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ABSTRACT 
 
 

 Although extensive homology exists between their extracellular domains, natural killer 

cell inhibitory receptors KIR2DL2*001 and KIR2DL3*001 have previously been shown to differ 

substantially in their HLA-C binding avidity.  To explore the largely uncharacterized impact of 

allelic diversity, the most common KIR2DL2/3 allelic products in European American and 

African American populations were evaluated for surface expression and binding affinity to their 

HLA-C group 1 and 2 ligands.  Although no significant differences in the degree of cell 

membrane localization were detected in a transfected human NKL cell line by flow cytometry, 

surface plasmon resonance and KIR binding to a panel of HLA allotypes demonstrated that 

KIR2DL3*005 differed significantly from other KIR2DL3 allelic products in its ability to bind 

HLA-C.  The increased affinity and avidity of KIR2DL3*005 for its ligand was also 

demonstrated to have a larger impact on the inhibition of IFN-γ production by the human 

KHYG-1 NK cell line compared to KIR2DL3*001, a low affinity allelic product.  Site-directed 

mutagenesis established that the combination of arginine at residue 11 and glutamic acid at 

residue 35 in KIR2DL3*005 was critical to the observed phenotype.  Although these residues are 

distal to the KIR/HLA-C interface, molecular modeling suggests that alteration in the 
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interdomain hinge angle of KIR2DL3*005 towards that found in KIR2DL2*001, another strong 

receptor of the KIR2DL2/3 family, may be the cause of this increased affinity.  The regain of 

inhibitory capacity by KIR2DL3*005 suggests that the rapidly evolving KIR locus may be 

responding to relatively recent selective pressures placed upon certain human populations. 
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CHAPTER 1: 

 

INTRODUCTION TO NATURAL K ILLER CELL BIOLOGY  
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1.1 DISCOVERY AND BASIC BIOLOGICAL FUNCTIONS OF NATURAL K ILLER CELLS  

 

At its most basic level of function, the immune system protects an organism from foreign 

pathogens, such as bacteria, viruses, and parasites, that have breached the external layers 

of epithelia.  The most ancient branch of the immune system identifies foreign threats 

using non-clonal pattern recognition receptors (e.g., toll-like receptors), which bind 

highly conserved pathogen-associated molecular patterns (microbial nonself) and/or 

endogenous danger-associated molecular patterns (induced self) synthesized by an 

infected or otherwise damaged cell (1).  Thought to have evolved during the early 

metazoan period (2), the “innate” immune system can rapidly identify and eliminate 

certain pathogens with their repertoire of invariant receptors that bind predetermined 

microbial antigens.  While its primary task is the clearance of invasive microbes, the 

innate immune system utilizes antigen presenting cells (APCs) (e.g., macrophages) that 

also serve to alert, through the display of non-self antigens on their surface, the adaptive 

immune system.  This second branch of the immune system evolved more recently—

approximately 500 million years ago (3)—and is reliant upon receptors with randomly 

generated specificities for antigen (e.g., antibodies and the T cell receptors (TCR)).  Not 

only has the adaptive immune system evolved the ability to recognize a virtually 

unlimited array of pathogens, but it also has acquired the capability for immunologic 

memory.  This dissertation will explore the biology and function of the natural killer 

(NK) cell, whose niche within the human immune system serves to bridge the 

evolutionary gap between innate and adaptive immunity.         
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NK cells, like all cellular components of the immune system, are generated by a process 

known as hematopoiesis within the bone marrow.  Hematopoietic stem cells give rise to 

myeloid and lymphoid progenitor cells.  While the myeloid lineage eventually contributes 

to major cellular components of the innate immune system (basophils, neutrophils, 

eosinophils, and macrophages), the common lymphoid progenitors (CLPs) give rise to 

the major cellular components of the adaptive immune system: small lymphocytes (B and 

T cells) as well as the large granular lymphocytes (the NK cell).  In fact, due to its shared 

lineage with other lymphocytes and a focus on T cell-mediated response to tumor-

associated antigens, the NK cell was not identified as a distinct cell type until the early 

1970’s (4). 

 

By the late 1960’s, it was well established that lymphocytes derived from healthy human 

volunteers at times possessed a “natural immunity” against tumor-derived cells without 

prior sensitization.  There was speculation that what was once thought to be an 

experimental artifact might have in fact been due to an unclassified immunological 

effector mechanism—loosely-termed “spontaneous lymphocyte-mediated cytotoxicity”.  

Reported by two independent groups in 1975, what were eventually identified as human 

and murine natural killer (NK) cells displayed a unique ability to lyse the mouse 

mastocytoma P815X2 and Moloney leukemia cell lines, respectively (5-7).  Using 

buoyant density separation, these early studies identified a population of cells possessing 

a large granular lymphocyte morphology, distinct from the smaller size of B and T cells.  

Furthermore, these “non-T-lymphocytes” exerted lytic activity towards target leukemia 

cell lines with surprisingly rapid kinetics (on the order of one to four hours), suggestive 
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of innate immunologic mechanisms.  In fact, little else was initially known of this unique 

subset of lymphocytes.  By using cells derived from the murine spleen, many 

characteristics of this novel cell type were eventually revealed via a process of 

elimination: athymic nude mice lacking T lymphocytes continued to display activity 

against virally transformed leukemic cells ruling out a contribution from T cells; 

carrageenan treatment did not alter the cytotoxic effect upon the malignant target cells, 

eliminating macrophages (which are highly sensitive to exposure to this sulfated 

polygalactose molecule) as the culprit; and measures to nullify either complement or 

antibody-dependent cell-mediated cytotoxicity had no observable effect thereby 

eliminating B lymphocytes (8, 9).  Additionally, observations of natural cytotoxicity were 

limited to cellular components derived from peripheral blood as thymus and lymph node-

derived cells in rats demonstrated no appreciable reactivity against the HLA-negative 

human erythroleukemic cell line K562 (10).  Therefore, the initial characterization of NK 

cells was realized by the identification of their basic morphology, observations of 

spontaneous activity against tumor cell lines lacking HLA, and a process of elimination 

to rule out other immune effectors.     

 

The late 1970’s and early 1980’s led to a better molecular characterization of surface 

markers on NK cells.  They were found to be mostly Fcγ receptor III  (CD16) (11), N901 

(CD56) (12), and T11 (CD2)-positive (13, 14), yet CD3 (a component of the T cell 

receptor) negative (15).  Subsequent analyses revealed two distinct populations of NK 

cells: the CD56dim and CD56bright fractions.  The CD56dim fraction comprises ~90% of 

circulating NK cells and is associated with higher cytotoxic activity and an increased 
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surface density of CD16.  This cellular phenotype also expresses the highest levels of the 

killer immunoglobulin-like receptors (KIRs), a family of both activating and inhibitory 

molecules that will be the major focus of this dissertation (16).  It is this subset of NK 

cells that exerts the eponymous phenotype of the NK cell.  The natural cytotoxic response 

is now known to be directed towards virally infected cells, cells containing intracellular 

bacterial pathogens, and, perhaps most importantly in terms of therapeutic value, 

malignant cells (17-20).  

 

In contrast, the CD56bright NK subset has low cytotoxic potential and little to no CD16 or 

KIR expression, yet it is able to synthesize large quantities of inflammatory and 

regulatory cytokines.  This includes the production of tumor necrosis factor alpha (TNF-

α), interferon gamma (IFN-γ), transforming growth factor beta (TGF-β), interleukin-5 

(IL-5), interleukin-10 (IL-10), and interleukin-13 (IL-13)  (21, 22).  Cytokines 

stimulating hematopoiesis are also released upon CD56bright NK cell stimulation, such as 

colony stimulating factor 1 (CSF1), granulocyte-macrophage colony stimulating factor 

(GM-CSF), and interleukin-3 (IL-3) (23, 24).  This subset is also able to secrete various 

chemokines, including RANTES (Regulated upon Activation, Normal T-cell Expressed, 

and Secreted), macrophage inflammatory protein-1 alpha (MIP-1), and macrophage 

inflammatory protein-1 beta (MIP-1β)—all known to be powerful chemotactic cytokines 

that induce recruitment of T cells, monocytes, neutrophils, basophils, and eosinophils (21, 

25).  These two types of responses, the cytotoxic response towards infected or malignant 

cells and the immunomodulatory effects through cytokine synthesis, constitute the major 

immunological roles of the natural killer cell.  
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In order to mount an appropriate response, the NK cell must first recognize the presence 

of a nearby pathological or infectious state.   In some cases, this process involves 

accessory immune cells, such as dendritic cells or macrophages, which first identify the 

pathogen and then function to secrete various inflammatory cytokines.  These 

immunomodulating agents then recruit and activate NK cells as well as other 

lymphocytes.  Importantly, the NK cell can be directly stimulated by a disease process 

through rapid triggering of its immunoreceptors, as it attempts to determine the relative 

health of a prospective target cell through an array of both activating and inhibitory 

molecules.  It is the sum of the input of all liganded receptors that ultimately regulates the 

cytotoxic and/or cytokine-generating response.  This convergence of multiple signaling 

pathways within the NK cell (one that varies depending upon the ligands presented by an 

individual target cell) determines its level of immune reactivity (or lack thereof), giving 

rise to the concept of “dynamic equilibrium” (i.e., a balance of positive and negative 

signaling in a state of continuous flux based upon the NK cell’s local environment) (26). 

 

1.2 NK  CELLS AND IMMUNOLOGICAL MEMORY  

 

Although there are clear similarities between T cells and NK cells due to their shared 

progenitor cell lineage, natural killer cells have traditionally been classified as effectors 

of the innate immune response, in contrast to the T cell’s categorization as belonging to 

the adaptive immune system.  One can attribute this classification to early observations 

that NK cells possess the ability to mount a rapid response to an infectious 
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microorganism or malignant cell in the absence of prior sensitization and that this 

response is the result of signaling derived from invariant receptors.  In aligning these 

observed traits with the classical view of the immune response, NK cells were thus 

categorized alongside other cellular components of the innate immune system.   

