding at much lower 

concentrations shown here.  

In summary, I showed that KIR3DL1 weakly binds a broader range of HLA 

molecules than previously appreciated. In addition, I demonstrated that the 

antibody Z27 binds to the D0 domain of KIR3DL1 and blocks the interaction of 

KIR3DL1 with HLA-B*58:01 as well a chimeric receptor with the HLA-Bs and 

G. The results suggest that the D0 domain independently binds to MHC-I at a 

secondary site distinct from the conventional Bw4 epitope. However, the 

interaction site by the D0 domain remains unclear and whether the α3 domain of 

MHC-I is directly involved in the D0 interaction is not known. The remaining 

questions need to be further investigated.  
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Fig 4-21. Ribbon diagram of proposed models. 

A) A proposed structure of KIR3DL1 receptor. Each Ig domains are illustrated in 

different colors as indicated. B). A proposed model that KIR3DL1 interacts with 

ligands by 2 KIR3DL1 molecules binding to one MHC-I or one KIR3DL1 

binding to 2 MHC-I molecules. MHC-I is colored purple.  
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Chapter 5 

 

XENORECOGNITION OF MOUSE MHC-I  

BY KIR3DL1   

 

Preface 

Based on my discovery that KIR3DL1 binds a conserved region of human MHC-I, 

the studies described in this chapter were designed to explore the possibility that 

KIR3DL1 recognizes xenogenic MHC-I. I have performed all of the experiments, 

but they have not yet been published.  
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5.1. Introduction 

Previous studies described in Chapter 4 suggest that KIR3DL1-D0 directly 

contacts a conserved region of MHC-I at a secondary site. Following completion 

and publication of the study presented in Chapter 4, the crystal structure of the 

KIR3DL1-HLA-B*57:01 complex was published (229). In agreement with our 

studies, it clearly reveals that KIR3DL1 interacts with the HLA-Bw4 allele, HLA-

B*57:01, at two separate contact sites (229). In brief, site 1 is contacted by two 

membrane proximal domains of KIR3DL1, D1D2, where it interacts with bound 

peptides and regions surrounding the peptide binding groove of MHC-I (Fig 5-1). 

Most importantly, site 2 involves the D0 domain as it contacts with conserved 

region of the α1 domain located in the two loops comprised of positions 14-18 

and 88-92 (Fig 5-1). This site explains the broad recognition of classical and non-

classical HLA molecules by the D0 domain as shown in Chapter 4. In addition, 

the KIR3DL1-D0 domain makes direct contact with a few residues in the β2m 

domain (229).  

As previously discussed in Chapter 4, antibody blocking of the interaction 

could be due to either steric interference or direct contact. In Chapter 4, W6/32 

was shown to slightly block KIR2DL1 mediated inhibition when EGFP was 

present (Fig 4-7), suggesting that there is an effect of steric interference. However, 

this antibody has a greater effect on KIR3DL1 than it has on KIR2DL1, indicating 

a direct interaction aside from steric interference. Structurally, it is a bit difficult 

to model how W6/32 could sterically interfere with the binding when one 

KIR3DL1 interacts with one HLA-Bw4 molecule. Given that clustering of KIR 

receptors and their MHC-I ligands has been shown at the cell-cell interface when 

an NK cell encounters a target cell, interactions that might occur when the 

receptors accumulate at the synapse are not necessarily reflected by the 

crystallographic studies. Hence, the crystallographic study does not rule out the 

possibility that the α3 domain directly binds KIR3DL1 under physiological 



145 

  

 

conditions. To test if there is a role for the α3 domain in KIR3DL1 signaling in 

response to MHC-I on target cells, I considered making chimeras with the α1α2 

domains of mouse MHC-I. However, I first needed to determine if KIR3DL1 

could interact with mouse MHC-I.   

Despite some amino acid variations in primary sequence, class I proteins 

from both species exhibit a very similar structure (230). However, the variations 

in particular residues do influence interaction between receptors and ligands. For 

instance, LILRB1 is known to broadly recognize classical and non-classical HLA 

molecules by means of making contact with the α3 domain and β2m (170, 181, 

182), but it interacts with only one member of mouse MHC-I, H-2Db (231). The 

region of direct contact by LILRB1 is between residues 191-200 at the α3 domain, 

which is highly conserved among HLA alleles (Fig 5-2) (181, 182). However, 

there are significant differences in this region between mouse and human MHC-I 

molecules (Fig 5-2), suggesting why not all mouse α3 domains interact with 

LILRB1.  

In Chapter 4, I demonstrated the recognition of Bw4- MHC-I molecules by 

the KIR3DL1-D0 domain (232). This interaction could be most likely due to 

direct contact with the α1 domain by the D0 domain. Alignment of several H-2 

class I subtypes and HLA-class I revealed a high degree of identity at residues 14-

18 and 88-92 on MHC-I molecules where KIR3DL1-D0 contacts (Fig 5-3). 

Therefore, KIR3DL1 may bind mouse MHC-I molecules. In this Chapter, I 

performed binding experiments with mouse cell lines using KIR3DL1 fusion 

proteins. Interestingly, I found xenorecognition of mouse MHC-I molecules by 

KIR3DL1. However, as will be shown and discussed, differences in which mouse 

MHC-I molecules cannot be readily explained by the recognition at site 2.  
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Fig 5-1: Structure of KIR3DL1-peptide bound HLA-B*57:01 complex 

(adapted from Nature, 2011, 479: 401) 

The HLA and β2-microglobulin are colored green and cyan, respectively. The 

three Ig domains of KIR3DL1, D0, D1 and D2 are colored as yellow, blue and 

orange, respectively. Front view (a) and side view (b) of the structure are shown.  
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AA Pos.                190        200        210        220         230         

HLA-B*58:01     RADPPKTHVT HHPVSDHEAT LRCWALGFYP AEITLTWQRD GED-QTQDTEL  
HLA-B*57:01     .......... ...I...... .......... .......... ...-....... 
HLA-B*27:05     .......... ...I...... .......... .......... ...-.......  
HLA-B*07:02     .......... ...I...... .......... .......... ...-.......  
HLA-Cw1503      ..EH...... .......... .......... .......... ...-.......  
HLA-Cw7         ..E....... ...L...... .......... .......... ...-.......  
HLA-G           .......... ....F.Y... .......... ...I...... ...-....V..  
H-2Dd           .T....A... ..RRPEGDV. .......... .D......LN ..E-L..EM..  
H-2Kd           .T.S..A... Y..R.QVDV. .......... .D......LN ..D-L...M..       
H-2Db           .T.S..A... ...R.KG.V. .......... .D......LN ..E-L...M..  
H-2Kb           .T.S..A... ..SRPEDKV. .......... .D......LN ..E-L...M..  
H-2Dk           HT.S..A... ...R.KV.V. .......... .D......LN ..E-L...M.. 
H-2Kk           .T.S..A... R.SRPEDKV. .......... .D......LN ..E-L...M..  
HFE             QQV..LVK.. ..-.TSSVT. ...R..NY.. QN..MK.LK. KQPMDAKEF.P  
 

 

AA Pos.                240        250        260        270                     

HLA.B*58:01     VETRPAGDRT FQKWAAVVVP SGEEQRYTCH VQHEGLPKPL TLRWE--PSSQSTIPIV 
HLA-B*57:01     .......... .......... .......... .......... .....--.......... 
HLA-B*27:05     .......... .......... .......... ...V...... .....--......V... 
HLA-B*07:02     .......... .......... .......... .......... .....--......V... 
HLA-Cw15        ........G. .......M.. .......... .......E.. .....--....P..... 
HLA-Cw7         ........G. .......M.. ..Q....... M.....QE.. .....--...LP....M 
HLA-G           ........G. .......... .......... .......E.. M...K--Q..LP....M  
H-2Dd           ........G. .....S.... L.K..K.... .E.....E.. ....GKEEPPS..KTNT  
H-2Kd           ........G. .....A.... L.K..N.... .H.K...E.. ....---KLPP..VSNT 
H-2Db           ........G. .....S.... L.K..N...R .Y.....E.. ....---EPPP..DSYM 
H-2Kb           ........G. .....S.... L.K..Y.... .Y.Q...E.. ....---EPPP..VSNM 
H-2Dk           ........G. .....S.... L.K..N.... .Y.....E.. ....---EPPS..DSYM 
H-2Kk           ........G. .....S.... L.K..Y.... .Y.Q...E.. ....---EPPP..VSNT  
HFE             KDVL.N..G. Y.G.ITLA.. P........Q .E.P..DQ.. IVI..--..PSG.L-VI        
 
         

Figure 5-2. Comparison of amino acid sequences of the α3 domain between 

HLAs, mouse MHC-Is and HFE.  

Dots indicate amino acid identity to the HLA-B*58:01 sequence. Dashes indicate 

the absence of the amino acid relative to HLA-B*58:01. The boxed residues are 

the regions that interact with the LILRB1-D1 domain. Residue 194 is colored red.  

N-glycosylation sites are highlighted in red.  
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a). α1 domain  

AA Pos.                 10         20         30         40         50            
HLA-B*58:01     GSHSMRYFYT AMSRPGRGEP RFIAVGYVDD TQFVRFDSDA ASPRTEPRAP  
HLA-B*57:01     .......... .......... .......... .......... ....MA.... 
HLA-B*27:05     ........H. SV........ ...T...... .L........ ....E.....   
H-2Dd           .S..L...V. .V....F... .YME.....N .E........ EN..Y....R 
H-2Kd           .P..L...V. .V....L... .......... .......... DN..F.....  
H-2Db           .P......E. .V....LE.. .Y.S.....N KE........ EN..Y..... 
H-2Kb           .P..L...V. .V....L... .YME...... .E........ EN..Y....R 
H-2Dk           .P..L...E. VV....L... ...S.....N .E........ EN..D...VR  
H-2Kk           .P..L...H. .V....L.K. ...S...... .......... EN..Y...VR 
 
AA Pos.                 60         70         80         90                    
HLA-B*58:01     WIEQEGPEYW DGETRNMKAS AQTYRENLRI ALRYYNQSEA  
HLA-B*57:01     .......... .......... .......... .......... 
HLA-B*27:05     .......... .R..QIC..K ...D..D..T L.........  
H-2Dd           .......... ER...RA.GN E.SF.VD..T ........AG  
H-2Kd           .M........ EEQ.QRA.SD E.IF.VS..T .Q......KG 
H-2Db           .M........ ER..QKA.GQ E.WF.VS..N L.G.....AG  
H-2Kb           .M........ ER..QKA.GN E.SF.VD..T L.G.....KG  
H-2Dk           .M........ ER..QIA.GN E.WF.VD..T L........G   
H-2Kk           .M..VE.... ERN.QIA.GN E.IF.VS..T ........AG  
 

b). α2 domain 
AA Pos.                100        110        120        130        140 
HLA-B*58:01     GSHIIQRMYG CDLGPDGRLL RGHDQSAYDG KDYIALNEDL SSWTAADTAA 
HLA-B*57:01     ......V... ..V....... .......... .......... .......... 
HLA-B*27:05     ...TL.N... ..V....... ..YH.D.... .......... .......... 
H-2Dd           ...TL.W.A. ..VES..... ..YW.F.... C......... KT.....M.. 
H-2Kd           ...TF...F. ..V.S.W... ..YQ.F.... R......... KT........ 
H-2Db           ...TL.Q.S. ....S.W... ..YL.F..E. R......... KT.....M.. 
H-2Kb           ...TI.VIS. .EV.S..... ..YQ.Y.... C......... KT.....M.. 
H-2Dk           ...T...LS. ..V.S.W... ..YE.F.... C......... KT.....M..    
H-2Kk           ...TF..... .EV.S.W... ..YE.Y.... C......... KT.....M.. 
 

AA Pos.                150        160        170        180            
HLA-B*58:01     QITQRKWEAA RVAEQLRAYL EGLCVEWLRR YLENGKETLQ RA  
HLA-B85701      .......... .......... .......... .......... .. 
HLA-B*27:05     .......... .......... ..E....... .......... .. 
H-2Dd           ...R....Q. GA..RD.... ..E....... ..K..NA..L .T 
H-2Kd           L..R....Q. GD..YY.... ..E....... ...L.N...L .T 
H-2Db           ...R....QS GA..HYK... ..E.....H. ..K..NA..L .T 
H-2Kb           L..KH...Q. GE..RL.... ..T....... .....NA..L .T 
H-2Dk           L..KH...Q. GA..RD.... ..T....... ...L.NA..L HT   
H-2Kk           L..KH...Q. GD..RD.... ..T....... ..QL.NA..P .T 

Fig 5-3: Comparison of the amino acid sequences of the α1α2 domains 
between human and mouse MHC-I. 
Dots represent identity with the reference sequence HLA-B*58:01. Residues 
corresponding to the Bw4 epitope are colored red. The boxed residues are the two loops 
that interact with KIR3DL1-D0. Contact residues with KIR3DL1-D0 are highlighted in 
yellow and glycosylation sites are highlighted in cyan. The underlined residues interact 
with KIR3DL1-D1D2, and cysteine residues are indicated in green.

loop #1 

loop #2 

loop #2 
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5.2. Results: 
 
5.2.1.  3DL1Fc binding to RMA cells 

To test if the receptor, KIR3DL1, interacts with mouse class I MHC 

proteins, I chose a mouse cell line, RMA, that expresses endogenous H-2Kb and 

Db,  along with the MHC-I deficient variant RMA/S for comparison (233, 234). 

As expected, RMA cells express a high level of H-2Db and Kb, while RMA/S 

had > 100 fold less expression of H-2Db and Kb (Fig 5-4a). Not surprisingly, 

W6/32 also stained the RMA cells (Fig 5-4a) as it is well established that H-2Db 

molecules gain the reactivity to W6/32 when they associate with bovine β2m, as 

occurs in cell culture with FBS (235, 236). To explore if KIR3DL1 recognizes H-

2b, I examined the binding of the KIR3DL1 Fc fusion protein, 3DL1Fc, to the 

selected mouse cells. The results are shown proportional to Fc alone. Dose 

dependent and relatively high binding of 3DL1Fc to RMA cells was observed in 

comparison to RMA/S cells at concentrations ranging from 25 µg/ml to 150 µg/ml 

(Fig 5-4c). The results suggest that binding of KIR3DL1 with cells expressing H-

2Kb and Db. To explore the role of the D0 domain, the fusion protein composed of 

D0 and two Ig domains of 2DL1, D02DL1Fc, was used. In this case, the results 

are shown proportional to 2DL1Fc as the control, which had a similar minimal 

binding to RMA cells as Fc alone (Fig 5-4b). Noticeable binding of D02DL1Fc to 

mouse cells (Fig 5-4b and 4d) suggests the role of the D0 domain in the 

interaction.   