 

This classical view entails an initial response of the innate immune system followed by a 

delayed, yet more sophisticated adaptive response, which is due to somatic recombination 

of genes encoding T cell receptors and immunoglobulins.  After the initial infectious 

challenge and concomitant NK activation, naïve T cells that possess pathogen-specific T 

cell receptors are activated and begin to clonally expand (27).  After this expansion 

phase, and following successful resolution of the infection, the expanded T cell 

population contracts yet still maintains approximately 5-10% of its cloned cell population 

during the “memory maintenance” phase (28).  It is this cohort of T cells that is able to 

mount the rapid and robust immune response to a secondary infection of the same 

pathogen. 

 

While expansion of the NK cell population in response to a pathogen had been previously 

demonstrated, it was not until 2009 that Sun et al. observed a memory-like function in the 

NK cells of a mouse model of cytomegalovirus infection (29).  After viral challenge, the 

subset of NK cells carrying an invariant receptor specific for a viral antigen expanded 

100-fold in the spleen and 1000-fold in the liver, a clonal expansion normally attributed 

to the adaptive response.  Additionally, cells demonstrating a “memory”-like phenotype 

persisted in the primary and secondary lymphoid organs for months and were able to 
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mount a more rapid response to the virus upon rechallenge.  Hepatic NK cells in B and T 

cell-deficient mice have also been shown to develop a specific memory response against 

rechallenge with influenza, human immunodeficiency virus-1, and vesicular stomatitis 

virus (30).  Notably, these data alter the classical understanding of NK biology and 

provide evidence that this cell type may act as an evolutionary bridge between the innate 

and adaptive immune systems (Figure 1.1).  However, as all observations have been 

conducted in mouse model systems, have been limited to hepatic (non-circulating) NK 

cells, and cannot be replicated in vitro, it remains to be seen whether human NK cells 

exhibit the same functionality.      

 

1.3 THE “M ISSING SELF”  HYPOTHESIS AND NK  L ICENSING  

 

First elucidated in the mid 1980’s, the “missing self” hypothesis postulated that NK cells 

react, through a variety of receptors, to a decreased or lack of expression of major 

histocompatibility complex (MHC) molecules, termed human leukocyte antigens (HLA) 

in humans (Figure 1.2).  These conditions are sometimes known to present themselves in 

the event of viral infection or tumorigenesis (31, 32).  As it is reliant upon the T cell 

receptor (TCR) for activation, the cytotoxic T cell response is diminished as a target cell 

downregulates the TCR ligand, HLA.  But the question becomes whether the immune 

system evolved a counter mechanism to address this scenario.  Subsequent analyses 

revealed that inhibitory receptors, namely the long cytoplasmic-tailed killer 

immunoglobulin-like receptor (KIR) and the NKG2 families of receptors in humans,  
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Figure 1.1: The discovery of NK memory-like features indicates a bridge between the 

innate and adaptive immune systems.  The classical and proposed models of innate and 

adaptive immunity are depicted.  Due to their rapid response to a primary infectious 

challenge, NK cells have long been considered part of the innate immune system (along 

with dendritic cells, neutrophils, and macrophages).  As the memory-like function of NK 

cells towards a secondary infection was realized, the contemporary model suggests that 

NK cells form a bridge, both in terms of evolution and function, between the innate and 

adaptive immune systems.  Green lines represent the innate response, blue lines the NK 

response, and red lines the B/T cell (adaptive) response.  The y-axis corresponds to the 

magnitude of response (in terms of effector function) and the x-axis corresponds to the 

time between primary and secondary infectious challenges (typically months to years).  

Adapted from Sun JC, Lanier LL, Eur. J. Immunol. (2009), 39(8): 2059-64.  
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Figure 1.2: The “missing self” hypothesis describes the role of NK cells in eliminating 

malignant and virally infected cells.  As the NK cytotoxic response is controlled by the 

balance of signals derived from multiple activating and inhibitory receptors, the ligands 

that a target cell displays will ultimately dictate the level of NK activity.  A, Normal cells 

express HLA (the ligand for the inhibitory KIR receptor) and lack an activating ligand, 

thereby eliciting no measurable NK response.  B, Tumor cells can express both activating 

and inhibitory ligands.  If the inhibitory KIR receptor binds its HLA ligand with high 

avidity, it can override the activation signaling cascade and render the NK cell non-

responsive.  C, When an inhibitory KIR binds its HLA ligand with low avidity, the 

relatively weak inhibitory signaling cascade cannot completely abrogate the activation 

response, thus resulting in a weak cytotoxic response.  D, When a tumor cell 

downregulates its surface HLA molecules (i.e., a state of “missing self”), yet continues to 

display activating ligands, the NK cell mounts a robust cytotoxic response.  E, Absence 

of HLA is not sufficient to induce the cytotoxic response without the presence of 

activating ligands.     



 

 12

A 

B 

C
�  

E 

D 



 

 13

recognize specific HLA molecules as their ligands.  Upon down-regulation of these 

ligands by target cells experiencing a pathological process, the inhibitory mechanism of  

the CD56dim subset of NK cells is lost, ultimately leading to the cytotoxic response 

(provided that a sufficient level of activating receptors have been stimulated) (33, 34).  

Furthermore, it soon became apparent that not only was a lack of inhibitory NK signaling 

through a state of “missing self” on the target cell necessary, but it was also the 

prerequisite of proper licensing—a component of the NK maturation process that ensures 

tolerance to self (35). 

 

Initial observations that murine NK cells from MHC-deficient animals were 

hyporesponsive rather than hyperactive lent credence to the hypothesis that proper 

licensing of the maturing NK cell by exposure to MHC-bearing target cells was necessary 

for appropriate maturation (36).   Eventually, it was observed that, at minimum, one type 

of inhibitory receptor capable of engaging self-MHC on potential target cells was 

necessary for the licensing of a proper NK response, a requirement which became known 

as the “at least one” hypothesis (37, 38).  In observations in humans and mice, it has been 

suggested that, as a NK cell matures, it will sequentially gain inhibitory receptors until it 

acquires a self-specific MHC receptor, thereby completing the licensing process.  

Furthermore, the number of inhibitory receptors present on the surface of a particular NK 

cell seems to establish a dose-response effect, in which stronger inhibitory signaling 

during NK cell development culminates in a hyper-responsive subset of cells once 

inhibition is eliminated (39).  Of note, recent studies have indicated that most individuals 

possess a subset of seemingly hyporesponsive NK cell populations that do not express an 



 

 14

inhibitory receptor and could therefore be reactive against cells expressing self MHC.  In 

these cell populations, it has been hypothesized that an MHC-independent system of 

unknown NK receptors may account for the maturation and low-level cytotoxic activity 

of this unique subset of NK cells (40). 

 

In addition to the inhibitory pathways stimulated by interactions with HLA, the education 

process of NK cells is likely influenced by the input of numerous activating receptors.  

Mainly characterized in murine model systems, this phenomenon has been observed 

when activating receptors are continually stimulated in transgenic animals whose somatic 

cells ubiquitously express activating ligands (e.g., the m157 ligand for the activating 

receptor Ly49H) (41, 42).  The constant influx of activating stimuli ultimately resulted in 

an abundance of hyporesponsive NK cells, presumably through an as yet uncharacterized 

negative feedback loop.   And while data involving human NK differentiation is less 

readily available, indirect corollaries can be drawn to observations in murine model 

systems by analyzing the activity of immune cells derived from the solid tumor 

microenvironment.  Under these circumstances, NK cells are often highly anergic, likely 

due to overstimulation of the activating NKG2D receptor by soluble, tumor-secreted 

MICA (43).  Akin to the observations in mice, this constant stimulation is hypothesized 

to culminate in a tumor-localized population of hyporesponsive NK cells.  In humans, the 

role of activating receptors in the NK development process is unknown but it is possible 

that their influence may affect licensing as they mature.   
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Ultimately, the education/licensing of the immature NK cell ensures that potential 

autoreactive populations are not generated towards host tissue.  While activating 

receptors may play a role in this process, current thinking suggests that the presence and 

intensity of signaling through inhibitory receptors is integral to this process.  Once the 

fully mature and licensed NK cell is released to the periphery from the bone marrow, this 

specialized lymphocyte contacts neighboring cells, constantly scanning for the down-

regulation of MHC ligands (i.e., a state of “missing self”) as well as for the transient 

upregulation of activating ligands during periods of cellular stress.  Through this 

carefully orchestrated system of development, the immune system strives to ensure that 

the mature NK cell is only reactive against altered self.     

 

1.4 NK  SIGNALING  

 

1.4.1 NK  RECEPTORS AND THE IMMUNE SYNAPSE 

 

The primary response of the NK cell towards its local environment is ultimately dictated 

by its ability to interface with and sense the condition of neighboring cells.  The 

mechanism by which this is achieved is via the immune synapse (IS), a specialized array 

of receptors (both activating and inhibitory in nature) as well as adhesion molecules that 

coalesce at the interface between the NK and target cell.  First characterized in T-cells 

during the 1970’s and 1980’s, it was noted that the killing response, whose hallmark is 

the polarization and subsequent release of cytotoxic granules containing various 

granzymes and perforins, was orchestrated by the immune synapse.  Of course, such 
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activity was dictated by activating signals transduced by the TCR upon binding to a 

specific antigenic peptide presented by MHC molecules at the target cell’s surface (44-

46). 

 

As focus shifted to that of the recently discovered NK cell, many parallels to the T cell 

were observed.  For instance, many of the same adhesion molecules were utilized, such 

as leukocyte function-associated antigen-1 (LFA-1) (47, 48).  Similarly, the initiation of 

the killing response via polarization of the cytoskeleton and accompanying secretory 

granules revealed an additional level of analogous function between these two classes of 

lymphocytes (49).  Even the structural segregation of pertinent adhesion molecules and 

signaling receptors seemed to share a common evolutionary contrivance:  a bull’s eye 

patterned structure termed the supramolecular activation cluster (SMAC).  Signaling 

receptors in the central SMAC (cSMAC) interface with activating and/or inhibitory 

ligands from the target cell’s surface whilst adhesion molecules (e.g., LFA-1 and CD2) 

organize within the outer ring of the peripheral SMAC (pSMAC) (50-52). 

 

Of note, the molecular mechanisms responsible for either the acceleration or dampening 

of the cytotoxic response become functionally divergent between NK and T cells at this 

level of resolution.  That is to say, the NK cell lacks the antigen-specific T cell receptors 

that define the T-cell synapse.  Instead, a series of activating and inhibitory receptors act 

to influence the cellular response towards neighboring cells.  As inhibitory receptor 

signaling functions to terminate activating signals within the NK cell through the 
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recruitment of Src homology region 2 domain-containing phosphatases (53), it is best to 

consider first the mechanisms by which the activation signal is transduced. 

 

1.4.2 THE ACTIVATING IMMUNE SYNAPSE 

 

The initiation of the NK killing response begins with the formation of the immune 

synapse.  First, adhesion molecules such as LFA-1 and CD2 function to anchor the NK to 

its neighboring target via their ICAM-1 and CD58 ligands, respectively.  Within minutes, 

these adhesion molecules segregate to the pSMAC (54), while both activating and 

inhibitory receptors migrate towards the cSMAC in order to sample the status of the 

apposed target cell (55).  If the killing response is to be initiated, it is typically triggered 

by more than one pathway, ideally via families of receptors that, after binding their 

cognate ligands, transduce activating signals via adaptor molecules.  The original signal 

is then amplified as it travels by way of multiple secondary messengers within the 

cytoplasm.  While distinct receptors may utilize different adaptor molecules, the resulting 

signaling cascades are thought to synergize within the cell and culminate in the cytotoxic 

response and/or cytokine production.  As an example, a hypothetical convergence of NK 

activating signals could involve 2B4 (a SLAM family receptor that, after binding CD48, 

recruits SAP and ultimately Fyn through an immunoreceptor tyrosine-based switch motif 

(ITSM)), NKG2D (which binds ULBP1 and signals via the adapter molecule DAP10), 

and NKp44 (which signals via DAP12 after binding an unknown ligand) (55-57).  In this 

situation, three receptors employ unique transmembrane motifs to recruit independent  
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Figure 1.3: The activation response is frequently triggered by the confluence of multiple 

signaling cascades.  The 2B4 receptor, upon binding to CD48, recruits SAP by binding of 

the receptor’s ITSMs to the Src homology (SH) 2 domain of SAP.  SAP then recruits 

FYN (through its SH3 domain), leading to the activation of multiple downstream 

signaling molecules.  When NKG2D is triggered by ULBP1, a dimer of the DAP10 

adaptor molecule, upon phosphorylation by an Src kinase, recruits PI3K and/or Grb2.  

When NKp44 binds its cognate ligand, a DAP12 dimer recruits Zap70/Syk.  The 

downstream signals derived from the stimulation of these three receptors synergize, 

leading to the cytotoxic response, as well as cytokine synthesis.  In most cases two or 

more activating pathways must be sufficiently triggered in order to produce this response; 

however, the Fc receptor CD16 can independently trigger an NK response to antibody-

coated target cells.     
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adaptor molecules that synergize in order to propagate the activation signal and 

ultimately initiate the NK activation response (Figure 1.3).  In contrast to the above 

scenario, the Fc receptor CD16 (FcγRIIIA) can transduce activating signals through the 

cSMAC that are potent enough to act in isolation (58).  Once the receptor binds an 

antibody coating the surface of the target cell, signaling is initiated by the FcεRIγ adapter 

molecule.  After phosphorylation of its immunoreceptor tyrosine-based activation motif 

(ITAM, defined by YxxL/I-6-8-YxxL/I) by an Src family protein tyrosine kinase, FcεRIγ 

can bind the SH2 domains of the Syk tyrosine kinase (59, 60).  Activated Syk can then 

phosphorylate a number of sites on transmembrane adapter proteins (TRAPs) (e.g., linker 

for activation of T cells (LAT) and non-T cell activation linker (NTAL)).  Once 

phosphorylated, these TRAPs can recruit—though binding of their SH2 domains—Grb2, 

phospholipase C-1γ, PI3 kinase, SLP76, and Vav, among others (61).  Activation of these 

molecules ultimately leads to intracellular calcium mobilization, ERK1/2 and NF-κB 

activation, cytoskeletal rearrangement, degranulation, and/or cytokine synthesis/secretion 

(62, 63) (Figure 1.3). 

  

1.4.3 THE INHIBITORY IMMUNE SYNAPSE 

 

The formation of the mature immune synapse entails the confluence of activating and 

inhibitory receptors in the central region of the “bull’s eye”: the cSMAC.  As a 

checkpoint to ensure the killing of only pathological cells, inhibitory MHC class I 

receptors, such as the KIR family (humans), the LY49 family (mice), and NKG2A 

(conserved in both species), scan the surface of the opposing cell in an attempt to sense 
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the levels of their ligands.  Hence, the immune system has evolved a mechanism by 

which it can detect a disease state, such as malignant transformation or viral infection, by 

sensing the downregulation of self (i.e., “missing self”) and the subsequent abrogation of 

inhibitory signaling. 

 

Conversely, if sufficient MHC is present at the opposing cell’s surface, the liganded KIR 

and NKG2A receptors transduce an inhibitory signal via the immunoreceptor tyrosine-

based inhibition motifs (ITIMs) found on the cytoplasmic tail of these receptors.  This is 

accomplished by phosphorylation of the ITIM motif by Src family kinases.  The activated 

ITIM domain then recruits Src homology region 2 domain-containing phosphatases 1 and 

2 (SHP-1 and SHP-2).  SHP-1 acts to cease activation signaling (provided that the target 

cell is promoting such signaling through the surface display of immune “danger signals”) 

by dephosphorylating Vav-1 and Zap-70—effectively terminating the transduction of 

activating signals within the NK cell.  Naturally, the ratio of activating kinases, such as 

Syk, Zap-70 and Vav-1, to inhibitory SHP dephosphorylases phosphatases can ultimately 

dictate the fate of the immune synapse (i.e., inhibitory versus cytotoxic) (55) (Figure 1.4).  

Quite simply, those synapses that trigger a high ratio of activating to inhibitory signaling 

cascade members tend to stabilize and initiate the cytotoxic response, while those with a 

low ratio tend to favor inhibitory signaling and allow the NK cell to rapidly disengage 

from the opposing cell.      
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Figure 1.4: An inhibitory receptor interrupts the activation signaling cascade by 

dephosphorylating Vav1 and Zap70/Syk.  After binding its HLA-C ligand, KIR2DL2, a 

strong inhibitory molecule, is phosphorylated by an Src family kinase.  It then recruits 

SHP-1 through its SH2 domains.  Activated SHP-1 dephosphorylates Vav1 and 

Zap70/Syk, effectively halting two major activation pathways that would otherwise 

converge to yield the cytotoxic response and/or cytokine production.  Notably, an 

inhibitory KIR that binds its HLA ligand with low avidity is thought to generate lower 

concentrations of activated SHP-1.  If met with relatively high concentrations of 

phosphorylated Vav1 and Zap70/Syk, SHP-1 may be unable to completely abrogate the 

activation response.
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CHAPTER 2: 

THE K ILLER IMMUNOGLOBULIN -L IKE RECEPTOR 
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2.1 GENE STRUCTURE  

 

Of the hundreds of immunoglobulin superfamily genes within the human genome, many 

are located within the leukocyte receptor complex (LRC) at 19q13.4 (64).  The LRC 

encodes the leukocyte Ig-like receptors (LILRs), found on cells of myeloid lineage, as 

well as the killer immunoglobulin-like receptors (KIR), found on most NK cells and a 

subset of cytotoxic T cells.  Based on their head-to-tail orientation, conservation of 

intron-exon structure, and high degree of sequence homology (65), the KIR family of 

genes likely expanded from a single founder gene, KIR3DL (66), and now includes 14 

genes and 2 pseudogenes.  The receptors encoded by these genes comprise a relatively 

balanced mixture of activating (six) and inhibitory (seven) molecules, as well as a single 

receptor that employs both activating and inhibitory motifs (KIR2DL4).  Primarily found 

on the surface of NK cells (though also described on γδ T cells (67)), this family of 

receptors is thought to play an integral role in the modulation of the immune response. 

 

Classified by their structure, KIR genes belong to one of three distinct groups based upon 

their extracellular regions: Type I KIR2D, Type II KIR2D, or KIR3D (68) (Figure 2.1).  

Type I genes include those KIR that encode mature receptors with two extracellular 

domains: termed KIR2D with extracellular domains D1 and D2.  These 
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Figure 2.1: KIR molecules differ in their domain structure configurations and signaling 

functions. This family of receptors is divided into two broad groups based on the 

configuration of their extracellular domains: two domain KIR (KIR2D) and three domain 

KIR (KIR3D).  KIR2D is further subdivided into Type I (possessing D1 and D2) and 

Type II (D0 and D2) receptors.  The inhibitory long tailed KIR contain two intracellular 

ITIMs, with the exception of KIR2DL4 and KIR3DL3, which each encode only one.  