To further investigate the interaction, I tested how various antibodies 

specific for the mouse class I proteins affect the interaction. The binding of RMA 

cells by 3DL1Fc and D02DL1Fc was blocked in the presence of antibodies 

against KIR3DL-D0 (Z27), H-2Db (28.14.8S) (197), and Kb (Y3) (198) (Fig 5-5). 

Moreover, the blocking by Z27 and 28.14.8S were statistically significant. 

Interestingly, anti-3DL1-D1D2 antibody, DX9 (IgG) slightly reduced 3DL1Fc 

binding (p = 0.06, n=3). Given the tyrosine at position 200 in the KIR3DL1-D2 
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domain is critical for DX9 reactivity (168, 232) and for KIR3DL1 recognition of 

Bw4+ molecules (168, 229, 232), the different level of blocking between DX9 and 

Z27 suggests that the D0 domain is important for binding to mouse MHC-I 

proteins. However, whether D1D2 domains of KIR3DL1 contribute to the binding 

still needs further examination as DX9 blocking could be the result of steric 

interference. In the case of D02DL1Fc, though the epitope of the antibody 

specific for KIR2DL1, HP3E4, is unknown, this antibody remarkably eliminated 

D02DL1 binding (p=0.03, n=3) with a similar degree to Z27 (Fig 5-5). Given the 

KIR2DL1 interaction pattern and the properties of the IgM structure of HP3E4, 

the elimination of binding by HP3E4 is likely due to steric interference. Overall, 

the preliminary results suggest that KIR3DL1 binds H-2Db/Kb molecules but 

KIR2DL1 does not, and that the first Ig domain (D0) of KIR3DL1 is 

predominantly involved in this recognition.  
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Fig 5-4. 3DL1Fc binding to RMA and RMA/S cells  

a) Surface staining analysis of the murine cell lines RMA and RMA/S by flow 

cytometry with the indicated antibodies. The isotype control is shown as the filled 

histogram.  b) Flow cytometric analysis of 150 µg/ml of 3DL1Fc (left panel) and 

D02DL1Fc (right panel) binding to RMA cells.  c-d) Titration of 3DL1Fc (c) and 

D02DL1Fc (d) binding to the cells shown in a. Representative of three 

experiments is shown in d and e.  
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Fig 5-5. Anti-Db-α3 and anti-D0 antibodies block 3DL1Fc and D02DL1Fc 

binding to RMA cells 

RMA cells were incubated with 150 µg/ml of Z27 or the control IgG, and 50 

µg/ml of 28.14.8S at room temperature for 10 minutes prior to 100 µg/ml fusion 

proteins. The binding was detected and analyzed as described in Chapter 2. 

Statistical significance was calculated using an unpaired student’s t test. The 

average of four independent experiments with the standard error is shown. * 

indicates p<0.05, ** p <0.01-0.05 
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5.2.2. 3DL1Fc binding to various mouse MHC-I molecules 

Having established that KIR3DL1 interacts with H-2b, I questioned whether 

it binds other alleles of H-2. Therefore, I examined 3DL1Fc binding to the cell 

lines expressing H-2d, such as NZB (H-2Dd), or cells expressing H-2k, such as 

RDM4 (H-2Dk/Kk) (Fig 5-6a). The results are shown relative to Fc alone. 

Interestingly, though RDM4 cells highly express H-2Dk/Kk (Fig 5-6a), 3DL1Fc 

did not react with these cells at all (Fig 5-6b). In contrast, dose dependent binding 

to NZB cells was observed and the binding was saturated at 150 µg/ml (Fig 5-6b). 

 To clarify if 3DL1Fc binds Db and/or Kb, I used R1E cells transfected with 

H-2Db or Kb in combination with mouse β2m (mβ2m), H-2Dbβ2m.R1E or H-

2Kbβ2m.R1E. Parental R1E cells are derived from C58 mouse thymoma with H-2k 

background but lost expression of MHC-I on the surface due to lacking mβ2m 

(203). When transfected with H-2Db or Kb along with mβ2m, R1E cells stably 

express the encoded proteins H-2Db or Kb on the cell surface (Fig 5-8a), perhaps 

as well as endogenous Kk and Dk. It is worth noting that since 3DL1Fc did not 

bind H-2k molecules on RDM4 cells (Fig 5-6b), the binding of 3DL1Fc to the 

R1E cells should only be due to Db or Kb expressed on the R1E cells but not Kk or 

Dk molecules restored by the presence of mβ2m. Interestingly, in contrast to NZB 

cells, R1E expressing H-2Db or Kb exhibited a different binding trend (Fig 5-6b). 

The binding to Db did not saturate in the range of 50 µg/ml to 200 µg/ml, though 

the absolute number of binding to R1E.Db was similar to that to NZB at the 

concentration of 200 µg/ml. In the case of Kb, a more than 2-fold reduction of 

binding was observed relative to Db (Fig 5-6b). The results suggest that KIR3DL1 

interacts with H-2Dd, Db, Kb, but not Dk/Kk, and that the strengths of binding to 

the various alleles of mouse MHC-I examined are different.  
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Fig 5-6.  3DL1Fc binding to various murine cell lines.  

a) Flow cytometric analysis of the murine cell lines NZB and RDM4 using the 

indicated antibodies, the isotype control is shown by the filled histogram, the 

antibody staining was detected with PE coupled anti mouse IgG (H+L).  b) 

Titration of 3DL1Fc on the indicated cells. The average of four experiments with 

the standard error is shown. c) Titration of 3DL1Fc binding to the rat cells RNK 

16 and YB2/10. The results are relative to Fc control. The average of three 

experiments with the standard error is shown.  
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5.2.3.  3DL1Fc binding to rat cells 

The genes in the rat MHC class I region encode structured class I proteins, 

known as RT1-A, similarly to human MHC-I (237). Therefore, it is possible that 

the receptor could also recognize rat MHC-I. To explore if KIR3DL1 binds rat 

MHC-I, I examined 3DL1Fc binding to the rat cells RNK-16 and YB2/10. Dose 

dependent binding to these cells as shown in Fig 5-6c suggests possible 

interaction of KIR3DL1 with rat MHC-I molecules. However, more experiments 

need to be performed to further investigate the interaction.   

5.2.4. Anti H-2Db-α3 blocking of D02DL1Fc binding to Db and Kb 

 To test if the KIR3DL1-D0 domain is sufficient for binding to either Db or 

Kb, I used D02DL1Fc. The results shown in Figures 5-7 demonstrate the binding 

to Kb and Db by the D0 domain. Moreover, to dissect the regions involved in the 

binding, I examined D02DL1Fc binding in the presence of several antibodies 

including anti-Db antibodies specific to the α1 domain (B22-249) (196) and to the 

α3 domain (28.14.8S) (197), and anti-Kb-α1 (Y3) (198). Using flow cytometry it 

is clear that these antibodies crossreact with other class I molecules as shown in 

Figure 5-7a. Both of the anti-Db antibodies showed similar reaction with the cells 

expressing H-2Db as measured by flow cytometry (Fig 5-7a). Surprisingly, the 

"Db-specific" antibodies appear to cross-react to H-2Kb protein, and vice versa 

(Fig 5-7a). It must be noted that a greater intensity of H-2Db than H-2Kb was 

detected on the transfected R1E cell surface when stained with the antibodies 

described as Db-specific. This may be due to the variation of the antibody 

reactivity or actual higher expression of H-2Db than Kb on R1E cells.  

 Similar to Fig 5-6b, the binding of D02DL1Fc was greater to Db than to Kb 

at a fixed concentration of 100 µg/ml (Fig 5-7c). The binding to Db was abrogated 

by either anti-Db-α3 mAb (28.14.8S) or anti-D0 mAb (Z27), whereas it was 

partially blocked by anti-Db-α1 antibody (B22-249) (Fig 5-7b and 7c). Given the 

pronounced effect of 28.14.8S compared to B22-249, it seems that the binding 
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region is near Db-α3. Unfortunately, the antibody's epitope has not been precisely 

mapped, therefore, one cannot know if it is due to 28.14.8S sterically interfering 

with the interaction at site 2 on the α1 domain or blocking a contact with the α3 

domain itself. There is also a significant reduction of binding of D02DL1Fc to Db 

by the anti-Kb antibody, Y3, likely caused by cross-reaction of the antibody to Db 

protein (Fig 5-7a). Remarkably, there is a noticeable reduction of binding to Kb by 

anti-Db-α3 mAb, 28.14.8S, which is greater than that observed with Y3 (Fig 5-7c). 

Given 28.14.8S has greater staining intensity on the R1E.Kb cells than Y3 does 

(Fig 5-7a, middle panel), the antibody cross-reaction and position of antibody 

likely explains the blocking of 3DL1-D0 binding shown in Fig 5-7c. As 

previously explained (235, 238), W6/32 reactivity is observed on the surface of 

R1E transfectants, whereas it is not present on parental R1E cells under the same 

culture conditions (Fig 5-7a). Interestingly, the presence of W6/32 attenuated the 

D02DL1Fc binding to H-2Db and Kb based on four aggregated experiments with p 

< 0.05 ( Fig 5-7b and 7c), further suggesting that the binding of the 3DL1-D0 

domain to mouse MHC-I is in a region similar to where it binds human MHC-I 

and indicating the potential involvement of the α3 domain. Overall, the results 

reveal the participation of KIR3DL1-D0 in the xenorecognition of H-2Db and Kb, 

perhaps through the α3 domain.  
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Fig 5-7. Antibody blocking of 3DL1-D0 binding to Db and Kb.   

a)  Surface expression of MHC-I on R1E and R1E cells expressing H-2Db and Kb. 

The antibody staining was detected with PE coupled anti mouse IgG(H+L). b-c) 

Antibody blocking of D02DL1Fc binding to R1E cells expressing Db (b) or Kb (c).  

150 µg/ml Z27 or 50 µg/ml anti MHC-I antibodies were pre-incubated with the 

indicated cells at room temperature for 10 minutes prior to the addition of 100 

µg/ml D02DL1Fc . The results are shown proportional to Fc alone. The average 

of three experiments with the standard error is shown. The p value was calculated 

using an unpaired student’s t test. *, p<0.05; *** , p<0.001.  
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5.2.5. D0 is responsible for the interaction with H-2Db 

To further explore the role of individual Ig domains of KIR3DL1 in  

xenorecognition, I generated the proteins encoded by constructs containing 

various combinations of Ig domains of KIR3DL1 generously provided by Dr. 

Long (169) (Fig 5-8a) using Cos-7 cells. The fusion proteins were then purified as 

described in Chapter 2. To assess the folding, I examined the purified proteins 

using a capture ELISA and various anti-KIR3DL1 antibodies. In brief, the same 

molar concentration of each protein was used with the human IgG Fc coated 

ELISA plates. The reactivity of anti-D1D2 antibody, DX9, or anti-D0 antibody, 

Z27 at various concentrations to the captured proteins was then detected with 

alkaline phosphatase (AP) conjugated anti mouse IgG. As previously reported 

(169, 232), the D1D2 domains, but not the D0 domain, are responsible for DX9 

reactivity (Fig 5-8b, left panel) and D0 is detected by Z27 (Fig 5-8b, right panel). 

Moreover, at the same molar concentration, D0 alone had less reactivity with Z27 

relative to full length KIR3DL1. However, in the context of D1 (D0D1Fc), the 

Z27 reactivity was restored and even exceeded the full length 3DL1 (Fig 5-8b, 

right panel). These results confirm that the presence of three Ig domains is 

required for proper protein assembly. These results also suggest that the D1 

domain supports the D0 structure and that the D0 domain alone does not retain its 

conformation well. Alternatively, the D1 domain may contain part of the Z27 

epitope.  

Next, I examined the binding to R1E cells expressing H-2Db using molar 

equivalents of the various fusion proteins. Dose dependent binding of D0D1Fc 

was observed with a saturation point at around 1.5 µM, while D1D2Fc did not 

show appreciable binding to Db (Fig 5-9). Interestingly, D0Fc appears to have a 

greater binding than D0D1Fc at the highest concentration, 2 µM (Fig 5-9). The 

results again suggested that the D0 domain is essential for the binding to H-2Db by 

KIR3DL1. Moreover, the results also explain the results shown in Fig 5-4 that 

3DL1Fc has better binding to RMA cells than D02DL1Fc, which is perhaps due 
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to the fact that 3DL1-D1 interacts with D0 to produce the properly folded and 

intact protein.  

5.2.6.  D0Fc binds H-2Kb conjugated strepavidin beads 

The D0 domain alone appears to be a poorly folded or unstable protein 

(169), which might cause low yields when Fc fusion protein is produced (169, 232) 

and background non-specific binding. The failure to saturate binding at 2 µM 

D0Fc to R1E.Db cells, suggests that D0Fc binding might not be solely due to the 

Db on the cells. Therefore, I checked the binding of D0Fc to the parental R1E 

cells. I observed quite high but surprisingly saturated binding of D0Fc to the 

parental R1E cells (Fig 5-10). Presumably, this binding is due to the instability of 

D0 itself or the recognition of unknown proteins on R1E cells.  

Therefore, as an alternative approach to distinguish D0Fc binding to MHC-I 

proteins from spurious binding to the cells, I tested the binding to purified H-2Kb. 