Conversely, the activating short tailed KIR contain a lysine at position 9 in the 

transmembrane region which functions to interact with DAP12 signaling accessory 

molecules.  KIR2DL4 also features a positively charged residue within this region, an 

arginine at position 4, which interacts with the FcεRI-γ adapter molecule.  
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genes, which include KIR2DL1, KIR2DL2, KIR2DL3, KIR2DS1, KIR2DS2, KIR2DS3, 

KIR2DS4, KIR2DS5, and the non-transcribed pseudogene KIR2DP1, contain eight exons 

in addition to a pseudoexon 3 (a nonexpressed region of these KIR that is analogous to 

the extracellular region D0) (69).   Type II KIR encode receptors that also contain two 

extracellular domains (KIR2D), but code for a D0-D2 extracellular conformation.  

KIR2DL4 and KIR2DL5 represent this category of KIR, and are characterized by the 

absence of exon 4, which encodes the D1 domain, as well as an expressed exon 3 

(corresponding to the D0 domain) (70).  The remaining KIR genes encode receptors 

containing the D0, D1, and D2 extracellular regions—the KIR3D molecules.  KIR3DL1, 

KIR3DL2, KIR3DL3, and KIR3DS1, as well as the non-transcribed pseudogene 

KIR3DP1, belong to this group.  In addition to classification of these receptors based 

upon the structure of their extracellular region, KIR are segregated by the length of their 

intracellular tail.  The long-tailed KIR (KIR2DL and KIR3DL) are frequently inhibitory 

in nature; whereas, short tailed KIR (KIR2DS and KIR3DS), through interaction with a 

dimer of the DAP12 adaptor molecule, transduce stimulatory signals. 

 

The KIR loci are highly polymorphic.  To date, 614 alleles and 321 allelic products have 

been described (http://www.ebi.ac.uk/ipd/kir/stats.html).  The nomenclature for KIR 

alleles was designed to mimic that of the HLA alleles, whereby the first three digits of the 

numerical designation after the asterisk represents alleles that encode unique amino acid 

sequences (i.e., allelic products).  Additional identifiers include the following two digits, 

which indicate a synonymous DNA substitution, and the final two digits, which indicate 

differences in non-coding regions (e.g., KIR2DL2*0010101).  As non-synonymous 
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polymorphisms within the KIR loci may affect the encoded receptors’ phenotypes, this 

thesis will focus on the impact of allelic variation upon the structure-function relationship 

of the most common KIR2DL2 and KIR2DL3 allotypes.   

 

KIR expression follows a stochastic, clonally distributed expression pattern.  While the 

underlying mechanisms controlling the transcription of individual KIR receptors have yet 

to be fully understood, it has been observed that their expression generally follows the 

product rule, whereby the product of the individual expression frequencies of two or 

more KIR genes is equal to the probability of their shared expression on the NK surface.  

Evidence that a cytosine-phospho-guanine island proximal to the transcription start site is 

methylated in non-expressed KIR is suggestive that this form of epigenetic control is a 

component of the mechanism governing transcription of these receptors (71).  Heavily 

methylated KIR promoter regions also correlate with repressive histone modifications 

(increased H3K9 dimethylation and decreased H4K8 acetylation) (72)—conditions that 

are present in NK progenitor cells that lack KIR expression.  Additionally, these 

epigenetic control mechanisms appear to coordinate with bidirectional promoter elements 

to influence the level of KIR transcription (73).  It is currently hypothesized that the ratio 

of forward to reverse KIR transcripts dictates the level of protein expression, as immature 

KIR-negative NK cells contain a relatively high concentration of the reverse (antisense) 

transcript compared to mature, KIR-positive cells.  Recent evidence that IL-2 and IL-15 

induce STAT5 activation, a transcription factor that drives expression of the KIR3DL1 

reverse promoter, suggests that these cytokines play a role in the control of KIR protein 

expression patterns (74).  Ultimately, continued investigation of the unique mechanisms 
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that dictate the expression levels of individual KIR genes may aid in the development of 

novel therapeutic strategies for manipulating the activity of NK cells in the clinical 

setting. 

 

2.2 KIR  PROTEIN STRUCTURE     

 

As noted earlier, KIR genes encode cell surface receptors that possess either two or three 

extracellular Ig-like domains.  Together, these regions function to recognize and bind 

their HLA class I ligand.  The extracellular domains are linked by a short stem region 

(ranging from seven to 24 amino acids) to a hydrophobic transmembrane region (19-20 

residues in length) (75).  Inside the cell, various motifs in the KIR C-terminal tail dictate 

the nature of the intracellular signaling.  The short tailed KIR possess a positively 

charged lysine at position 9 of the transmembrane region.  Through charge 

complementarity, this residue binds with an aspartic acid residue within the 

transmembrane region of the stimulatory DAP12 molecule (76, 77).  Necessary for these 

KIR to initiate their stimulatory signaling, the adaptor molecule contains two ITAMs 

which function to initiate downstream signaling cascades.  Initiated by ligand binding of 

the associated KIR, the ITAMs’ tyrosines are phosphorylated by Src family kinases, 

leading to docking of ZAP-70 and Syk tyrosine kinase family members (78).  This is 

followed by the subsequent activation of multiple downstream molecules that ultimately 

stimulate the synthesis of various cytokines and/or facilitate the cytotoxic response. 
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By contrast, the long-tailed KIR are inhibitory in nature, as most contain two ITIMs 

(exceptions being KIR2DL4 and KIR3DL3, which possess only one ITIM).  After 

binding its HLA ligand, the dual ITIMs of a ligand-bound inhibitory KIR dock with the 

protein tyrosine phosphatases SHP-1 or SHP-2 through their tandem SH2 domains.  By 

fusing the KIR extracellular region with a modified intracellular tail that included a 

substrate-trapping mutant of SHP-1, Stebbins et al. were able to demonstrate that Vav-1 

dephosphorylation by this phosphatase was necessary and sufficient to result in 

dominant–negative signaling (78).  Subsequent site-directed mutagenesis of both KIR 

ITIMs demonstrated a functional role for both motifs in the transmission of inhibitory 

signaling (79).  Specifically, modification of the canonical ITIM sequence (I/VxYxxL) 

revealed that the tyrosine residue was critical for SH2 domain-based docking of the SHP-

1 and 2 molecules, and hence, inhibitory signaling.  Further, mutation of the N-terminal 

hydrophobic residues (e.g., isoleucine or valine) reduced but did not completely abrogate 

the signaling apparatus; whereas, the C-terminal leucine did not exhibit a significant 

impact when substituted.  Interestingly, the membrane-proximal ITIM demonstrated 

preferential binding to SHP-2 while the more C-terminal ITIM recruits SHP-1.  The 

significance of this finding is that the N-terminal ITIM appears to be necessary and 

sufficient to overcome the activation response in cellular assays; whereas, the second 

ITIM is thought to merely augment the inhibitory signaling apparatus (80).                  
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2.3 KIR  L IGANDS 

 

In humans, the KIR receptors have evolved to recognize certain MHC Class I molecules, 

namely HLA-A, -B, and -C.  As the genes encoding the HLA molecules reside on 

chromosome 6p21.3, they are inherited independently from KIR.  Defining the 

immunological “self”, these genes are the most polymorphic of the human genome and 

are expressed by nearly all nucleated cells.  This extensive polymorphism functions to 

both alter the three-dimensional structure of an individual HLA molecule as well as the 

peptide repertoire of each allotype (81), two variables that are known to greatly influence 

the avidity and affinity of KIR binding (82, 83). 

 

While the ligands for certain stimulatory KIR are largely undefined and may be related to 

HLA molecules displaying specific disease-associated peptides (and perhaps not yet 

detected in the experimental assays) (84), much more is known regarding the specificity 

of the inhibitory KIR for their cognate HLA ligands, with the exception of KIR2DL5 and 

KIR3DL3 (Table 2.1).  For example, the two domain inhibitory receptors recognize 

HLA-C group 2 (KIR2DL1 and, with lower avidity, KIR2DL2 and KIR2DL3) as well as 

HLA-C group 1 (KIR2DL2 and KIR2DL3).  These two broad classifications of HLA-C 

allotypes are defined by polymorphism at position 80: group 1 molecules possess an 

asparagine at 80 while group 2 is defined by a lysine at this location.  Conversely, the 

three domain inhibitory receptors, which bind the Bw4  
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Table 2.1:  KIR and their known HLA ligands 

 

KIR Number of 
Alleles/Allelic 
Products1 

Domain 
Composition 

Ligand Function 

KIR2DL1 43/24 D1 + D2 HLA-C group 2 Inhibitory 

KIR2DL2 28/11 D1 + D2 HLA-C group 1 &      

   group 22 

Inhibitory 

KIR2DL3 34/17 D1 + D2 HLA-C group 1 &  

   group 22, 3 

Inhibitory 

KIR2DL4 46/22 D0 + D2 HLA-G Inhibitory &   

   Activating 

KIR2DL5 41/17 D0 + D2 Unknown Inhibitory 

KIR3DL1 73/58 D0 +D1 +D2 HLA-Bw4 epitope  Inhibitory 

KIR3DL2 84/61 D0 +D1 +D2 HLA-A*03 & 

   HLA-A*11 

Inhibitory 

KIR2DS1 15/7 D1 + D2 HLA-C group 24 Activating 

KIR2DS2 22/8 D1 + D2 Unknown Activating 

KIR2DS3 14/15 D1 + D2 Unknown Activating 

KIR2DS4 30/13 D1 + D2 HLA-A*11 & 

   some HLA-C4 

Activating 

KIR2DS5 16/11 D1 + D2 Unknown Activating 

KIR3DS1 16/12 D0 +D1 +D2 ±HLA-B Bw45 Activating 

 
1Officially named alleles are described by the Immuno Polymorphism Database 
(http://www.ebi.ac.uk/ipd/kir/) 
 
2KIR2DL2 and KIR2DL3 bind HLA-C group 2 with a lower affinity than group 1 (85) 
 
3KIR2DL3 binds HLA-C allelic products with a lower affinity than KIR2DL2 (85) 
 
4KIR2DS1 binds HLA-C group 2 with extremely low affinity 
 
5HLA-B Bw4 is not a universally accepted ligand for KIR3DS1 (86, 87) 
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epitope defined by HLA residues 77-83, recognize certain HLA-A (KIR3DL1 and, to a 

lesser extent, KIR3DL2) or HLA-B (KIR3DL1).   