I made streptavidin conjugated H-2Kb beads as described in the materials and 

methods (Chapter 2), and assessed D0Fc and 3DL1Fc binding to the beads. With 

the same strategy, HLA-B*27:05 monomer obtained from Dr. Brook (University 

of Melbourne) was conjugated to the beads as the positive control, and beads 

alone were used as the negative control. B*27:05 immobilized on beads was 

detectable by flow cytometry with B27 allele specific antibody, B27M1, the Bw4 

specific antibody, anti-Bw4, and pan reactive anti MHC-I antibody, W6/32 (Fig 

5-11a). The binding of 3DL1Fc relative to Fc control and control beads was 

remarkably high (Fig 5-11b), suggesting immobilization on the beads supports a 

B*27:05 structure conducive to receptor binding. In one experiment I performed, 

3DL1Fc and D0Fc were shown to bind Kb-conjugated beads in comparison to 

control beads or Fc alone (Fig 5-11c).  These results directly demonstrate that 

3DL1Fc and the 3DL1-D0 domain bind H-2Kb. Interestingly, D0Fc exhibited 

higher background binding to the control beads than did 3DL1Fc. This result may 

indicate that there is also some non-specific binding to beads by D0 alone perhaps 
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due to the lability of the domain and further testing with fresh preparations of 

D0Fc and with blocking antibodies may clarify how much of the binding is 

specific. Together, the results clearly suggest 3DL1 and the 3DL1-D0 domain 

bind directly to H-2Kb without interference from other potential ligands.  
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Fig 5-8.  The reactivity of KIR3DL1 specific antibodies to various domains of 

KIR3DL1.    

a)  Schematic diagrams of the various constructs encoding the indicated fusion 

proteins.  b) The reactivity of DX9 (left panel) or Z27 (right panel) to the 

indicated fusion proteins measured by a capture ELISA assay. In brief, 25 µg/ml 

anti-human Fc was coated to each well of an ELISA plate overnight prior to 

incubation with 10 nM of the Fc fusion proteins. The captured proteins were then 

detected by the titration of anti-KIR3DL1 antibodies and the subsequent addition 

of AP conjugated anti-mouse IgG. The results were analyzed with the Kinetic 

Microplate Reader (Molecular Device).  Representative of three experiments with 

duplicate measurements is shown.  

N - terminus C- terminus 
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Fig 5-9. D0 is sufficient for 3DL1Fc binding to R1E cells expressing H-2Db.   

Binding of the indicated Fc fusion proteins to R1E-Db+mβ2m cells at various 

molar concentrations. The results are relative to Fc control. Representative of 

three experiments is shown.   
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Fig. 5-10.  D0Fc unexpectedly bind R1E cells 

Binding of D0Fc or LILRB1-Fc (R&D) to the parental R1E cells at various 

concentrations. The results are proportional to Fc control. Representative of two 

experiments is shown.  
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Fig 5-11.   3DL1Fc binding to H-2Kb conjugated streptavidin beads.  

a) Detection of B*27:05 conjugating to streptavidin beads was performed using 

the indicated antibodies. The reactivity of immobilized B*27:05 on beads with the 

antibodies was detected by PE coupled anti mouse IgG (H+L). The results were 

analyzed by flow cytometry. Isotype control staining is indicated by the filled 

histogram.  b) 3DL1Fc binding to the beads shown in a). c) The binding of 

3DL1Fc or D0Fc to the H-2Kb conjugated streptavidin beads. For b and c, Fc 

alone is indicated as filled histogram. Representative of two experiments with 

duplicate measurements is shown in  a and b, and only one experiment was 

performed in c.  
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5.2.7.  KIR3DL1-D0 does not bind HFE 

I have shown xenorecognition of H-2b and H-2d by KIR3DL1, therefore, 

they are not suitable for exploring if there is an interaction between KIR3DL1-D0 

and the MHC-α3 domain. However, the ability of 28.14.8S to block this 

interaction again suggests that the α3 domain plays a role in KIR3DL1-D0 

domain recognition of mouse MHC-I. Therefore, I considered more distantly 

related proteins that could be used instead, such as human hemochromatosis 

protein (HFE). HFE emerged as a good candidate to perform domain swaps with 

B*27:05 as well as to determine if 3DL1 might bind a highly divergent class I 

related protein. HFE is an MHC-I like molecule linked with iron metabolic 

disorder (98), that binds β2m. HFE was successfully used to map the domains 

required for LILRB1 binding to MHC-I by making chimeric molecules due to 

lacking an interaction with LILRB1 (181). However, whether HFE is recognized 

by KIR3DL1 has not yet been reported, nor its expression on 221 cells known.  

Here, HFE cDNA was produced from 221 cells and N-terminally tagged 

with the HA epitope to monitor expression of HFE and HFE-MHC-I chimeras 

with the same antibody. The resulting constructs were transduced into 221 cells as 

described in Chapter 2, and stable clones were isolated using single cell sorting 

with anti-HA mAb. There was no increase in W6/32 staining on these subclones 

indicating W6/32 does not react with HFE (Fig 5-12a). 721.221 cells are a 

mutated variant of Epstein-Barr virus-transformed lymphoblastoid cell line 

(LCL.721 cells) with loss of HLA-A, B and C expression (201) and they maintain 

a low level of reactivity with W6/32 relative to isotype control (Fig 5-12a). The 

results with the HA-HFE transfectants suggest HFE is not the protein that W6/32 

recognizes on these cells. 

In agreement with previous reports (169, 232), D0Fc alone showed some 

binding to 221 cells relative to Fc alone (Fig 5-12b). This is perhaps due to the 

unstable property of the D0 domain alone causing erratic background similar to 

with RIE cells or the potential recognition of unknown proteins expressed on the 
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cells. Interestingly, the presence of W6/32 did not alter D0Fc binding (Fig 5-12c), 

suggesting the binding observed on 221 cells is not because of any W6/32 reactive 

membrane proteins. However, no enhancement of D0Fc binding to HFE 

transfected 221 cells occurred relative to parental 221 cells (Fig 5-12b), despite 

HFE expression as detected with the anti-HA staining (Fig 5-12a), indicating that 

KIR3DL1-D0 domain does not bind HFE.   

5.2.8. Swapping the B27-α3 domain with the HFE-α3 domain alters recognition 

by various antibodies 

My previous studies in Chapter 4 revealed the potential role of the α3 

domain in the KIR3DL1 mediated interaction (232). To investigate if the B27-α3 

domain is required to obtain the binding by 3DL1-D0, I exchanged the α3 domain 

of HLA-B*27:05 with that of HFE and generated two chimeric constructs, 

HFEα1α2B27α3 and B27α1α2HFEα3 (Fig 5-13a). The constructs were linked to 

the HA epitope as described (Fig 5-13a) and transduced into 221 cells. 

Unfortunately, in the case of HFEα1α2B27α3, I could not obtain cells expressing 

a reasonable level of chimeric protein as indicated with anti-HA staining for 

further use (Fig 5-13b). A similar result occurred when the construct was 

transiently transfected into 293T cells (Fig 5-13c). The phenomenon may be due 

to a lack of compatibility between the HFE-α1α2 and B27-α3, or it may be that 

the artificial linker inserted between the segments somehow affects the tertiary 

structure resulting in a defect in protein expression. However, for B27α1α2HFEα3, 

I was able to select the cells with sufficient expression for further experiments 

(Fig 5-13d).  

It is worth noting that generating the chimeric construct B27α1α2HFEα3 did 

not require an artificial linker between the fragments of HFEα1α2 and B27α3 due 

to the presence of a natural restriction site at the end of the B27-α2 sequence (Fig 

5-13a). Subclones expressing comparable amounts of HA epitope relative to 
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HLA-B*27:05 were selected and maintained for further examination. It must be 

noted that B27low was chosen based on comparable HA expression.  

To characterize the conformation of the chimeric protein, I stained the 

transfected cells with antibodies specific for Bw4 (anti-Bw4), B27 (B27M1) and 

HLA (W6/32). As expected, the substitution of B*27:05-α3 with HFE-α3 caused 

the elimination of most of the W6/32 reactivity (Fig 5-13d), consistent with earlier 

studies showing that the W6/32 epitope requires the α3 domain (223, 235, 238-

240). In addition, the substitution had no influence on the Bw4 epitope relative to 

the HA epitope although the anti-Bw4 antibody does not detect wild type B*27:05 

very well in the first place (Fig 5-13d). Curiously, the chimera lost reactivity to 

anti-B27 antibody, B27M1 (Fig 5-13d), indicating that replacing the B27-α3 

domain with the HFE-α3 domain somehow disrupts the B27M1 epitope. B27M1 

reactivity is known to require solvent accessible residues 32, 41, 43, and at least 

one of the residues between 67-71 located in an α-helix in the α1 domain (241). 

Residue 32 contributes to the association with β2m, while residues 41 and 43 are 

located in the loop at the N-terminus of the peptide groove (Fig 5-13e). Therefore, 

to my knowledge, B27M1 is a conformationally sensitive antibody detecting the 

B27/β2m complex that requires the α3 domain participation, and the epitope is 

mapped mostly on the α1 domain. Overall, the results indicate that replacing the 

α3 domain of B*27:05 with that of HFE could possibly alter the α1 conformation.  
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Figure 5-12. KIR3DL1-D0 domain does not bind HFE. 

a) Surface expression of HA or MHC-I by flow cytometry with indicated 

antibodies staining. Isotype control is indicated with filled histogram.  b). D0Fc 

titration on the 221 or 221 transfectant stably expressing HFE. c). Antibody 

blocking of D0Fc binding. 100µg/ml of the indicated antibodies were 

preincubated with 221 cells prior to 50 µg/ml of D0Fc being added. The same 

concentration of Fc only was added as the negative control. The readout was 

proportional to Fc only. The average of three experiments is shown with standard 

error. 
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Figure 5-13. Swapping of the α3 domain of B27 with that of HFE alters 

recognition by various antibodies 
a) Schematic diagram of the α3 domain swap. The domain composition of the two 

chimeric constructs HFEα1α2B27α3 and B27α1α2HFEα3 are shown. b-c) Surface 

staining of HFEα1α2B27α3 on 221 cells (b) or 293T cells (c) using anti-HA antibody or 

isotype control (indicated as filled histogram in Fig 5-13b) and followed with PE anti 

mouse IgG. The results were analyzed by flow cytometry.  d) Surface staining of 221 

cells or cells expressing chimeric protein B27α1α2HFEα3 with the indicated antibodies. 

Isotype control is shown with the filled histogram. Cells were  stained with secondary PE 

conjugated anti mouse IgG to detect antibody binding. The results were analyzed by flow 

cytometry. The dotted line indicates parental 721.221 cells. e) Ribbon diagram showing 

the α1 and α2 domains of MHC-I molecule. Residues acquired for B27M1 reactivity 

indicated as orange, green and purple arrows. Red arrows indicate contact residues for 

3DL1-D0 interaction based on the crystal structure. Image is modified from figure 8-4b, 

Kuby Immunology sixth edition. 

N - terminus C- terminus 
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5.2.9. Substituting the α3 domain affects LILRB1Fc, 3DL1Fc and D0Fc 

binding 

As previously reported, soluble full-length LILRB1 protein does not bind 

HFE and the substitution of the α3 domain of HLA-B*07:02 with that of HFE was 

reported to cause the loss of LILRB1 interaction as measured by fluorescent 

microscopy (181). Similarly, in my hands, substitution of the B27-α3 domain with 

the HFE-α3 domain resulted in an absence of detectable LILRB1Fc binding 

relative to Fc alone analyzed by flow cytometry (Fig 5-14a). To address the role 

of MHC-I-α3 in KIR3DL1 binding, I examined the binding capacity by 3DL1Fc 

to the chimera. Surprisingly, I observed enhanced binding to cells expressing 

B27α1α2HFEα3 in comparison to wild type B*27:05 (Fig 5-14b). Moreover, D0 

alone also bound the chimera better than wild type B*27:05 (Fig 5-14c). The 

enhancement of the binding in the presence of the HFE-α3 domain perhaps is 

caused by increased accessibility at site 2 for 3DL1-D0 and/or a conformational 

change in MHC-I structure augmenting the affinity of D0 to site 2 on the α1 

domain. While binding to HFEα3 by KIR3DL1 is not completely ruled out in this 

chapter because I did not obtain sublines with HA-HFE with matched expression 

to the chimeras (compare Fig 5-12a and Fig 13d), the enhanced binding is not 

likely due to binding to the HFE-α3 domain because there was not detectable 

specific binding to HA-HFE.  

 

 

 

 

 

 



171 

  

 

 

 

 

Fig 5-14.  B27α1α2HFEα3 enhances 3DL1Fc and D0Fc binding.  

a). Substitution of HFE-α3 results in the loss of LILRB1Fc binding. The binding 

was measured at 50 µg/ml of fusion proteins. The results are the average of four 

experiments with duplicate measurements and the error bars represent standard 

error.  *** indicates p < 0.001. Titration of 3DL1Fc (b) or D0Fc (c) on the 

indicated cells. The mean with standard error is shown as error bars for four 

independent experiments.   
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5.3. Discussion 

Using 3DL1Fc and D02DL1Fc fusion proteins and various murine cell lines, 

I showed xenorecognition of mouse MHC-I alleles, H-2Dd, Db, Kb and perhaps rat 

MHC-I, but not H-2Dk/Kk by KIR3DL1. With the addition of various specific 

antibodies, I showed that the interaction is dependent on the D0 domain, and that 

it is blocked by anti-Db-α3 antibody, 28.14.8S. By means of various combinations 

of Ig domains, I further showed that the D0 domain is responsible for the 

recognition of H-2Db and for the reactivity to the antibody Z27, and that other Ig 

domains are also required for maintenance of optimal binding. By means of 

replacing the B27-α3 domain with the HFE-α3 domain, I showed that the MHC-I-

α3 domain is important for maintaining reactivity with the B27 allele specific 

antibody, B27M1 and the pan reactive anti-MHC-I antibody, W6/32, but not for 

that of an anti-Bw4 antibody. Furthermore, I showed enhanced KIR3DL1-D0 

binding to the chimeric protein with the α3 domain of HFE, presumably caused by 

the alteration of the tertiary structure of the α1 domain or greater binding to HFE-

α3 domain. 