 

Analyses of the 2D and 3D KIR crystal structures in complex with their HLA ligands 

revealed a high degree of charge complementarity between the two molecules.  

Concerning the KIR2DL2 molecule, Boyington et al. (83) determined that the D1 and D2 

domains of KIR2DL2 (*001 variant) contact the α1 and α2 helixes and peptide positions 

7 and 8 of HLA-C*03:04 (group 1) in an orthogonal orientation.  This crystal structure 

showed that six KIR2D loops (whose nomenclature indicates which β-strands are 

involved) directly interacted with the HLA-C molecule: loop A’B (residues 20-23 of the 

D1 domain), loop CC’ (residues 43-46 of the D1 domain), loop EF (residues 67-74 of the 

D1 domain), the hinge loop (residues 103-108, located between domains), loop BC 

(residues 130-135 of the D2 domain), and loop FG (residues 182-184 of the D2 domain).  

Speaking to their significance in determining ligand specificity, KIR2DL2 and KIR2DL3 

share identical HLA binding loops.  Examination of the solved KIR2DL2/HLA-C crystal 

structure (83) revealed that the KIR D1 domain loops, via charge complementarity and a 

salt bridge between Glu 21 of KIR and Arg 69 of HLA-C, interact with the HLA α1 helix 

as well as the presented peptide (in this case GAV, derived from human importin-α-1 

subunit [residues 204-212]).  Furthermore, KIR residues Glu 106 (hinge loop), Ser 133 

(BC loop), and Asp 183 (FG loop) form critical salt bridges with Arg 151, Arg 145, and 

Lys 146, respectively, of the HLA-C α2 helix.  Finally, variation of the bound peptide in 

a surface plasmon resonance (SPR) assay system determined the significance of its amino   
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acid sequence: position 8 must be smaller than valine in order to produce a high affinity 

interaction between this receptor and its ligand. 

 

While examination of the KIR2DL1 binding loops demonstrates high sequence homology 

to KIR2DL2 and KIR2DL3 as well as shape complementarity at the receptor-ligand 

interface, there are two differences at key residues involved in the KIR/HLA binding 

region.  Specifically, Met 44 in KIR2DL1, a prominent residue within the CC’ loop, 

forms hydrophobic contacts with Arg 79 and Lys 80 of HLA-C*04:01 (group 2) (88).  

This is in contrast to Lys 44 in KIR2DL2 and KIR2DL3, which hydrogen bonds with Asn 

80 of HLA-C*03:04 (group 1) (Figure 2.2).  In fact, mutation of Lys 44 to a methionine 

disrupts this hydrogen bond and results in a >14-fold increase in Kd value as determined 

by surface plasmon resonance (thereby indicating a significant decrease in affinity) (83).  

The additional binding loop residue that differs between these 2D KIR is located at 

position 70 of the EF binding loop: Met 70 in KIR2DL2 and KIR2DL3 and Thr 70 in 

KIR2DL1.  Though not influencing KIR2DL specificity for HLA-C group 1 versus group 

2, mutation of Thr 70  
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Figure 2.2:  Lys 44 of KIR2DL2/3 and Asn 80 of HLA-C Group 1 form a hydrogen bond 

that effectively stabilizes the interaction between the two molecules.  A, This ribbon 

diagram depicts the upward face of the HLA-C:03:04 molecule with the bound importin 

alpha-2 peptide (purple and green, respectively, PDB ID: 1EFX).  The regions of the 

HLA-C α1 and α2 helixes that bind with KIR are indicated by red ellipses.  Asn 80 of 

α1, indicated by a yellow circle, is responsible for producing the HLA-C group 1 

phenotype.  B, This panels displays a ribbon diagram of KIR2DL2*001 which was co-

crystalized with HLA-C*03:04 and the importin alpha-2 peptide (gold, purple, and green, 

respectively, PDB ID: 1EFX).  The hydrogen bond that stabilizes the binding between 

HLA-C group 1 and KIR2DL2 is depicted in red.   
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to methionine decreases KIR2DL1’s avidity for HLA-C group 2 by approximately 50% 

(89). Notably, these two positions are located within the putative ligand-binding region of 

the KIR2DL molecules (Lys/Met 44, Met/Thr 70, Gln 71 and Asp 72), which interacts 

with conserved aliphatic portions of the HLA-C molecule (Arg 69, Arg 75, and Arg 79) 

(83).  In summary, it is the residue change at position 44 between KIR2DL1 and 

KIR2DL2/KIR2DL3 that results in preferential binding between HLA-C group 2 and 1, 

respectively.   

 

In addition to the observed differences between KIR2DL1 and KIR2DL2 in regards to 

HLA-C specificity, these two KIR molecules differ with respect to the role that the HLA-

bound peptide plays in receptor ligand affinity and avidity.  Specifically, the region of 

KIR2DL1 that surrounds position 8 of the peptide (residues Ser 20, Glu 21, Thr 70, Gln 

71, Asp 72, Leu 104, and Glu 187) results in an electronegatively charged polar surface, 

which allows for positively charged peptide residues at the P8 location (and therefore 

excludes acidic amino acids at this position) (88, 90).  Furthermore, the crystal structure 

reveals that none of these proximal residues is closer than 4 Å to P8, indicating that the 

size of the side chain at this position of the peptide is likely not a contributing factor to 

KIR2DL1/HLA-C affinity.  Somewhat less promiscuous in terms of peptide selectivity is 

KIR2DL2, as the spatial arrangement of it binding loops results in a closer proximity of 

Gln 71, which dictates that the amino acid side chain be no larger than that of valine or 

threonine at the P8 location (83).  In fact, surface plasmon resonance analysis revealed 

that amino acids with larger side chains, such as tyrosine and lysine, resulted in a >60-

fold increase in Kd—essentially abrogating KIR2DL2 (*001 variant) binding to HLA-
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C:03:04.  By contrast, replacing the alanine of the GAV peptide at P8 with serine, whose 

side chain is only marginally larger than that of the original peptide, only decreased 

affinity of this KIR for its ligand by a factor of four.  These findings provide structural 

explanations for the different role of HLA peptide content, which can vary among allelic 

products, upon the avidity of specific KIR for their cognate ligands.     

 

Just as the majority of polymorphic residues that confer KIR2DL1, KIR2DL2, and 

KIR2DL3 ligand specificity reside within the D1 domain (e.g., position 44), so too do 

those that are critical for KIR3DL molecules—lending further credence to the 

evolutionary significance of polymorphism within this domain.  Case in point, recent 

analysis of a crystal structure of KIR3DL1 (*001 variant) and its HLA-B*57:01 ligand 

suggests that the second domain (i.e., D1) confers specificity of KIR for its cognate 

ligands.  Further, the KIR D0 and D2 domains interacted with relatively conserved 

regions of the HLA molecule and are, therefore, unlikely to significantly impact KIR3DL 

specificity (91).  In fact, the D1 and D2 domains of KIR2DL and KIR3DL share a great 

degree of structural homology, yet subtle differences in the orientation of their ligand 

binding loops determine each receptor’s unique HLA specificity.  As an example, 

KIR2DL1 and KIR3DL1 molecules differ in the orientation of their CC’ loop in relation 

to the HLA α1-helix. This region of KIR2DL1 (residues 42-45) contains prominent side 

chains that would sterically hinder appreciable binding to the Bw4 epitope, while the 

KIR3DL1 CC’ loop is relatively flat and consequently allows for an interaction with this 

subset of HLA-B allotypes (91).  In sum, the data gathered from analysis of crystal 

structures containing KIR2DL1, KIR2DL2, and KIR3DL1 in complex with their cognate 



 

 40

ligands allows for a greater appreciation of specific residues that are critical for HLA 

specificity as well as affinity/avidity.    

 

Beyond the local impact of polymorphism on individual KIR binding loops, these residue 

changes can impact the relative orientation of KIR domains to one another.  Such 

rearrangements of certain KIR allelic products’ tertiary structures are now thought to 

affect, to a degree, HLA binding affinity/avidity (and perhaps specificity) among the KIR 

receptors.  For instance, Moesta et al. have demonstrated that KIR2DL2*001 and, to a 

smaller degree, KIR2DL3*001 were substantially more promiscuous in regards to their 

HLA-C binding when compared to KIR2DL1*003 (85).  Via analysis of HLA-coated 

polystyrene beads, both KIR2DL2 and KIR2DL3 demonstrated the ability to bind certain 

HLA-C group 2 allotypes in addition to their “classical” group 1 ligand.  Moesta 

postulated that the increased hinge angle between the D1 and D2 domains of KIR2DL2 

(84° unliganded; 81° liganded) and KIR2DL3 (78° unliganded; unknown angle liganded), 

relative to KIR2DL1 (55° unliganded; 66° liganded), allowed for intermediate to strong 

binding to certain HLA-C group 2 ligands (a non-classical ligand for these KIR) (Figure 

2.3).  The highly acute interdomain hinge angles—and resulting spatial arrangement of 

the ligand binding loops—of KIR2DL2 and KIR2DL3 in comparison to KIR2DL1 likely 

result in the formers’ ability to bind HLA-C group 1 and 2 versus the latter’s limitation to 

group 2 ligands.  