I showed that D0Fc bound MHC-I negative cells and the streptavidin 

conjugated beads, and that the binding to cells did not saturate at the maximal 

concentration. The results suggest that the fusion protein, D0 alone with Fc, binds 

"non-specifically" to the cells perhaps due to the protein being denatured during 

purification and storage. In addition to its putative unstable property, D0Fc was 

already known for poor yield in comparison to other fusion proteins such as 

D02DL1Fc (169). Given that KIR2DL1 does not bind mouse MHC-I, at least H-

2Db/Kb, as suggested in Fig 5-4b, and that D0 supported by a D1 domain provides 

better binding (Fig 5-8 and 5-9), the fusion protein composing D0 in the context 

of 2DL1Fc (D02DL1Fc) seems to be a better tool for investigating the role of the 

D0 domain in binding to mouse MHC-I molecules. To discriminate KIR3DL1 

binding specific to H-2 molecules from other unknown molecules, I immobilized 

biotinylated purified H-2Kb monomer on streptavtidin coated beads and examined 
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3DL1Fc and D0Fc binding to the conjugated beads. Noticeable binding was 

observed in the one experiment performed, but further repeats and examination of 

binding to purified Kb in the presence of antibodies are required to solidify the 

results.   

To distinguish the roles of individual Ig domains, I examined the antibody 

specificity of various combined fusion proteins as well as the binding to H-2Db 

molecules. The results showed that D0Fc alone lost part of the reaction to Z27, 

but in the presence of D1, D0 displayed better binding to H-2Db and gained a 

greater reaction with anti-D0 antibody, Z27. However, in the absence of D0, 

KIR3DL1-D1D2Fc did not bind H-2Db. The results suggest that the D0 domain is 

essential for binding to mouse MHC-I by KIR3DL1, and that other Ig domains 

(especially the D1 domain) are also required to maintain optimal binding, perhaps 

by direct involvement in the binding or by helping proper folding or stability of 

the protein.   

To understand the interaction of Db and Kb with KIR3DL1, I used several 

available antibodies. B22-249, 28.14.8S and Y3 were thought to bind H-2Db α1, 

α3 domain and H-2Kb α1 domain, respectively, and this was established in 

immunoprecipitation assays (231). However, by flow cytometry, I also showed 

the cross-reaction of Db-specific antibodies to H-Kb. Similar to W6/32, 28.14.8S 

dramatically blocked 3DL1Fc and D02DL1Fc binding to H-2Db, suggesting that 

the Db-α3 domain perhaps interacts with KIR3DL1 or that 28.14.8S sterically 

interferes with the interaction. However, whether the α3 domain is involved in the 

binding to mouse MHC-I by KIR3DL1 still needs to be further clarified.  

A crystallographic study has demonstrated that KIR3DL1 uses two separate 

sites to interact with HLA-B*57:01, including site 1 where the D1D2 domains 

contact the polymorphic region of α1α2, and site 2 where the D0 domain binds the 

conserved region of the α1 domain (229). Comparison of the α1α2 domains of 

human and mouse MHC-I molecules demonstrates a surprisingly high similarity 
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of the site 1 regions (underlined in Figure 5-3), implying the possibility that D1D2 

also contacts mouse MHC-I. However, in the absence of D0, KIR3DL1-D1D2Fc 

does not bind (Fig 5-9), indicating that site 1 is not important in the interaction of 

KIR3DL1 with mouse MHC-I. Moreover, in this Chapter, I showed no detectable 

binding of 3DL1Fc to RDM4 cells expressing H-2Dk/Kk. A comparison of protein 

sequences at site 2 provides some hints regarding the residues required for the 

interaction. Particularly, residue 19 in H-2Kk is replaced from a negatively 

charged Glutamic acid (E) to a positively charged Lysine (K) (Fig 5-3). Therefore, 

it is possible that site 1 and 2 both contribute to the interaction of KIR3DL1 and 

H-2 alleles examined. In addition, anti-Db-α3 and the anti-D0 antibody but not 

anti-α1α2 antibody fully block 3DL1Fc binding, indicating the potential 

involvement of the α3 domain or that anti-α3 blocks site 2. Collectively, like HLA, 

mouse MHC-I could supply multiple distinct regions for KIR3DL1 recognition.  

Although surface expression of endogenous HFE on 221 cells was not 

determined, less binding to HFE stably transduced 221 cells by D0Fc relative to 

parental 221 cells (Fig 5-14b) indicates that the chance that the KIR3DL1-D0 

domain binds full-length HFE is remote. However, the binding to HFE by D1D2 

domains was not determined in this chapter. Therefore, thus far, whether 

KIR3DL1 binds HFE is still unknown. To clarify whether the α3 domain 

participates in KIR3DL1 interaction, I exchanged the HFE-α3 domain with the 

B27-α3 domain and compared their binding to wild type B*27:05 molecules. 

Surprisingly, the HFE-α3 substitution enhanced the binding of full-length 3DL1Fc 

and D0Fc. The enhancement may be due to a conformational change in the α1α2 

domains. If the chimera with HFE is a less stable protein fold, it could lower the 

threshold to an induced fit with KIR3DL1. Alternatively, unlike LILRB1, 

KIR3DL1 could recognize HFE-α3 in the context of B27-α1α2. Given that there 

is direct contact with β2m by the D0 domain as demonstrated in the crystal 

structure, HFE-α3 may make β2m more accessible to facilitate the better binding 

relative to B27:05. The enhanced binding to the chimera, presumably at site 2, 
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may be masking the involvement of the α3-domain in a KIR3DL1 cognate 

interaction. Thus, other homologs (e.g. H-2Kk) could be used for further 

investigation. Moreover, the results that D0Fc is unlikely to bind HFE and its 

greater binding to the B27α1α2HFEα3 chimera imply that the α3 domain may not 

be required for KIR3DL1-D0 domain binding. However, further experiments need 

to be done for clarification.  

In summary, the results presented in this Chapter firstly demonstrated 

xenorecognition of mouse MHC-I molecules by KIR3DL1 and indicate an 

important role for the D0 domain in the interaction. The results also raise many 

new questions that need further investigation.  
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Chapter 6 

 

THE INFLUENCE OF POSITION 194 OF MHC-I  

ON  KIR3DL1-D0 BINDING 

 

Preface 

Based on evidence from the literature that the residue at position 194 influences 

the interaction with KIR3DL1, the studies in this chapter were designed to explore 

if the residue 194 is engaged in KIR3DL1-D0 binding. I have performed all of the 

experiments, and they have not yet been published.  



177 

  

 

6.1.  Introduction 

  In Chapter 4, I showed an effect of the anti-α3-antibody, W6/32, on 

KIR3DL1 binding. W6/32 is reported to react with a conformationally dependent 

epitope on the HLA heavy chain / β2 microglobulin (β2m) complex (242). 

Particular MHC-I alleles of other species, such as  mice, rat, rabbit and guinea pig, 

which do not react with W6/32 when expressed in association with autologous 

β2m, can acquire W6/32 reactivity when cultured with bovine serum by 

association with free bovine β2m. This activity requires an arginine (R) at position 

121 on the MHC-I-α2 domain (235). Moreover, residues near the first cysteine-

comprised disulfide loop in the α2 domain play a role in W6/32 reactivity, likely 

by contributing to the stability of the heavy chain/β2m complex (240). Using 

mutations and a domain swap with H-2Kb, Tanabe et al. showed that W6/32 

recognizes the HLA-α2 and α3 domains (223). Given the presumed location of 

W6/32 reactivity, its ability to block LILRB1 interaction with HLA-α3 and β2m 

(170, 171), and the observation that W6/32 does not block D02DL1 as well as it 

does 3DL1, I proposed that W6/32 is unlikely to alter the KIR3DL1 interaction 

that occurs on the top of α1α2 domains (site 1) as demonstrated by 

crystallographic studies (229), and perhaps directly contacts the α3-domain. 

According to the structure of the KIR3DL1-HLA-B*57:01 complex, it is 

impossible for KIR3DL1-D0 to extend down and make contact with α3 of HLA 

while interacting with the top of the peptide groove of α1α2 on the same molecule 

(Fig 6-1). Although results presented in Chapter 5 indicate that a W6/32 reactive 

α3 domain is not required for KIR3DL1-D0 interaction, they do not rule out a 

potential presence of a third site of contact on the α3 domain by KIR3DL1.   

Curiously, the combination of natural substitutions at positions 77-83 (α1) and at 

position 194 (α3) in HLA-B*5101 remarkably influence the response of primary 

NK cells expressing only KIR3DL1 as measured by reductions in IFN-γ secretion 

(167). Coincidently, the amino acid at position 194 makes direct contact with 

residues of LILRB1-D1 (170). Therefore, the phenomenon was suggested to be 
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due to the interference of LILRs even though LILRB1 was not expressed on the 

selected NK cells and no other LILRs are thought to be expressed by NK cells. As 

illustrated in Fig 6-1, this residue sits near the first loop of the α3 domain at a 

substantial vertical distance away from the α1α2 domain and it faces towards the 

C-terminal end of the peptide binding groove that constitutes site 1. Therefore, 

there is a potential role for position 194 participating in the formation of a third 

contact site with KIR3DL1-D0. If this were so, LILRB1 then would be expected 

to compete with KIR3DL1 for this site. In this chapter, I examined whether 

position 194 influences KIR3DL1 binding using mutagenesis, and assessed if 

LILRB1 impacts KIR3DL1 signaling when residue 194 is mutated.  For 

comparison, I also tested if mutation of position 194 alters LILRB1 binding. 
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Fig 6-1: Illustration of the location of position 194 on the 3DL1-B*57:01 

complex (Adapted from Nature, 2011, 479: 401) 

The HLA and β2-microglobulin are colored green and cyan, respectively. The 

three Ig domains of KIR3DL1, D0, D1 and D2 are colored as yellow, blue and 

orange, respectively. Front view (a) and side view (b) of the structure are shown. 

Arrows indicate the location of position 194 on MHC-I.  
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6.2. Results 

6.2.1. Establishment of B*27:05 and I194A stable clones 

The specificity of KIR3DL1 for HLA-Bw4 is dependent on the interaction 

of KIR3DL1-D1D2 with the peptide groove region of the HLA α1α2 domains. 

Therefore, to dissect if position 194 is involved in D0 binding to MHC-I, I chose a 

weak ligand of KIR3DL1, HLA-B*27:05, to maximize the chance of observing a 

difference in binding. To explore the role of position 194 in KIR3DL1 interaction, 

I generated the mutant I194A by replacing isoleucine (I) at position 194 on HLA-

B*27:05 with alanine (A). The DNA sequence of wild type B*27:05 and mutant 

I194A were then tagged with human influenza hemagglutinin (HA) epitope at the 

N-terminus and transduced into 721.221 cells (an MHC-I negative cell line) as 

described (see Chapter 2). The transfected cells were puromycin selected and cells 

showing the highest surface level of MHC-I were isolated using single cell sorting. 

Stable clones expressing wild type or mutated HLA-B*27:05 were selected for 

further examination based on comparable surface levels using HA (Fig 6-2a).   
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Fig 6-2. Mutation at position 194 of MHC-I eliminates LILRB1Fc binding.   

a).  Flow cytometric analysis of  221 cells stably expressing HA tagged HLA-

B*27:05 and I194A mutant using surface staining with the indicated antibodies. 

The isotype control is shown with the filled histogram. b). LILRB1-Fc binding of 

the stable clones shown in a) at 50µg/ml. Statistical significance was calculated 

using an unpaired student’s t test. The mean of three independent experiments is 

shown with standard error indicated by error bars (n=4). *** indicates p < 0.001 . 
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6.2.2. Mutation at position 194 has no influence on Bw4 and W6/32 epitopes, 

but perturbs binding to LILRB1 

To characterize the effect of the I194A mutation in B*27:05, I first 

evaluated the influence of position 194 on the reactivity to the antibody specific 

for Bw4 (anti-Bw4) and the antibody against an epitope shared by all HLA class I 

isoforms (W6/32). In comparison to the wild type, the mutation at position 194 

did not significantly impact either antibodies' reactivity relative to the HA epitope 

using flow cytometric analysis (Fig 6-2a), suggesting that the substitution at 

position 194 with an alanine (A)  has little effect on the Bw4 and W6/32 epitopes.     

 To examine the contribution of position 194 to the LILRB1-MHC-I 

interaction, I performed a binding assay with full-length soluble LILRB1-Fc 

(R&D). The relative binding was calculated as geometric mean fluorescent 

intensity (Geo MFI) of LILRB1Fc proportional to that of Fc / Geo MFI of HA in 

order to normalize between experiments. Mutation to A at position 194 

diminished LILRB1-Fc binding, and the reduction was statistically significant 

(p<0.001, n=4) (Fig 6-2b), suggesting isoleucine (I) at position 194 on HLA-

B*27:05 is pivotal for LILRB1 recognition. LILRB1 is known to contact the 

residue at position 194 of MHC-I using tyrosine (Y) at position 38 (170). 

However, the influence of the amino acid at residue 194 of MHC-I on the 

interaction has not been evaluated by mutagenesis. These results show that the 

interaction between Y at position 38 in LILRB1 with the residue at position 194 

in HLA-B*27:05 contributes substantially to the binding. 

6.2.3. The effect of mutagenesis at position 194 on KIR3DL1 binding 

In Chapter 4, I showed a possible biphasic binding of soluble 3DL1Fc to 

HLA-B*58:01 with the second increase at around 300 µg/ml in comparison to the 

plateaued binding in the range of 100 to 200 µg/ml (Fig 4-5). Based on the 

previous results, here I examined the binding of soluble 3DL1Fc to B*27:05 in 



183 

  

 

the range of 25 µg/ml to 250 µg/ml. Moreover, to investigate the influence of I194 

on 3DL1Fc binding, I compared the binding capacity of 3DL1Fc to wildtype and 

mutated B*27:05 relative to their anti-HA staining. In agreement with previous 

functional results (56, 71), I detected the binding by 3DL1Fc to the cells 

expressing HLA-B*27:05 relative to Fc alone (Fig 6-3b). Importantly, using this 

range of concentrations, the binding appears to have two distinct phases, with one 

saturation point between 100 and 150 µg/ml, and the second increase at the dose 

of 250 µg/ml (Fig 6-3b). However, although four experiments have been collated, 

the error bars are somewhat overlapping at several points. Therefore, to firm up 

the conclusion of biphasic binding, it will require more repetitions and testing at 

more concentrations between 150 and 250 µg/ml. A slightly different binding 

curve was observed for the I194A mutant. The increase was linear until 150 µg/ml 

but the binding at the highest concentration of 250 µg/ml was lower than with the 

wildtype sequence (Fig 6-3b). The results suggest that position 194 on HLA-

B*27:05 may have a limited effect on the binding of full-length 3DL1, but they 

did hint at the presence of multiple binding sites and imply that the effect was 

only on the lowest affinity site. 

 In the co-crystal structure, KIR3DL1 predominantly contacts HLA-

B*57:01 via site 1, and mutagenesis studies in the same publication revealed that 

the overall binding strength is enhanced with the addition of the D0 controlled site 

2 (232). Thus, a potential third site of interaction mediated by D0 might be 

obscured by the ability to bind at site 1. To study the effect of mutating position 

194 without an interaction at site 1, I tested binding of the D0 domain in the 

context of extracellular Ig domains of KIR2DL1, D02DL1Fc (described in 

Chapter 4). The readout is shown proportional to that of 2DL1Fc and then 

normalized to HA, although 2DL1Fc had a level of staining similar to that of Fc 

alone as before. Consistent with results shown in Fig 5-4, the overall binding of 

D02DL1Fc in these assays was less than the full-length 3DL1Fc (Fig 6-3c). 

Importantly, in comparison, there was a slight decrease in binding to the mutated 
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B*27:05 relative to wildtype B*27:05 (Fig 6-3c). The results suggest position 194 

has an impact on KIR3DL1-D0 binding when the more dominant site 1 is 

excluded, but the limited binding overall makes it difficult to be conclusive.  
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Fig 6-3. The influence of position 194 on 3DL1Fc and D02DL1Fc binding.  

a). Surface expression of MHC on the indicated cells stained with anti-HA mAb. 

The filled histogram represents the isotype control staining. Titration of 3DL1Fc 

(b) or D02DL1Fc (c) on the indicated cells. The results were relative to Fc control 

(b) or 2DL1Fc (c) and then normalized to HA. The mean of four independent 

experiments is shown. Standard error is represented by error bars.   
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6.2.4. The effect of position 194 on KIR3DL1 functional recognition   

In spite of the small effect of the mutation at position 194 on binding of full-

length 3DL1 at 4°C, I went on to test the effect on functional recognition at 37°C 

where a third site of interaction might be required to stabilize the complexes and 

promote receptor clustering. I examined KIR3DL1+YTS cells lysis of 221 

transfectants at various effector:target ratios. In addition, YTS cells expressing a 

mutated KIR3DL1 in which Y200 was replaced with an A on the D2 domain, 

Y200A (described in Chapter 4), was also tested, as the replacement decreases 

KIR3DL1-mediated inhibition by disrupting binding at site 1 (229). Given the 

lysis of the three target cells by parental YTS cells was variable, and the cytolytic 

capacities among various YTS transfectents were inconsistent (Fig 6-4a), the lysis 

results of YTS transfectents normalized to that of YTS are also shown (Fig 6-4b). 

As expected, partial inhibition of lysis was observed with B*27:05, suggesting 

that the surface level of MHC-I expressed on the subclone that I used is sufficient 

to induce some KIR3DL1-mediated inhibitory signaling. A single experiment 

showed that the level of inhibition is unchanged when I was mutated to A at 

position 194 (Fig 6-4b, left panel). Interestingly, disruption of site 1 

(KIR3DL1Y200A mutant) led to less inhibition of lysis in response to I194A 

mutation comparing to wild type B*27:05 at low E:T ratios starting from 3:1 (Fig 

6-4b, right panel). The results suggest that at this level of MHC-I, residue 194 on 

HLA-B*27:05 does not influence KIR3DL1-D0 function except when the 

dominant site 1 interaction is compromised. Given the lack of a pronounced effect 

in this preliminary experiment, further studies with these target cells were not 

pursued. 
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Fig 6-4. YTS lysis of 221 cells expressing wild type B27 or the I194A mutant.  

a). One experiment of NK cytolysis. Cytolysis was measured in a standard 

chromium release assay. Parental YTS, YTS stably expressing KIR3DL1 or cells 

expressing Y200A mutant lyse target cells in Fig 4-5.  b). The lysis results of 

3DL1.YTS or Y200A.YTS  were normalized to that of parental YTS shown in a). 

One experiment with triplicate measurements is shown.  
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6.2.5. The influence of substitution at position 194 on KIR3DL1-D0 binding 

when MHC-I level is low 

Inhibitory KIRs, such as KIR3DL1, are geared to detect the loss of MHC-I 

during viral infection, thus, interaction with low levels of MHC-I is relevant and 

could reveal the phenotype of I194A more than when it is at high density. To test 

the effect of the I194A mutation at lower densities of MHC-I, I isolated clones 

using single cell sorting based on less W6/32 staining relative to previously 

selected clones (Fig 6-5a). The stable clones expressing wildtype or mutated 

B*27:05 with similarly low intensity of HA were selected and maintained for the 

binding experiments as described. Of note, approximately two-fold less surface 

MHC-I was observed for the low subclones, when analyzed using anti-HA or 

W6/32 staining (Fig 6-5b and c) (average Geo MFI of HA = 65.7 vs 35.4 or 

W6/32 as 523.57 vs 231.3, respectively). Obviously, the reduction did not alter 

the relative W6/32 reactivity (Fig 6-6a) nor the significance of I at position 194 on 

LILRB1-Fc binding (n=3, p < 0.05) (Fig 6-6b). More importantly, in comparison 

to the wild type, the binding to the mutated B*27:05 by full length KIR3DL1 was 

reduced in a dose dependent manner (Fig 6-6c, left panel). Notably, commercial 

3DL1Fc was used in this assay, and the two sources of 3DL1Fc proteins showed 

somewhat different binding curves to B*27:05 (Fig 6-3b vs Fig 6-6c), which may 

be due to differences in glycosylation or the presence of denatured receptor in 

some of my preparations. As position 194 was influencing the contact with D0, I 

used D0 alone fused with human IgG1 Fc, D0Fc, and examined the binding to the 

cells expressing wildtype or mutated B*27:05. Similar to 3DL1Fc, D0Fc bound 

less to the I194A mutant relative to wild type B*27:05 (Fig 6-6c, right panel). The 

results suggest that with low levels of MHC-I, the residue at position 194 on 

MHC-I clearly alters LILRB1Fc and 3DL1Fc binding, and the influence on D0 

domain binding is obvious.  
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Fig 6-5: Isolation of low MHC-I population from 221 transfectants. 

a). 221 cells transfected with HA tagged HLA-B*27:05 were sorted into MHC-I 

low and high populations. b). Surface staining of selected B*27:05high or 

B*27:05low subclones with the indicated antibodies followed by secondary 

antibodies. Samples were analyzed with flow cytometry. c) Approximately a 2 

fold reduction of B27low is shown in comparison to B27high clones. The mean of 

five experiments with standard error are shown. Geo MFI of specific antibody 

staining is proportional to that of isotype control.   

high low 
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Fig 6-6.  The influence of position 194 on LILRB1 and KIR3DL1 binding in 

low MHC-I population.  

a). Surface anti-HA and anti-MHC-I staining on the low expressing clones of 

B*27:05 and I194A mutant. b). Mutation at position 194 eliminates LILRB1-Fc 

recognition. Binding by LILRB1Fc at 50 µg/ml to the indicated cells. The average 

of three experiments is shown. * indicates p<0.05.  c). Titration of 3DL1Fc and 

D0Fc binding. The results were normalized to HA staining on each day. The mean 

of four independent experiments at each concentration is shown with standard 

error. 



191 

  

 

6.2.6. Antibody blocking of 3DL1Fc and D0Fc binding to B*27:05 

 Encouraged by the observation that mutating I at position 194 to A caused a 

discernible change of 3DL1-D0 binding on cells with low levels of MHC-I, I went 

further to characterize the interaction. I performed antibody reversal experiments 

using Z27, the antibody specific for 3DL1-D0, and the anti-MHC-I-α3 mAb, 

W6/32. As previously shown in Fig 6-6c, the mutation resulted in less binding to 

D0Fc at 100 µg/ml (Fig 6-7). In contrast to isotype control, Z27 totally disrupted 

D0Fc binding to the mutated B27, but only partially blocked binding to wild-type 

B27 (Fig 6-7), further supporting the idea that the mutation at position 194 

influences D0 mediated interaction at an additional site. Surprisingly, a similar 

reduction occurred in the presence of W6/32 (Fig 6-7), though the reactivity to the 

antibody did not differ between the mutated and wild type B27 (Fig 6-6a). 

Currently, it is hard to explain why W6/32 has less effect on binding of 

KIR3DL1-D0 to wild type comparing to mutated B27 unless position 194 

somehow influences the interaction at site 1. Nonetheless, the results suggest both 

the W6/32 and anti-D0 can prevent the residual binding by D0 to the mutated B27. 

However, how these antibodies block remains unclear.     
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Fig 6-7. Antibody blocking of KIR3DL1-D0 binding to B*27:05   

D0Fc binding to cells expressing a low level of wild type or mutated B27 in the 

presence of the indicated antibodies.  150 µg/ml Z27 or 50 µg/ml W6/32 were 

incubated with the indicated cells at room temperature for 10 min, then 100 µg/ml 

Fc or D0Fc were added and incubated at 4°C for 1 hr. The cells were washed and 

stained with PE anti-human Fcγ.  The isotype matched IgG control was added at 

150 µg/ml. Geometric MFI of binding was normalized with that of HA.  The 

mean of three experiments were shown with error bar representing standard error. 

The p value is calculated with a student T test. **, p<0.01-0.05; *** , p<0.001.  
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6.2.7. Soluble LILRB1 does not prevent KIR3DL1 signaling 

It is known that LILRB1 enhances KIR2DL1 mediated signaling upon 

engaging the same HLA-C molecule at a distinct site (171), but the limitations of 

my analysis presented in Chapter 3 did not clearly determine if LILRB1 

influences KIR3DL1 signaling. However, the results with the I194A mutant 

suggest that LILRB1 should compete with KIR3DL1 if the effect of the mutation 

is because KIR3DL1 contacts position 194 directly. To address this issue, I 

generated a soluble form of the LILRB1 two membrane distal Ig domains with 

human IgG1 Fc, D1D2Fc, and tested if soluble LILRB1-D1D2Fc binding to 

MHC-I could prevent 3DL1 function on YTS cells. As expected, KIR3DL1 

mediated inhibition of lysis was observed when cells expressed B*58:01 relative 

to parental 221 cells (Fig 6-8). As LILRB1-D1D2 is responsible for the 

interaction with the MHC-I-α3 domain, LILRB1-D1D2Fc is expected to block an 

α3 interaction that involves position 194. D1D2Fc of LILRB1 did not alter the 

inhibition (Fig 6-8), though the amount of LILRB1-D1D2Fc is sufficient for 

detecting LILRB1 binding to the cells expressing MHC-I at 4°C (Fig 6-2 and 6b). 

Unfortunately, in these assays, B*27:05 and the I194A mutant did not inhibit the 

3DL1.YTS cells precluding detection of an effect of soluble LILRB1 on these 

interactions (Fig 6-8). The results suggest that the membrane distal two Ig 

domains of LILRB1 do not affect KIR3DL1 function in the YTS system. 

Although the concentration (50 µg/ml) used is enough for detecting the 

association of LILRB1 with MHC-I at 4°C, it is possible that during incubation at 

37°C, the soluble protein dissociates too rapidly to prevent KIR3DL1 binding. 

Alternatively, the putative "site 3" interaction is not an interaction directly with 

position 194 or it is not required for KIR3DL1 function when its optimal 

interactions at site 1 and 2 are present.    
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Figure 6-8. NK lysis of 221 transfectants  in the presence of LILRB1-D1D2Fc.  

Cytolysis by YTS-3DL1 was measured at an E:T of 3:1 in the presence of the 

indicated antibodies at 2.5 µg/ml. Fc or LILRB1-D1D2Fc was added at 50 µg/ml. 

Low MHC-I of stable clones were used here.  Representative of two experiments 

with triplicate measurments is shown.  

 

Target cells 
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6.3. Discussion 

 KIR3DL1 is highly polymorphic and the variation is believed to allow 

optimal interaction with the diverse MHC-I molecules. The degree of association 

between KIR3DL1 and HLA-Bw4 is variable among different Bw4 subtypes, and 

the polymorphisms of KIR3DL1 and HLA-Bw4 influence the binding strength 

(161, 167). To study D0, I chose a weak 3DL1 ligand, HLA-B*27:05 and the 

3DL1*001 allele as it has a strong interaction through D0 (159). In this study, I 

showed that mutating the I at position 194 to an A on HLA-B*27:05 dramatically 

eliminates the binding by LILRB1Fc, and that the mutation slightly altered 

KIR3DL1-mediated binding or functional recognition if the predominant site is 

excluded. Moreover, I showed that the influence appears to be more obvious 

when MHC-I density is limiting. Using antibodies that block the interaction of 

KIR3DL1-D0 with MHC-I, I further dissected how the mutation at position 194 

influences binding with the D0-domain. The results suggest that this position is 

essential for LILRB1-mediated interaction and does appear to have a very limited 

effect on binding by KIR3DL1. In addition, the results also indicate that the 

threshold and the sensitivity of assays are important for detecting 3DL1Fc-

mediated interaction due to the involvement of multiple binding sites. Using a 

truncated form of LILRB1 as a competitor, I attempted to test the relationship of 

LILRB1 and KIR3DL1 on signaling, and did not observe any interference with 

KIR3DL1 signaling by soluble LILRB1. However, these experiments are not 

entirely conclusive because the concentration of LILRB1Fc may have been too 

low.  

The reproducible observation that W6/32 blocks the KIR3DL1 interaction 

with MHC-I molecules might be because the antibody epitope is near the D0 

contact region of the α1 domain (site 2), thus resulting in steric hindrance. 