 

Although KIR2DL2 and KIR2DL3 appear to share the same HLA-C specificities, the 

affinity of KIR2DL2 (*001 variant) is as much as 8-fold higher than KIR2DL3 (*001  
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Figure 2.3: The interdomain hinge angle is hypothesized to influence the avidity of a KIR 

molecule for its HLA ligand.  A, This panel displays a ribbon diagram of KIR2DL2*001 

which was co-crystalized with HLA-C*03:04 and the importin alpha-2 peptide (gold, 

purple, and green, respectively, PDB ID: 1EFX).  B and C, These panels contain ribbon 

structures depicting unliganded KIR2DL2*001 and KIR2DL3*001 (PDB IDs: 2DL2 and 

1B6U).  A-C, The axes of the KIR D1 and D2 domains were bounded by residues 4 

through 103 and 107 through 200, respectively.  The calculated hinge angles (red) 

between the KIR D1 and D2 domains represent the crossing angle between vectors 

delineating the two axes for each respective KIR allelic product.  
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variant) for certain HLA-C allotypes (85).  In the case of KIR2DL2, Arg 16 and Cys 148 

are distal to the HLA binding site but function to increase the hinge angle between the D1 

and D2 domains compared to KIR2DL3 (which possesses Pro 16 and Arg 148).  

Specifically, the side chain of Arg 16 forms interdomain hydrogen bonds with Ala 145 

and Glu 147 of the D2 domain in KIR2DL2, a relationship that is likely to be altered in 

KIR2DL3 due to Pro 16 at this location.  By contrast, Arg 148 is thought to stabilize the 

CC’ loop of D2 in KIR2DL3 by a hydrogen bond with Pro 165—another structural 

divergence between the two allotypes as this molecular interaction would not be possible 

in the case of KIR2DL2.  As the CC’ loop is known to form interdomain contacts 

between D1 and D2, this shift in the relative orientation of this region between KIR2DL2 

and KIR2DL3 is thought to contribute to differences in avidity, but not HLA specificity, 

between the two molecules (85).  Ultimately, functional analysis of polymorphism within 

all common KIR allotypes, including evaluation of polymorphic residues distal to the 

HLA binding sites, is necessary to fully appreciate their contribution to KIR/HLA affinity 

and avidity, as well as to the overall immune response.       

 

2.4 KIR  EVOLUTION , HAPLOTYPES, AND POLYMORPHISM  

 

The KIR gene repertoire found in modern humans is postulated to have evolved from a 

single ancient KIR3D gene in placental mammals approximately 135.5 million years ago 

(92).  Some 80 million years ago, following a duplication of this ancestral gene that 

generated KIR3DL and KIR3DX, precursors of the four human KIR lineages arose: 

lineage I, which gave rise to KIR2DL4; lineage II, which eventually yielded KIR3DL2; 
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lineage III, ultimately forming KIR2DL1-3, KIR2DS1-5, and the pseudogenes KIR2DP1 

and KIR3DP1; and lineage V, the precursor of KIR3DL3.  During a period ranging from 

20-38 million years ago (mya), the catarrhini (humans, apes, and Old World Monkeys) 

split from the platyrrhini (New World monkeys) (93), carrying with them multiple Alu 

transposable elements within repetitive intergenic sequences.  This ultimately resulted in 

gene rearrangements and duplications that generated an increasingly complex KIR 

haplotype structure.  Subsequently, over the last 20 million years, a rapid expansion of 

the human KIR repertoire ensued: prior to the speciation event leading to the orangutan 

(~18 mya (94)), long and short-tailed KIR2D molecules arose.  This was followed by the 

expansion of lineage I KIR to include KIR2DL5 and lineage II to include KIR3DL1/2 

around the time of chimpanzee speciation (~4 mya (95)).  Finally, the KIR repertoire of 

modern humans expanded upon that of the chimpanzee with additional lineage III genes 

(92). 

 

This extraordinarily rapid genetic expansion led to a considerable amount of gene content 

variability within the KIR locus, resulting in numerous haplotypes that vary in the 

quantity of KIR genes that they carry.  Considering that nearly 100 unique haplotypes 

have already been resolved, this locus is thought to be the most variable site, in terms of 

gene copy number, within the human genome (96).  The genes in nearly all haplotypes 

are divided into two clusters, bounded by four conserved or framework genes: the 

centromeric cluster is bounded by KIR3DL3 and KIR3DP1 while the telomeric cluster is 

flanked by KIR2DL4 and KIR3DL2 (97).  In an attempt to classify the KIR content of an 

individual chromosome, KIR haplotypes were divided into two broad categories: A and B 
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(98). Although the B haplotype is highly variable in its gene content, the A haplotype is 

traditionally defined by presence of KIR2DL3, KIR2DL1, KIR3DL1, and KIR2DS4.  This 

haplotype clearly favors a majority-inhibitory KIR phenotype with only one stimulatory 

gene, which may be inactive.  Conversely, the B haplotype generally encodes several 

activating KIR along with certain inhibitory receptors:  KIR2DS1-3 and 5, KIR3DS1, 

KIR2DL2, and KIR2DL5A/B.  As many of the telomeric KIR are estimated to have arisen 

in the last ~1.7 million years—an event that coincided with the emergence of Homo 

erectus—these quantitative and qualitative differences between the A and B haplotypes 

are unique to the human species and are maintained by balancing selection in all 

populations observed to date (99).  Ultimately, it has been hypothesized that this balance 

is maintained as each group provides a necessary and distinct evolutionary function: the 

A haplotype is useful in combating certain infectious disease (100, 101) while the B 

haplotype is associated with greater pregnancy fitness (102).       

 

Unequal crossing over generated duplications, deletions, insertions, and, rarely, gene 

fusions of KIR that ultimately produced a multiplicity of unique haplotypes, as KIR 

content within an individual haplotype can vary from as few as four to as many as 17 loci 

(98, 103-105).  For instance, KIR2DL2 and KIR2DL3 never appear on the same haplotype 

and are now known to be allotypes of one another (often referred to as KIR2DL2/3).  In 

fact, KIR2DL2 seems to be encoded by a fusion gene formed by unequal crossing over 

between KIR2DL3 (contributing the extracellular domains) and KIR2DL1 (contributing 

the intracellular tail) (97).  Likely due to duplication events, certain KIR,  KIR2DL5, 

KIR2DS3, and KIR2DS5, have been found in the centromeric and/or the telomeric 
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clusters.  More recent DNA sequencing analyses have subdivided KIR A and B 

haplotypes based upon the gene content of each centromeric and telomeric cluster (e.g., 

Cen-A1, Cen-B1, Cen-B2 as well as Tel-A1and Tel-B1) (99, 106) (Figure 2.4).  

Generally speaking, the A haplotype involves less gene variability yet more allelic 

variability with the opposite being true for the B haplotype (note that there is 

comparatively less allelic variability within the activating KIR) (107).   

 

As a result, polymorphism, particularly within the KIR encoding inhibitory molecules, 

provides an additional layer of genetic and functional complexity within this family of 

genes—one that is largely unexplored in terms of functional impact and is the primary 

emphasis of this dissertation.  For example, KIR2DL2*004, KIR3DL1*004, and KIR2DS3 

encode receptors that are intracellularly retained, presumably due to protein misfolding.  

Additionally, polymorphism within the extracellular KIR domains of KIR3DL1 has been 

shown to dramatically impact the affinity of certain allelic products for their cognate 

ligand (Table 2.2).  Although the activating KIR are considerably less polymorphic, it has 

been speculated that variation of extracellular region residues within these KIR has 

evolved in order to recognize HLA ligands displaying specific pathogenic peptides.  For 

instance, KIR3DS1*014 encodes a receptor with demonstrably higher affinity for the 

HLA-Bw4 ligand, leading to speculation that it may have contributed to a distinct 

selective advantage in the setting of certain infectious disease (108).  Further, alterations 

within the transmembrane domain or cytoplasmic tails of certain KIR allelic products 

have been shown to impact signal transduction (though cytoplasmic phosphorylation sites 

within the long-tailed KIR appear to be highly conserved) (109-111).  Ultimately, the  



 

 47

Figure 2.4: A depiction of the centromeric and telomeric regions of common KIR 

haplotype structures.  Located on chromosome 19q13.4, the KIR locus is bounded by 

KIR3DL3 and KIR3DL2.  The overall locus is subdivided into a centromeric region, 

flanked by KIR3DL3 and KIR3DP1, and a telomeric region, bounded by KIR2DL4 and 

KIR3DL2.  The sequence between the centromeric and telomeric structures is a site of 

frequent recombination; dashed lines represent the most common combinations between 

these two regions.  Further, individual KIR genes are separated by highly homologous 

intergenic sequences, which allow for frequent non-reciprocal recombination events.  

Therefore, specific KIR haplotypes are not only influenced by the presence of a particular 

telomeric or centromeric region (Cen-A1, Tel-A1, etc), but they are also affected by the 

presence, absence, or duplication of individual KIR genes.   
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Table 2.2: Effects of polymorphism within KIR on HLA avidity, cell surface expression, and 

intracellular signaling 

 

Allele Polymorphism  Functional Effect 

2DL1*003,       

  *010 

R245C Substitutions at position 245 yields increased SHP-2  

  binding and stronger inhibition (112) 

2DL1*013N E35X Non-functional null variant due to premature stop codon1 

2DL2/3 P16R & R148C Decreased avidity of 2DL3 for HLA-C (85) 

2DL2*004 T41R Intracellular retention due to protein misfolding (113) 

2DL3*008N V124X Non-functional null variant due to premature stop codon1 

2DS3*003N C128X Non-functional null variant due to premature stop codon1 

3DL2*042N R416X Non-functional null variant due to premature stop codon1 

3DL1*001,  

  *002, *003,   

  *008  

Various Polymorphic residues result in high surface density for these 

  variants (114) 

3DL1*004 S86L & P182S Intracellular retention due to protein misfolding (115) 

3DL1*005,  

  *006, *007 

Various Polymorphic residues result in low surface density for these 

  variants (114) 

3DL1*024N M164X Non-functional null variant due to premature stop codon1 

3DL1*001,  

  *005 

Various High inhibitory capacity allelic products (note that 3DL1*005 

encodes a variant  

  with low surface density yet demonstrates strong inhibitory 

function in primary  

  NK cells) (116) 

 

3DL1*007,  

  *020 

 

Various 

 

Low inhibitory capacity allelic products (116) 

3DS1*049N M164X Non-functional null variant due to premature stop codon1 

 
1 Null alleles are described in the Immuno Polymorphism Database   
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effect of variable haplotype gene content compounded by the functional consequences of 

certain polymorphisms within individual KIR allelic products is likely to impact 

susceptibility to infectious disease, autoimmune disorders, malignancy, miscarriage, and 

outcome of hematopoietic stem cell transplantation (HSCT) or adoptive cell therapy.             