However, the failure of blocking KIR2DL1-Cw15 interaction in the presence of 

the D0 domain with W6/32 relative to a specific antibody against KIR2DL1 (Fig 
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4-2) suggests that this is not the case. It is possible that the extended artificial 

linker between KIR3DL1-D0 with KIR2DL1-D1D2 allows the D0 domain to 

move out of the way in the chimeric receptor to still maintain the tight association 

of KIR2DL1 with Cw15 in the presence of W6/32. However, in the case of 

KIR3DL1, the natural linker may restrict the flexibility of D0. Therefore, W6/32 

would easily disturb the interaction by pushing the whole molecule away from the 

ligand. My studies in this chapter suggest different effects of residue 194 on 

KIR3DL1 and LILRB1 interaction in trans. My colleague, Nick Li, has shown 

that W6/32 blocks the cis interaction of LILRB1 with autologous MHC-I 

molecules (180). Therefore, there is a possibility that position 194 may contribute 

to LILRB1 interaction in cis on 221 cells and the mutation at this position perhaps 

alters the availability of MHC-I allowing for binding by KIR3DL1 fusion protein. 

The cis interaction of LILRB1 on 221 cells could perhaps also be part of the 

explanation as to how the anti-D0 antibody, Z27, has a bigger impact on binding 

to the mutated B*27:05 than wild type (Fig 6-7).     

 LILRB1 recognizes the majority of human MHC-I molecules and has a 

higher affinity for the viral MHC-I mimic molecule, UL18 (181). Point mutation 

of Y38 to an A on LILRB1 dramatically attenuates the affinity to UL18 by 

approximately 18-fold as measured with Biocore (182). As the crystal structure 

showed, Y38 of LILRB1 directly contacts the amino acid at position 194 on 

MHC-I (170). However, the role of this position on the LILRB1-mediated 

interaction has not been determined directly. Here, I demonstrated that position 

194 on MHC-I is essential for LILRB1 recognition by mutagenesis and binding 

assays. LILRB1 is capable of assisting allele specific KIR2DL1 signaling when it 

engages with the KIR2DL1 ligand, HLA-C (171), hence, it is possible that 

LILRB1 can have some impact on KIR3DL1 signaling in response to HLABw4 

molecules. In order to address this issue, in Chapter 3, I suppressed the 

intracellular signal of KIR3DL1 by means of mutating Y to phenylalanine (F) at 

the ITIM motif, and co-expressed it with LILRB1. The limited results in Chapter 
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3 are not conclusive, but they indicate that if endogenous LILRB1 does influence 

KIR3DL1 signaling, the effect is very weak (Fig 3-12). Conversely, in Chapter 4, 

W6/32 blocking of KIR3DL1 inhibition (Fig 3-12 and 4-2) suggests that LILRB1 

may compete with KIR3DL1 for the interaction with MHC-I-α3 domain. In the 

studies shown in this Chapter, to further address this issue, I used the truncated 

LILRB1 Fc fusion protein, D1D2Fc. However, I failed to detect any change of 

lysis in the presence of LILRB1-D1D2Fc relative to Fc control (Fig 6-8), 

suggesting that LILRB1-D1D2 does not compete with KIR3DL1. The lack of a 

change could also be due to the low amount of fusion proteins used. To my 

knowledge, the apparently contradictory results presented in this thesis may be 

caused by the differences in the amount of LILRB1, the form of LILRB1 receptor 

used (full length vs D1D2) or most likely the level of KIR3DL1 expressed on the 

cells. Moreover, the trans and cis interactions of LILRB1 expressed on target and 

effector cells adds complexity for interpretation of the results. Further 

investigation is needed to clarify the effect of LILRB1 on KIR3DL1 signaling.  

In summary, the results presented in this chapter have begun to clarify the 

role of position 194 on the MHC-I-α3 domain in the KIR3DL1-D0 mediated 

interaction and clearly demonstrated the essential role of this position in LILRB1 

interaction. The results have also raised many new questions that need further 

investigation.  
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Chapter 7 

 

FINAL DISCUSSION 
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7.1. Summary of results and questions arising 

In this thesis, I examined the role of the D0 domain of KIR3DL1 in ligand 

recognition and found that this domain makes direct contact with HLA at a 

secondary site distinct from the conventional D1D2 domain contact site. The 

direct involvement of the D0 domain in ligand recognition could facilitate the 

clustering of KIR3DL1 and its ligand HLA-Bw4 at the NK-target interface, and 

therefore, enhance inhibitory signaling. The adjustment of the threshold for NK 

activation by the D0 domain becomes important when surface expression of 

HLA-B is downregulated during viral infection, such as HIV infection.  

 Moreover, I showed the binding of KIR3DL1 to mouse MHC-I molecules. 

This finding raises concerns for studies using KIR3DL1 transgenic mice. On the 

ligand side, residue 194 of the α3 domain of MHC-I was shown here to play a role 

in KIR3DL1 interaction. To further investigate the KIR3DL1-D0 domain and its 

biological relevance, more questions need to be resolved, including: 

• Does the D0 domain from other KIRs confer broad binding similar to 

KIR3DL1-D0? 

• Do D0 domains in receptors from other species interact with MHC-I in a 

similar fashion? 

• Where does KIR3DL1 contact mouse MHC-I molecules? 

• Does the KIR3DL1-D0 domain interact with other xenogenic MHC-I 

aside from rodent MHC-I? 

• Is the α3 domain directly involved in KIR3DL1 interaction? 

• How does position 194 of MHC-I influence KIR3DL1 binding? 

• Does LILRB1 compete with KIR3DL1 during signaling if co-expressed on 

the same cell? 

In the subsequent text, I will discuss these questions in detail and provide 

some possible methods to test outstanding questions.  
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7.2. The D0 domain in other KIR Receptors 

KIR3DL1 uses three extracellular Ig domains to recognize HLA-A and B 

molecules carrying the Bw4 motif. Of these Ig domains, the membrane proximal 

Ig domains D1D2 have been extensively studied and are known to be responsible 

for the binding specificity to the Bw4 motif. In this thesis, I showed that the D0 

domain confers broad but weak binding to both classical and non-classical human 

MHC-I molecules. Thus, I predicted that the D0 domain makes direct contact with 

MHC-I at a secondary site. Recent crystallographic studies provide evidence that 

the KIR3DL1-D0 domain directly interacts with a conserved region in the α1 

domain (site 2). Additional mutagenesis studies revealed that the residue at 

position 9 of the D0 domain is critical for the D0 domain binding and residues at 

position 11 and 27 are required in maintaining optimal binding (229). However, in 

their studies, mutation of the residue at position 9 of the D0 domain (disruption of 

site 2) or position 200 of the D2 domain (disruption of site 1) led to a similar 

degree of abrogation of HLA-B*57:01 tetramer binding to the 3DL1 receptors 

expressed in 293T cells (229). These results are contradictory to the idea that site 

1 predominates the binding. Therefore, my results (Fig 4-18) using YTS cells 

stably expressing KIR3DL1 and cytotoxicity assay fit well with the structural 

studies of the complex as they suggest that D0 and D1D2 bind independently of 

one another.   

A large number of polymorphisms are distributed throughout KIR3DL1 

including in the D0 domain (46). Interestingly, of the published polymorphisms in 

3DL1-D0, residues involved in forming the site 2 interaction are quite conserved. 

This could explain why the D0 domain confers broad recognition. Parham and 

colleagues have already made a significant contribution to understanding how 

polymorphisms affect function of the receptor. Of particular relevance here, 

mutations at positions 50 and 51 in the D0 domain have been shown to influence 

the strength of the interaction of KIR3DL1 with HLA-B (168). These two 
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residues do not make contact at site 2 (colored in red in Fig 7-1), thus the effect is 

likely indirect. In fact, according to the KIR3DL1-HLA-B*57:01 crystal structure, 

these two residues are solvent exposed and located at the opposite face of the 

receptor from where it binds to site 2. Therefore, the influence could be due to 

conformational changes on the D0 domain or they may be involved in making 

contact with MHC-I via a third site or even dimerization of KIR3DL1.     

Aside from KIR3DL1, the KIR family in human also has other members 

containing a homologous D0 domain, such as KIR3DS1, KIR3DL2, KIR3DL3, 

KIR2DL4 and KIR2DL5 (101). These KIRs have different specificity for HLA 

molecules. For example, KIR3DL2 binds to HLA-A and KIR2DL4 interacts with 

HLA-G, but the ligands for KIR3DS1, KIR2DL5 and KIR3DL3 remain unclear. 

KIR2Ds (type II) evolved through loss of the D0 domain and gaining strong 

binding to HLA-C molecules by the D1D2 domains (as suggested by Fig 4-14). 

However, KIR3DL1 kept the D0 domain that likely compensates for a weaker 

interaction with the Bw4 region of HLA molecules. Thus, another interesting 

question is whether homologous D0 domains in other KIRs play a similar role. 

Therefore, in the following section, the comparison of the amino acid sequences 

of the D0 domains from the previously described KIR receptors will be discussed.    

KIR3DS1 is of the highest interest among the KIRs with D0 domains, as it 

is a variant of KIR3DL1 and its D0 domain shows approximately 98% identity to 

KIR3DL1-D0. There are only three amino acid differences in KIR3DS1-D0 

compared to KIR3DL1-D0, and these are not residues shown to contact the MHC-

I (229). However, there is little to no direct evidence demonstrating that KIR3DS1 

can bind the ligands of KIR3DL1, the HLA molecules carrying the Bw4 epitope 

(HLABw4) (166, 243). The lack of interaction is likely due to alterations that occur 

in the D1 and D2 domains as suggested by mutagenesis studies (229, 244). 

Interestingly, like KIR3DL1, epistatic interaction of KIR3DS1 with HLABw4 

allows for AIDS patients to have a good survival rate (13). These observations 
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bring up an interesting question of how the combination of KIR3DS1 and HLABw4 

is linked with protection against HIV infection. One possibility is that the physical 

interaction is below the level of detection in the assays used to date. I expect that 

the D0 domain of KIR3DS1 may have the ability to bind similarly to that of 

KIR3DL1 as there are only three conservative changes in the D0 domain and 

these changes are outside the region of site 2 (Fig 7-1). Similar to the KIR3DL1-

D0 domain that I have shown interacts weakly with site 2 (232), KIR3DS1-D0 

binding may be below the limit of detection by the assays previously used to test 

binding (244). Therefore, it is worth testing if KIR3DS1-D0Fc fusion protein 

binds HLABw4 and other HLAs as the binding may be detectable when the MHC-I 

can diffuse in the membrane to form higher order complexes.  

Other D0 containing KIRs share less similarity with KIR3DL1 than 

KIR3DS1 (Fig 7-1). The alterations occurring within and outside the region of site 

2 could dramatically affect the binding affinity. Given that most of the changes 

are non-conservative (some important changes are shown in Table 7-1), I predict 

that the D0 domains of KIR2DL4, KIR2DL5, KIR3DL2 and KIR3DL3 lost the 

features found in that of KIR3DL1 to bind at site 2. Future studies to test binding 

of HLA-B and HLA-G using fusion proteins comprised of the D0 domains of 

these receptors and an Fc fragment and/or in combination with 2DL1Fc could be 

performed. Moreover, mutagenesis of the specific residues that vary could be used 

to better understand the influence of these residues on D0 domain function. 
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                    10         20         30         40         50                                           

3DL1*001-D0     HMGGQDKPFL SAWPSAVVPR GGHVTLRCHY RHRFNNFMLY KEDRIHIPIF 
3DS1*013-D0     .......... .......... .......... .......... ......V... 
3DL2*001-D0     .......... ..R..T.... ....A.Q... .RG....... ....S.V... 
3DL3*001-D0     .V........ ....GT..SE ......Q.RS .LG..E.SES ...GS.MVPL 
2DL4-D0         .V.......C .........Q .......... .RG..I.T.. .K.GVPV.EL  
2DL5-D0         .E......L. .......... ......L.RS .LG.TI.S.. ...GVPV.EL 
 
 
                        60         70         80         90           
3DL1*001-D0     HGRIFQESFN MSPVTTAHAG NYTCRGSHPH SPTGWSAPSN PVVIMVT   
3DS1*013-D0     .......G.. .......... .......... .......... .M.....    
3DL2*001-D0     .........I .G...P.... T.R....R.. .L........ .......  
3DL3*001-D0     YN...RN..L .G...P.... T.R.CS.... .L........ ....... 
2DL4-D0         YN...WN..L I....P.... T.....F... ...E...... .L.....  
2DL5-D0         YNK..WK..L .G...P.... T.R......R ...IE..... .L..V.. 
 

Fig 7-1. Sequence alignment of D0 domains of KIRs in humans   

Comparison of the D0 domains of KIR receptors in human. The dots indicate 

amino acid identity with the KIR3DL1 sequence. Cysteines are colored in green. 

The contact residues in the D0 domain are colored in red. The important residues 

suggested by mutagenesis studies are colored in red and underlined.  
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Table 7-1. Examples of non-conservative changes of D0 domains 

Receptors Within site 2 Outside site 2 

KIR3DL2-D0 W to R (position 13) 

R to Q (position 27) 

 

KIR2DL4-D0  L to C (position 10) 

KIR2DL5-D0 F to L (position 9)  

R to L (position 27) 
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7.3.  The features of D0 domain in KIRs from other species 

KIR3DL diversified from the KIR3DL/3DX lineage and this occurred only 

in simian primates (Fig 1-10) (119). Simian primates include the Old World 

Monkeys, the New World Monkeys, apes and human. The Old World Monkeys 

such as Rhesus Macaque have diverse KIR3Ds and limited KIR2Ds in 

correspondence with expanded MHC-A and B and lack of MHC-C in these 

species. Conversely, apes (such as chimpanzee, banobo, gorilla and orangutan) 

and human have polymorphic KIR2Ds but limited KIR3Ds correlated with the 

emergence and rapid expansion of MHC-C (245). In terms of variations in 

KIR3DL, humans have both two KIR3DL1 and KIR3DL2 genes, while 

chimpanzees (Pan troglodyte) only have one gene, KIR3DL1/2. Conversely, 

Rhesus Macaques (Macaca mulatta) have more than 11 genes of KIR3DL (246). 

In the subsequent text, the counterparts of KIR3DL1 in chimpanzees and Rhesus 

Macaque are referred as ptKIR3DL1/2 and MamuKIR3DL1, respectively (119).  

  In this thesis, I showed that the D0 domain in human KIR3DL1 

(hsKIR3DL1) has broad binding for classical and non-classical human MHC-I 

molecules. The results raise an interesting question as to whether this feature 

occurs only in human KIRs or is maintained in KIRs from other species. A 

comparison of the amino acid sequences of the D0 domains of ptKIR3DL1/2 and 

MamuKIR3DL1 with that of hsKIR3DL1 in Fig 7-2 shows that the D0 domains of 

ptKIR and MamuKIR are ≥ 90% identical to that of hsKIR3DL1, particularly in 

the site 2 binding region. Interestingly, such similarity is even higher than what is 

observed in human KIR3DL2 and KIR3DL3. Therefore, I predict that these D0 

domains will all share the property of binding to a broad range of MHC-I alleles 

at site 2.  

 ptKIR3DL1/2 interacts with MHC-A and MHC-B in chimpanzees (247). 

Interestingly, ptKIR3DL1/2 was also known to bind human HLA-B molecules 

regardless of whether they carry the Bw4 or Bw6 epitope using a highly sensitive 

reporter system (168). Swapping the D0 domain of ptKIR3DL1/2 with 
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hsKIR3DL1 resulted in enhanced binding to HLA-B molecules (168). This 

indicates that the D0 domain of ptKIR3DL1/2 is functional for the interaction 

with HLA-B molecules. Similarly, several KIR3DL1 allelic variants in Rhesus 

Macaques have been reported to bind human MHC-A, B and C using KIR-Fc 

fusion proteins. Interestingly, strong binding to HLA-C and to HLABw4 was 

observed (245). However, the role of the D0 domain was not dissected in these 

studies.  

Based on the conservation of these D0 domains derived from ptKIR and 

MamuKIR relative to hsKIR and the fact of broad binding to MHC-I by 

hsKIR3DL1-D0 domain, I now predict that ptKIR3DL1/2 and MamuKIR3DL1 

binding to HLA-B is mostly mediated by the D0 domain. Again, this could readily 

be tested using fusion proteins containing the D0 domain MamuKIR3DL1, or 

ptKIR3DL1/2 and human IgG1 Fc fragment.   

In contrast to the expansion of KIR3DLs in primates, limited KIR3DL 

genes occur in non-primates such as cattle (Bos taurus) and mice (Mus musculus) 

(119). However, these KIR genes and the encoded receptors are not well studied. 

It is known that the bovine genome consists of only four functional KIRs (btKIRs), 

including btKIR3DL1, btKIR3DS1, btKIR2DL1 and btKIR2DS1 (116). The 

structure of btKIR is similar to that of hsKIR but with some variations including a 

cysteine in the transmembrane region causing formation of a disulfide bonded 

dimer (248). Additionally, btKIR contains only one ITIM in the tail, with the 

exception of btKIR2DL1 (249). Two KIR genes are found in mice (Mus 

musculus), including KIR3DL1 (KIRL1) and KIRL2. Mouse KIR genes were 

translocated to the X chromosome (250, 251). Mouse KIR3DL1 is expressed on 

NK, NKT cells (252) and regulatory T cells (253), but the protein is difficult to 

express on non-NK and non-NKT cells (252) and remains poorly understood in 

terms of ligands.    

A comparison of the amino acid sequence of the D0 domains of mouse and 

bovine KIR3DL1 to hsKIR3DL1 (Fig 7-2) reveals less homology with 
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hsKIR3DL1 than that for apes and monkeys.  Therefore, it would be interesting to 

test btKIR3DL1 and mouse KIR3DL1 binding to HLA. 

 

 

                 10         20         30            40          50                                           
hs3DL1-D0     HMGGQDKPFL SAWPSAVVPR GGHVTLRCHY RHR---FNNFMLY KEDRI-HIPIF 
pt3DL1-D0     ....H..... ...S...... .......... .GG---....... .....-.V..- 
Mamu3DL1-D0   YT.....T.. ..R...L..Q .......... .RGLYN.T..T.. .D..S-.V... 
bt3DL1-D0     AV.EYE.LS. .....P...L .QT...Q..S HSP---LKR.R.F .T.GER.L.EL 
mm3DL1-D0     .VGSH..... .....Y...L .QN...T.DS HRG---S.I.K.. ..EGS-PNHQL 
 
 
                      60         70         80         90           
hs3DL1-D0     HGRIFQESFN MSPVTTAHAG NYTCRGSHPH SPTGWSAPSN PVVIMVT   
pt3DL1-D0     -......... .......... .......... .......... ....... 
Mamu3DL1-D0   P........L .G...P.... T.R....Y.. ...E...L.D .LA.R.. 
bt3DL1-D0     Q.HH.N-N.T LG...GE... S...S----- -EAY...P.D .LQ.V.S 
mm3DL1-D0     .ETT..K.QV FG....E... T.R.F--..Q YANVL..H.E .LK.IIS 

 

Fig 7-2. Sequence comparison of D0 domain of KIR3DL1 in humans and 

other species. 

Comparison of the KIR3DL1-D0 domain in Chimpanzee (Pan troglodytes, 

pt3DL1), Rhesus Macaque (Macaca mulatta, Mamu3DL1), Cattle (Bos taurus, 

bt3DL1) and Mouse (Mus musculus, mm3DL1) to that of Human (Homo sapiens, 

hs3DL1). Dashes indicate the absence of the amino acid relative to human 

KIR3DL1. Cysteines are colored in green. The contact residues in the D0 domain 

are colored in red. The important residues suggested by mutagenesis studies are 

colored in red and underlined.  
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7.4. How does KIR3DL1 interact with mouse MHC-I molecules?  

KIR3DL1 uses two distinct sites to interact with HLABw4. In this thesis, I 

demonstrated 3DL1Fc binding to mouse MHC-I molecules with the exception of 

H-2k. To explore regions of 3DL1Fc binding, I used several mouse MHC-I 

specific antibodies. Strikingly, anti-Db-α3 antibody (28.14.8S) and anti-D0 mAb 

(Z27) yielded a greater reduction of binding than anti-Db-α1 mAb (B22-249) 

(Figs 5-4 and 5-5). Using various combinations of Ig domains of KIR3DL1, I 

found that D0Fc provided a remarkable amount of binding to Db in comparison to 

D1D2Fc (Figs 5-8 and 5-9). The latter results suggest that the D0 domain of 

KIR3DL1 is necessary for xenorecognition, and the antibody blocking suggests 

the binding could involve a site near or in the α3 domain. However, given the site 

interaction of the antibodies chosen in this thesis have not been finely mapped, it 

is still too early to conclude the involvement of the α3 domain. 

No detectable binding of 3DL1Fc to cells expressing H-2Dk/Kk was 

observed in my hands. The differences of amino acid sequences, in particular, at 

site 2, between H-2Dk/Kk  and other H-2 alleles could hint at what is required for 

the binding. Moreover, several non-conservative differences in H-2Dk and H-2Kk 

to other H-2 molecules in the α1 and α3 domain (Table 7-2) could be the reason 

for a lack of binding. Particularly, the amino acid change from negatively charged 

glutamic acid (E) to positively charged lysine (K) at position 19 (contributing to 

formation of site 2) could lead to loss of D0 binding to H-2Kk (Table 7-2). In 

addition, a similar change in the α3 domain may cause loss of binding to H-2Dk 

(Table 7-2). 

Based on the results with blocking antibody and the amino acid changes 

found between various mouse and human MHC-I proteins (Fig 5-2 and 5-3), there 

are a number of ways I can envision a KIR3DL1/H-2 interaction to occur as 

shown in Fig 7-3 and these models may not be mutually exclusive. First, it is 

possible that KIR3DL1 binds H-2 molecules in the same way it binds HLA 
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(model #1), and the anti-α3 antibody could sterically influence the binding. 

Another possibility is that the binding could only occur at the α3 domain (model 

#2). Alternatively, as shown in model #3, KIR3DL1 interacts with multiple H-2 

molecules at multiple sites, and the interaction with the α3 domain facilitates 

clustering to increase KIR3DL1 avidity.  

The finding of recognition of mouse MHC-I by human KIR3DL1 suggests 

that there is some conserved regions in MHC-I that allows for KIR3DL1 

recognition. Understanding of the interaction between KIR3DL1 and mouse 

MHC-I may clarify how changes between human and mouse MHC-I affect KIR 

interaction. Various mutagenesis approaches may be explored to pinpoint 

interaction sites. The epitope of the anti-Dd-α3 antibody, 34-2-12s, has been 

mapped to position 227 of the α3 domain. A point mutation of Dd, Q227K was 

reported to totally abrogate the antibody reactivity (254, 255). Hence, 34-2-12s is 

a good tool for the assessment of the involvement of the α3 domain when 

engaging with KIR3DL1. Moreover, mutagenesis studies combined with domain 

swaps could be used to dissect the role of individual Ig domains of MHC-I in 

KIR3DL1 recognition.  
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Table 7-2. Examples of non-conservative amino acid changes in H-2k 

relative to other H-2 molecules 

   α1 domain α3 domain 

H-2Kk E to K (position 19)* 

E to V (position 55) 

G to E (position 56) 

H to R (position 191) 

H-2Dk  D to K (position 196) 

Note: * refers to contact residues involved in site 2.  
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Fig 7-3. Proposed models of KIR3DL1 interaction with mouse MHC-I 

molecules.  

Three models are shown to illustrate how KIR3DL1 interacts with mouse MHC-I 

proteins either in a 1:1 ratio (model #1 and #2) or a 1:2 ratio that allows for MHC-

I clustering (model #3). 
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7.5. The recognition by KIR3DL1 of xenogenic MHC-I other than mouse 

MHC-I molecules 

KIRs are diverse and rapidly co-evolve with MHC-I under natural selection. 

MHC is present in all jawed vertebrates, while KIR expansion only occurs in 

primates. Surprisingly, ptKIR3DL1/2 in chimpanzees not only binds ptMHC-I, 

but also interacts with human MHC-I, and vice versa that hsKIR3DL1 interacts 

with MHC-B molecules in chimpanzees and Rhesus Macaques (168). These 

observations suggest that hsKIR3DL1 interacts with MHC-I in species close to 

human, such as primates. In this thesis, I showed that hsKIR3DL1 binds to MHC-

I molecules derived from mice, a mammalian species.   

 Cartilaginous fish are the earliest jawed vertebrate possessing organized 

MHC genes, including MHC-I, II and III regions, while the chicken has the 

"simplest but essential" MHC genes. Therefore, it could be interesting to test if 

cells expressing MHC-I molecules from cartilaginous fish and from chicken are 

bound by 3DL1Fc. Moreover, the assessment of binding by the D0 domains of 

KIRs from non-primates, high primates and human described in section 7.3 would 

clarify how the D0 domain has evolved in pace with the alterations of MHC-I in 

various species.  

7.6. The role for the α3 Domain of MHC-I in the KIR3DL1 interaction 

In my hands, the anti-MHC-I-α3 domain antibody, W6/32, dramatically 

reduced 3DL1Fc binding. Using an N-terminal EGFP linked KIR2DL1 receptor, I 

concluded that steric interference by W6/32 was not the likely explanation 

because the additional EGFP did not make the 2DL1 receptor blockable by W6/32 

(Fig 4-7 vs 4-3). A bridging model with D0 binding to the base of the α3 domain 

was proposed in Chapter 4 to explain how the KIR3DL1-D0 domain might 

facilitate the assembly of KIR3DL1 clustering (Fig 4-21). However, the co-crystal 

structure that emerged demonstrated that the conserved region bound by the 
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KIR3DL1-D0 domain is actually located in the α1 domain (site 2). Similar to 

what has been observed with Ly49 (256), it remains possible that a third site for 

binding exists, though it is not evident in the structure.  

To further test the involvement of the α3 domain, the α3 domain of HLA-

B*27:05 was swapped with that of HFE because the α3 domain of HFE could 

support α1α2 folding but was not expected to bind KIR3DL1. However, elevated 

binding was observed compared to HLA-B*27:05 (Fig 5-14). The enhanced 

binding could be explained by the HFE-α3 domain improving the binding at site 1 

or site 2 by allosteric effects. The results suggest that the α3 domain is not 

required for the binding. However, additional experiments need to be done for 

clarification. Alternatively, another explanation would be that the conformational 

changes in the α1 domain override the actual loss of a putative site 3.    

Although the results presented in Chapter 5 did not provide clear evidence 

for binding to the α3 domain, a single point mutation at position 194 did show 

some effect on 3DL1Fc binding and will be discussed in section 7.7. The complex 

of KIR3DL1 and HLA-B*57:01 illustrated how the specificity of KIR3DL1 is 

dependent on the D1D2 domains as they occupy 70% of overall binding area and 

the interaction is stabilized by salt bridges and hydrogen bonds, while the D0 

domain only contributes 30% of the overall binding area and the binding forces 

are formed by van der Waals interactions (229). The D0 contacting region is 

perpendicular to the axis of the peptide binding groove. Therefore, it remains 

feasible that the α3 domain could be bound by the other face of the KIR3DL1-D0 

domain and the interaction does not overlap with the other two published sites.    

In our updated model incorporating recent structural and mutagenesis 

results (Fig 7-4), the 3DL1-D0 domain makes weak contact with the α3 region of 

MHC-I to form a third site when multiple MHC-I molecules are engaged between 

two opposing cell membranes. Of note, since multiple sites are involved and site 1 

is essential for the specificity, the interaction at site 3 on the α3 domain may be 
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quite subtle. The putative site 3 would be important for ligands with a weak site 1 

(e.g. HLA-B*27:05) or when KIR3DL1 or MHC-I levels are relatively low. The 

interaction at site 3 would allow 3DL1-D0 to bridge MHC-I molecules together 

and facilitate receptor clustering.  
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Figure 7-4. Proposed model of KIR3DL1 bridging HLA clustering.   

a) The interaction of KIR3DL1-D0 domain with the α3 domain of HLA facilitates 

HLA clustering, thus, enhancing KIR3DL1 signaling. b) Illustration of W6/32 

effect on KIR3DL1 binding to HLA-Bw4 moleucles. The interaction of W6/32 

with the α2 and α3 domains of HLA-B results in disruption of clustering and 

sterically causes loss of site 2 interaction.  
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7.7. How does position 194 influence KIR3DL1 binding in trans? 