 

2.5 KIR  AND INFECTIOUS DISEASE 

 

The significance of the NK response is highlighted by rare genetic deficiencies and 

mouse knockout models that produce an NK-specific defect.  For example, case studies 

have revealed that impairment of CD16 can lead to chronic susceptibility to herpes 

simplex, varicella zoster, and Epstein-Barr vial infections (117, 118).  A mouse model 

deficient in NKG2D, whose MICA ligand is induced by cellular stress, demonstrated 

numerous epithelial and lymphoid malignancies (119).  Furthermore, mice deficient in a 

natural cytotoxicity receptor, NKp46, are unable to effectively eliminate influenza after 

viral challenge (120).  These and other defects in the pattern recognition molecules of NK  

cells demonstrate the critical contribution of this cell type to the elimination of various 

infectious diseases and malignant cells.  

 

In normal natural killer cells, the KIR family of genes is particularly relevant in 

controlling the activity of these lymphocytes as they sample potential target cells for their 

HLA content.  As viral infections and malignancies can result in the downregulation of 

HLA expression on the cell surface and therefore establish an escape mechanism from 

the cytotoxic T cell response, KIR likely evolved as a means for the NK cell to detect 
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reduction in quantity of self-MHC expression and subsequently to mount an immune 

response.  Given KIR’s ability to regulate NK cell activity and the great degree of 

haplotypic heterogeneity, it is not surprising that genetic variation within this family of 

receptors has been recently associated with numerous diseases (Table 2.3).  These 

findings are the result of genetic association studies that have linked specific KIR genes 

and, depending upon the resolution of the genomic analysis, alleles with the frequency of 

viral infections and/or outcomes in certain human populations.  For example, KIR and 

HLA genotypes have now been associated with the clinical progression of human 

immunodeficiency virus (HIV) infection towards a state of acquired immunodeficiency 

syndrome.  With an estimated 34 million individuals infected with this virus (121), it is 

notable that epidemiological studies have revealed the strong influence of polymorphic 

variants of KIR and HLA class I ligands upon the virus’ progression and disease outcome 

(122, 123).  The Bw4 epitope, carried by approximately 40% of HLA-B allotypes, is 

associated with increased levels of cytotoxic T cells, indicating slower disease 

progression especially when an individual demonstrates HLA-Bw4 homozygosity (124).  

High resolution genotyping indicates that HLA-B*14:02, HLA-B*27:05, HLA-B*57:01 

and HLA-B*58:01—each possessing an isoleucine at position 80 (e.g., Bw4*80I allelic 

products)—are associated with low HIV viral loads and slower disease progression (125).  

Interestingly, those individuals with the lowest viral loads (the “elite responders”) also 

possess KIR3DL1, which binds the Bw4*80I ligand with high affinity.  As individuals 

carrying the Bw4 ligand tend to possess NK cells with higher surface levels of KIR3DL1 

(116), they may exhibit more robust NK licensing.  Further, this genotype is correlated 

with the increased ability to produce IFN-γ when peripheral NK cells from KIR3DL1+,  
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Table 2.3: Epidemiological studies have associated various KIR with disease 
incidence and severity 

 

Autoimmune 
Disease and 
Pregnancy 

KIR Ligand Impact Proposed 
KIR 

Mechanism 

OR1 P-Value Ref 

Ankylosing 
spondylitis 

3DS1+ 

 

NR2 Increased risk of 
autoimmune reaction 

Increased 
activation in 
NK cells & 

KIR-
positive T 
cell subset 

3.059 

 

0.006 (126) 

Multiple 
sclerosis 

2DS2 NR Increased risk of 
autoimmune reaction 

Increased 
activation in 
NK cells & 

KIR-
positive T 
cell subset 

2.94 0.0015 (127) 

Preeclampsia 2DL1 
(mother) 

HLA-C-2 
(fetus) 

Increased risk due to 
improper uterine spiral 

artery formation 

Increased 
inhibition 

2.38 0.001 (128) 

Type 1 
diabetes 

2DS2 HLA-C1 Increased risk due to 
increased reactivity 
towards pancreatic 

self-antigens 

Increased 
activation in 

KIR-
positive T 
cell subset 

NR 0.030 (129) 

Ulcerative 
colitis/ 

Crohn’s 
disease 

2DS2 NR Increased risk due to 
aberrant inflammatory 

response to host 
bacterial flora 

Increased 
activation 

1.52 0.038 (130) 

Infectious 
Disease 

KIR Ligand Impact Proposed 
KIR 

Mechanism 

OR P-Value Ref 

Ebola 2DS1 

2DS3 

NR 

NR 

Increased hemorrhagic 
fever and fatal 
outcome due to 

aberrant inflammatory 
response 

Increased 
activation 

NR <0.05 

 

(101) 

H1N1 
influenza A 

2DS5 

3DS1 

NR 

NR 

Increased risk for 
pandemic infection 

due to severe 
respiratory tract 

damage 

Increased 
activation 

NR <0.05 

 

(131) 

HCV 2DL3 HLA-C1 Decreased rate of 
chronic infection 

Decreased 
inhibition 

1.41 0.02 (132) 
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HIV-1 3DS1 HLA-Bw4-
I80 

Delayed progression 
to AIDS 

Decreased 
inhibition 

0.583 0.0005 (133) 

Malaria 

 

2DL3 HLA-C1 Increased 
encephalopathy 

Decreased 
inhibition 

3.44 0.03 (134) 

Malignant 
Disease 

KIR Ligand Impact Proposed 
KIR 

Mechanism 

OR P-Value Ref 

Cervical 
intraepithelial 

neoplasia 

3DS1 NR Increased incidence 
after papillomavirus 

infection due to 
aberrant inflammatory 

response 

Increased 
activation 

1.64 0.0091 (135) 

Hepatocellular 
carcinoma 

 

3DS1 HLA-Bw4-
I80 

 

Decreased rate of 
chronic HCV infection 

& hence decreased 
carcinoma 

Increased 
activation 

24.22 0.0003 (136) 

Hodgkin's 
lymphoma 

3DS1 

2DS1 

Bw4-I80 

HLA-C2 
Increased expression 
of activating ligands 

on tumor cells 

Increased 
activation 

0.44 

0.42 

NR 

NR 

(137) 

Kaposi's 
sarcoma 

 

3DS1 HLA-Bw4-
I80 

Increased incidence 
after human 

herpesvirus 8 infection 
due to aberrant 
inflammatory 

response 

Increased 
activation 

6.00 0.006 (138) 

Melanoma 2DL2 

2DL3 

HLA-C1 

HLA-C1 

Increased risk due to 
lowered NK activity 

Increased 
inhibition 

NR NR (139) 

Respiratory 
papillomatosis 

 

2DS1(-) 

3DS1(-) 

NR 

NR 

Decreased antiviral 
NK activity towards 

human 
papillomaviruses 

(HPV)-6/11 

 

Decreased 
activation 

NR 0.019 (140) 

 
1 OR = odds ratio 
2 NR = not reported 
3 This study reported the relative hazard (RH) rather than the OR
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Bw4-80I+, HIV+ individuals are challenged with K652 target cells in a functional assay 

system, indicating an enhanced ability to become activated against viral challenges that is 

likely due to superior NK education (125). 

 

While the HIV virus is now thought to have diverged from SIV in the 1920’s and did not 

become a general threat to the human population until the latter half of the 20th century 

(141), earlier human populations were likely subjected to multiple catastrophic viral 

infections that ultimately shaped the KIR repertoire through bottlenecking events and 

subsequent genetic drift.  One of the most studied infectious diseases that involves a clear 

correlation with specific KIR genotypes is that caused by the hepatitis C virus (HCV), the 

origins of which can be traced back to an ancestral strain that arose in East Asia 

approximately 1000 years ago (142).   Khakoo et al. found that resolution of acute HCV 

infection in intravenous drug users was associated with co-expression of HLA-C and 

KIR2DL3 (132).  Interestingly, the most common allelic product of this KIR locus, 

KIR2DL3*001, binds its HLA-C ligand with low affinity and therefore transduces a 

relatively weak inhibitory signal (143).  The weak inhibitory signaling transduced by this 

KIR allotype should result in a more robust NK response towards infected hepatocytes 

during an acute HCV infection.  As recent findings by Amadei et al. have demonstrated 

the critical role of NK cells in the resolution of acute HCV infection by a direct 

cytotoxicity mechanism as well as through the secretion of IFN-γ (144), a more thorough 

understanding of functional KIR polymorphisms that impact NK reactivity is necessary 

in order to predict the course of an individual patient’s HCV infection. 
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As the role of NK cells in the immune system’s response to infectious disease becomes 

more apparent, continued exploration of the modulation of its activity by specific KIR 

and HLA allotypes at the allelic product level is essential.  Ultimately, advances in our 

understanding of KIR genetics and ligand specificities will more clearly define their 

contribution to infectious disease and overall global health.  The application of this 

knowledge at the clinical level will ultimately aid in the ability to determine an 

appropriate therapeutic regimen based upon an individual patient’s unique genetics and 

anticipated immunological response to a specific infectious disease. 