Natural variants at position 194 of various HLA molecules are found in the 

population, including isoleucine (I), valine (V) and leucine (L). V at position 194 

in HLA-B molecules was recently reported to be linked with HIV progression 

(257). Changing V to I was predicted by these investigators to dramatically 

interfere with the network of interactions between contact residues of the α3 

domain and LILRB1 (257). In comparison to V, I at position 194 can reach closer 

to residue 38 of LILRB1 (257). Therefore, theoretically, I194 should produce a 

stronger interaction to LILRB1 relative to V194. This I to V polymorphism on 

HLA-B molecules has been shown to impact IFN-γ secretion on primary 

KIR3DL1+ NK cells in combination with position 82 (167), one of residues 

involved in formation of the Bw6 epitope. Whether this influence is KIR3DL1 

dependent was not determined in these studies. As suggested by my previous 

results and the crystallographic studies, position 194 may be in contact with the 

D0 domain. Thus, in a single experiment, I attempted to test if I to V at position 

194 affect KIR3DL1-D0 binding using D02DL1Fc. It seemed that the I194V 

mutant caused a slight decrease in binding at 200 µg/ml (Appendix A). Additional 

experiments are required to determine whether the effect is consistent.  

 In order to maximally assess the role of position 194, I mutated I to A to 

abrogate all the potential interactions mediated by isoleucine (I).  A reduction of 

3DL1Fc binding was observed when HLA is expressed at relatively low level (Fig 

6-6). However, at such a level, wild type B*27:05 did not invoke inhibition, 

making it difficult to interpret the impact of the mutation. Interestingly, when the 

expression level was elevated approximately 2-fold to where some KIR3DL1 

mediated inhibition occurred, the I to A mutation at position 194 showed a small 

influence on NK lysis when combined with the mutation of Y200 to prevent a site 

1 interaction (Fig 6-4). Oddly, little difference for 3DL1Fc fusion protein binding 

was detected when the molecules were at this level (Fig 6-3). The lack of 
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agreement of the binding results with the functional data could be due to variable 

amounts of KIR3DL1 in these assays. The results suggest that there is a possible 

involvement of position 194 in KIR3DL1 binding, but cannot determine if it 

participates directly in the binding. The impact of position 194 on binding might 

be very limited due to the presence of the other two sites as seen in the crystal 

structure, particularly, high affinity site 1. But interestingly, this position has 

biological relevance as reported for HIV susceptibility (257).   

In terms of the mechanism, I predict three possibilities. First, position 194 

could be one of the contact residues bound by the KIR3DL1-D0 domain as 

illustrated in Fig 7-3. Another possibility is that the residue at position 194 could 

associate with other molecules on target cells to assist KIR3DL1 binding, such as 

LILRB1. In that case, LILRB1 would bind MHC-I on 221 cells in cis and perhaps 

allosterically alter how KIR3DL1 binds at site 1 and site 2. Alternatively, since 

the influence of position 194 on KIR3DL1 binding without the interference of 

LILRs was only tested using HLA-B*27:05, it is possible that the influence is 

B*27:05 specific, which will be discussed below.   

7.8. Is the influence of position 194 of HLA-B*27:05 on KIR3DL1 interaction 

representative?  

Since residues in the Bw4 epitope of B*27:05 have a weaker site 1 

interaction (71), this allele was used to explore the potential involvement of the α3 

domain and the role of position 194. In this thesis, I showed some effect of 

position 194 of HLA-B*27:05 on KIR3DL1 binding when the expression level 

was low. Given the fact that HLA-B*27:05 has an unique extra cysteine (C) at 

position 67 (C67), which renders an unusual homodimer containing only the B27 

free heavy chain (hereafter called B272), my results in Chapter 6 raise an 

interesting question: is the influence of position 194 in HLA-B*27:05 on 

KIR3DL1 interaction representative of all Bw4 or unique to B*27?  
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 B272 has been extensively studied as it is associated with susceptibility to 

several seronegative arthritic diseases, such as ankylosing spondylitis and Reiter's 

syndrome (258, 259). B272 has been observed on primary NK cells and B27 

transfectants (52). Binding to B272 but not B27/β2m by KIR3DL2 (ligand known 

is subsets of HLA-A) has been reported (227), suggesting that C67 does impact 

KIR3DL2 binding. In relation to my findings, KIR3DL1 binds B272 and the 

B27/β2m complex (64, 227). Therefore, it is possible that C67 can affect 

KIR3DL1 binding. In the co-crystal structure, KIR3DL1-D0 contacts HLA-

B*57:01 at the loop comprising residues 13-20 in the α1 domain (Fig 5-1) along 

with a few residues in β2m. As residue 67 is situated in the α-helix in close 

proximity to the D0 contacting loop, thus, it is possible that C67 alters KIR3DL1 

interaction resulting in different KIR3DL1 binding to B272  in comparison to 

B27/β2m and B*57:01.  

Mutating C67 to serine (S) prevents formation of B272, suggesting that this 

residue is pivotal for the formation of B272. I have now shown that position 194 

of HLA-B*27:05 influences 3DL1Fc and D02DL1Fc binding. However, whether 

this influence is attributed to B272 and/or B27/β2m complex or whether the 

influence observed on HLA-B*27:05 also occurs with other HLA-Bw4 alleles 

was not determined in these studies. In my opinion, B272 homodimers could lead 

to a possible interaction of the amino acid at position 194 with residues in the α2 

or α3 domain of another B27 molecule involved in such dimerization (Fig 7-5). 

Such an interaction could enhance KIR3DL1 binding avidity and/or facilitate 

MHC-I clustering. Thus, to better understand the interaction mode, additional 

experiments could be done, such as comparing C67S mutation of B27 and 

studying the role of position 194 on other weak ligands of KIR3DL1 such as 

HLA-B*15:13 (56).   
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Figure 7-5. Proposed model of the role of position 194 in KIR3DL1 

interaction.  

Interaction of the residue at position 194 (dark dot) with residues in the α2 

domain could help form B272 homodimer. Such dimers could increase the 

binding avidity by the D0 domain indicated as dotted arrows and facilitate 

MHC-I clustering. Sites are indicated by red arrows. 
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7.9.  KIR3DL1 modulation of adhesion to target cells and the effect of 
position 194 on KIR3DL1 interaction 

Multiple events occur sequentially at the NK activating synapse. However, 

the process of activation is regulated by inhibitory receptors at the initial stage 

(e.g. adhesion). The enrichment of KIR2DL receptors and associations with other 

related molecules (e.g. SHP-1) have been demonstrated at the synapse between an 

NK cell and a target cell (190, 191). Such enrichment is known to disrupt the 

adhesion, prevent lytic granule polarization and inhibit actin reorganization (189, 

260, 261). To date, studies of inhibitory synapses have been with KIR2D 

receptors, which have high affinity for their ligands, HLA-C. However, the 

inhibitory synapse mediated by KIR3DL1 at the interface has not yet been 

determined.  

Our lab showed that KIR2DL1 with an N-terminal EGFP led to formation 

of smaller clusters (microclusters) relative to the wild type, and such 

microclusters were still able to prevent adhesion but to a lesser extent relative to 

wild type (189). Despite the reduced size, KIR microclusters were associated with 

strong inhibition of cytolysis (189). These previous results in our lab suggest that 

disruption of adhesion is not necessary for disruption of cytolysis, although these 

two events occur sequentially. Since KIR3DL1 has a weaker interaction with 

HLA relative to KIR2DL1, it is possible that in comparison to KIR2DL1, 

KIR3DL1 has a lesser effect on preventing cell-cell adhesion and this might be 

useful to tease out the effects of my mutants, such as I194A. YTS cells expressing 

KIR3DL1 were analyzed for adhesion to HLA-B*58:01 using a conjugation assay. 

The preliminary data showed that KIR3DL1 causes disruption of adhesion but to 

a lesser extent when ligated with HLA-B*58:01 in comparison to KIR2DL1 to 

HLA-Cw15 (Appendix B), suggesting that KIR3DL1 can prevent adhesion, but 

not as well as KIR2DL1 in the same system.   
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If the formation of large receptor clusters is required to antagonize the 

adhesion, it is possible that the putative "site 3" enhances enrichment of the 

receptor at the synapse. I have already tested the effect on adhesion using HLA-

B*27:05 and the I194A mutant tagged with yellow fluorescent protein (YFP) at 

the C-terminus (B*27:05YFP and I194AYFP). In comparison to B*58:01, ligation 

of KIR3DL1 with B*27:05 on these cells did not disrupt adhesion (Appendix C), 

though the weak interaction was sufficient to induce some degree of inhibition of 

cytolysis (Fig 4-4). Therefore, these transfectants cannot be used to discern the 

role of position 194 in KIR3DL1 signaling. Nonetheless, the results indicate that 

higher binding affinity/avidity is required to prevent adhesion than to inhibit 

cytolysis and are consistent with the previous studies of Borszcz et al in 2003 

(189). Further studies using high resolution imaging of the synapses could be used 

to see if KIR3DL1 behaves similarly to  KIR2DL1 with the N-terminal EGFP 

moiety in forming microclusters. Moreover, mutation of I194A on B*58:01 might 

clarify if there is a role for this residue in KIR3DL1 signaling that can be 

discerned in the effects on cell-cell adhesion.   

  7.10. Does LILRB1 play a role in KIR3DL1 signaling? 

When this work was started, whether LILRB1 could affect KIR3DL1 

signaling was not known. In this thesis (Chapter 3 and 6), I examined the 

influence of LILRB1 on ITIM-mutated KIR3DL1 signaling using NKL cells. 

However, I did not observe much LILRB1 signaling when the mutated KIR3DL1 

interacted with HLA-B molecules (Fig 3-12). Moreover, I tested if LILRB1 fusion 

protein containing only the first two Ig domains (D1D2) could disrupt KIR3DL1 

signaling when engaging HLA-B*58:01 or B*27:05, but found no effect (Fig 6-8). 

These results suggest that masking the region of MHC-I bound by LILRB1-D1D2 

does not interfere with KIR3DL1 signaling. However, more experiments with 

positive controls could be done for the correct conclusion, such as LILRB1-

D1D2Fc blocking of LILRB1 signaling.  
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The co-crystal structure that was published during the course of my thesis 

suggests that LILRB1 could interact with the MHC-I while engaged by KIR3DL1. 

However, based on the functional results, it seems unlikely that LILRB1 

cooperates with KIR3DL1 for inhibitory signaling. The bridging model proposed 

in section 7.6 shows that KIR3DL1-D0 domain facilitates MHC-I clustering via 

contacting the α3 domain (Fig 7-2). If the model is correct, LILRB1 then should 

compete with KIR3DL1 for binding to the α3 domain of MHC-I molecules. Since 

LILRB1 can interact with MHC-I in trans and in cis, endogenous LILRB1 

expression on effector and target cells adds complexity to interpretation of the 

results obtained in these studies. I found that the I194A mutant abrogated LILRB1 

binding in trans (Fig 6-6). Therefore, examination of binding to cells expressing 

MHC-I molecules and an I194A mutant using soluble LILRB1 and/or KIR3DL1 

proteins may be a better approach to explore the relationship of LILRB1 and 

KIR3DL1 on ligand interaction. Given around 30% of primary NK cells co-

express KIR3DL1 and LILRB1, further studies of the relationship of LILRB1 and 

KIR3DL1 on signaling could provide a possible explanation of how LILRB1 

contributes to currently known or yet undiscovered associations between 

KIR3DL1 and disease susceptibility (257).  

7.13. Concluding remarks:  

Pathogens, from viruses to parasitic worms, have rapidly evolved in an 

attempt to invade the host's body and avoid the immune response, while the 

immune system has developed multiple defense mechanisms to respond to the 

invasion, including the innate and adaptive immune responses. Of these, NK cells 

are one of the critical components to evoke innate immune responses as they 

recognize and rapidly terminate virus-infected cells at early stages using diverse 

receptors, including KIR and LILR families. The more recent and rapidly 

evolving KIR family members have a high degree of specificity for MHC-I. The 

rapid evolution of KIR is thought to be driven by pathogens. During KIR 
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evolution, the "2D" KIR arose by loss of the D0 domain but compensated at site 1 

to maintain recognition specificity and affinity. Until recently, the role of the D0 

domain in KIR3D receptors remained enigmatic. In this thesis, I have presented 

that the D0 domain of KIR3DL1 confers broad but weak binding to classical and 

non-classical human and mouse MHC-I molecules. My attempts to dissect where 

D0 binds MHC-I yielded results that are difficult to reconcile in terms of the "site 

2" shown by crystallographic and mutagenesis studies without invoking a putative 

third site on the α3 domain. Based on the results in this thesis, site 3 may be 

distinct from the LILRB1 site, and the binding at this site is subtle. Future studies 

should be conducted to determine how the various D0 domains modulate ligand 

binding and to resolve the issue of how position 194 influences D0 binding. The 

results may shed light on how KIRs evolved from LILRs and be used to interpret 

genetic association of KIR with diseases such as HIV/AIDS. 
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Appendix A. The influence of isoleucine/valine at position 194 on D02DL1Fc 
binding  

a) Flow cytometric analysis of D02DL1Fc ( 200 µg/ml) binding to 221 cells 
expressing B*27:05 or the I194V mutant.  b) Titration of D02DL1Fc binding to 
221 cells expressing B*27:05 or I194V. Expression of HLA on target cells were 
comparable between wild type and the mutant measured by W6/32 and HA 
staining. The binding results were normalized to HA staining on target cells. Only 
one experiment was performed. 
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Appendix B. The influence of the D0 domain on adhesion.  

Adhesion to the indicated target cells by KIR3DL1 or KIR2DL1 was measured 

using a conjugation assay. The results were calculated as percentage of NK 

conjugation = (conjugates of NK-target cells / total number of NK cells) X 100. 

Only one experiment was performed. 
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Appendix C. The influence of position 194 on KIR3DL1 mediated adhesion.  

Adhesion to the indicated target cells by parental YTS cells or YTS cells 

expressing KIR3DL1 was measured using a conjugation assay. The results were 

calculated as percentage NK conjugation as Appendix B. Only one experiment 

was performed.  
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