 

2.6 KIR  AND REPRODUCTIVE FITNESS   

 

The maternal-fetal microenvironment involves a fascinating confluence of complex 

immunogenetics in which the fetus represents a kind of allograft that, contrary to the 

typical immune response of foreign tissue rejection, often survives in a state of 

homeostasis between maternal lymphocytes and fetal extravillous trophoblast (EVT) cells 

within the uterine wall.  As maternal NK cells comprise the dominant fraction (50-70%) 

of lymphocytes within the uterine mucosa, it has long been speculated that they are 

involved in the modulation of invading EVT cells (145, 146).  Murine model systems 

have indicated that these decidual NK (dNK) cells play a critical role in the proper 

formation of the uterine spiral arteries and therefore can modulate the fetal blood supply 

(147).  Interestingly, substantial levels of IFN-γ (90% of which is derived from dNK 

cells) is essential for suitable dilation of these placental vessels as IFN-γ knockout mice 

demonstrate extensive decidual necrosis.  In an in vitro setting, stimulated human dNK 
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cells also produce high levels of IFN-γ, which, along with various pro-angiogenic factors, 

is thought to control vascular remodeling (148).  Ultimately, the mechanisms by which 

dNK cell activity is modulated—owing to cell surface receptors like KIR—are central to 

proper fetal implantation within the uterine wall.   

 

Continued study of the role that dNK cells play in the remodeling of invading fetal tissue 

revealed a unique KIR receptor repertoire and functional phenotype.  Specifically, the 

vast majority of these specialized lymphocytes are CD56bright CD16- (the prototypical NK 

phenotype for cytokine-producing cells), yet they posses the levels of KIR and a 

cytotoxic granule complement normally observed in the CD56dim CD16+ NK subset 

(149).  In fact, certain protein markers normally attributed to a high degree of cytotoxic 

potential, such as granzyme A, are found at levels as high as 10-fold of that observed in 

peripheral NK cells.  Interestingly, while these dNK cells appear to be primed for the 

cytotoxic response, in vitro assays fail to elicit the formation of mature activating 

synapses and the accompanying polarization of cytotoxic granules when these cells are 

exposed to transformed HLA-negative target cells (150).  More research is necessary, but 

it is possible that these specialized NK cells do in fact retain the ability to neutralize 

target cells under unique circumstances, such as during uterine viral infection.   

 

What then is the role that KIR plays in the implantation of the embryo?  More thorough 

analysis of the dNK cell KIR repertoire revealed a predominant expression pattern of 

HLA-C specific KIR2D molecules.  This, coupled with the observation that MHC 

expression in EVT cells is limited to HLA-C (in contrast to most other somatic cells, 
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which express all three classical class I HLA molecules), served to further reinforce the 

notion of a highly evolved interplay between the two cell types (151, 152).  While other 

receptor-ligand interactions (e.g., ILT2—HLA-E and KIR2DL4—HLA-G) between dNK 

and EVT cells likely provide a critical function in the proper development of the spiral 

arteries, only the KIR2D and HLA-C molecules are highly polymorphic and thus are 

more likely to influence immunogenetically-regulated homeostasis at the maternal-fetal 

interface.  Indeed, epidemiological studies have shown that mothers who are homozygous 

for the KIR A haplotype and HLA-C group 1 who carry fetuses that are HLA-C group 2 

positive are at greater risk for miscarriage.  In this situation, it is hypothesized that the 

dNK cells, due to the strong inhibitory signaling via maternal KIR2DL1 engaged by the 

fetal HLA-C group 2 ligand, do not produce sufficient levels of IFN-γ.  The resulting 

deficiencies in spiral artery blood flow can result in fetal growth restriction, pre-

eclampsia, and recurrent miscarriage (153).  Conversely, mothers carrying KIR B 

haplotypes are somewhat protected from these conditions when the father contributes an 

HLA-C group 2 allele—likely due to stimulatory signaling derived from KIR2DS1 when 

triggered by HLA-C group 2-expressing EVT cells.  Stimulatory KIR appear to dampen 

the effect of unfavorable inhibitory signaling pathways during implantation of the 

embryo.  Furthermore, the education and licensing process of developing NK cells may 

also play a protective role in individuals with a KIR B haplotype.  As KIR2DL2 is 

expressed earlier than KIR2DL1 during the NK cell differentiation process (154), the 

resulting KIR expression patterns of the mature NK cell population is then skewed 

towards a greater percentage of cells expressing KIR2DL2 versus KIR2DL1, hence 
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minimizing the influence of the maternal KIR2DL1 interaction with fetal HLA-C group 

2. 

 

When considering the risks associated with KIR/HLA interactions and their effect upon 

pregnancy fitness, not only is it necessary to evaluate the gene content of specific 

maternal-paternal pairings, but it is also critical to develop an understanding of how 

specific allelic products behave in terms of their avidity for HLA-C.  For example, it has 

been observed that KIR2DL2*001 and KIR2DL1*004 (more common in the KIR B 

haplotype) are stronger inhibitory receptors than KIR2DL3*001 and KIR2DL1*003 

(more common in the KIR A haplotype) (85, 155).  As previously discussed, 

polymorphism in certain KIR allelic products can impact the relative levels of expression 

at the NK surface and, in extreme cases, lead to an intracellularly-retained and likely non-

functional isoform.  Providing an additional level of complexity is the fact that specific 

HLA-C allotypes can also bind certain KIR allelic products with variable affinities (85).  

Thus, one must be aware of the specific activity of various KIR/HLA combinations at the 

allelic product level resolution.  This knowledge will enable clinicians to better predict 

which patients are at an increased susceptibly of miscarriage and therefore warrant more 

aggressive therapeutic strategies such as progesterone treatment to stabilize the maternal-

fetal interface. 
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2.7 NK  CELLS , MALIGNANCY , AND IMMUNOTHERAPY  

 

While modulation of the immune response in the setting of infectious disease and the 

maintenance of pregnancy clearly provided an adaptive advantage before the advent of 

modern medicine, we can now appreciate the role of NK cells in the recognition and 

subsequent elimination of malignant disease.  The effective eradication of malignant cells 

has become an increasingly significant function of the immune system as the average life 

expectancy trends upward and as genomic DNA damage accumulates.  To this end, the 

immune system faces a significant hurdle: striking a balance between autoreactivity and 

the elimination of “altered self” (e.g., transformed cells).  Adding an additional challenge 

is the observation that many of today’s clinically manifested malignancies do not appear 

to be common in the mummified remains of ancient populations (156).  This is likely due 

to the relatively short life span of ancient humans, perhaps indicating that the immune 

system is now tasked with eliminating a threat for which it has not evolved. 

 

From the most basic perspective, a cancerous cell must overcome two major barriers.  

The first is in actuality a series of internal genetic modifications in which a combination 

of oncogene activation and tumor suppressor deactivation propel the cell towards the 

transformed state.  The second involves manipulation of the external environment, as the 

(at this point) mass of malignant cells must control its microenvironment such that it 

promotes angiogenesis for the supply of nutrients and the eventual propagation of distant 

metastases.  This second “phase” of transformation must also permit the cancerous cells 

to escape recognition and elimination by the immune system.  This is often accomplished 
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by a variety of genetic modifications (i.e. transcriptional/translational suppression of 

HLA, β2-microglobulin, and/or components of the antigen processing machinery) that 

ultimately lead to a state of “missing self” and hence avoidance of the cytotoxic T 

lymphocyte response (157).   

 

While down regulation of HLA may lead to evasion of the adaptive immune response, 

this same mechanism can effectively abrogate inhibitory KIR signaling at the immune 

synapse between the NK cell and malignant target cell.  Therefore, as tumor cells 

decrease their expression of inhibitory MHC ligands, they become increasingly 

susceptible to NK lysis.  As evidence for their role in elimination of cancerous cells, in 

vitro assays and in vivo studies of NK cells have revealed their potential to be reactive 

against a range of hematological malignancies in addition to certain solid tumors (Table 

2.3).  Notably, many of the associations between NK cell biology and susceptibility to 

malignant disease involve defects in the genes that control NK activity and/or 

development in transgenic mice models (158-162).  Likewise, the protective influence of 

NK cells in the prevention of solid tumor progression and metastasis is highlighted by 

findings of specific NK cell dysfunction in advanced primary tumors of breast, colorectal, 

gastric, lung, and renal cell carcinomas (163-167).  In such cases, the tumor 

microenvironment is thought to manipulate—through secretion of various cytokines (e.g., 

IL-10 (168)), enzymes (e.g., indoleamine 2,3-dioxygenase (163)), and growth factors 

(e.g., transforming growth factor-β1 (169))—the reactivity of infiltrating NK cells.  

These conditions can ultimately result in an impaired anti-tumor response, as measured 

by decreased IFN-γ synthesis and defective degranulation when intratumoral NK cells are 
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extracted for in vitro analysis (166).  Analyses of deficiencies in the NK response, 

coupled with progression of malignant disease, should ultimately aid in the understanding 

of the role that NK biology plays in cancer immunosurveillance.  

 

Of course, pre-malignant cells are continuously recognized and silently eliminated by the 

immune system throughout the human lifespan.  Owing to the complexity of successfully 

recognizing transformed cells as altered self, NK cells have evolved a vast array of 

stimulatory receptors that prime the cell for lysis of a pathological target cell or for the 

production of pro-inflammatory cytokines.  This activity is mediated by conserved 

pattern recognition molecules, such as DNAM-1, stimulatory KIR, NKG2D, NKp30, and 

CD16.  Nectin-2 (CD112) and PVR (CD155), ligands of DNAM-1, are overexpressed in 

various leukemias and carcinomas (170-172).  Certain stimulatory KIR, such as 

KIR2DS1, weakly bind their HLA ligands in comparison to the inhibitory KIR.  That 

KIR2DS1 expression is correlated with increased survival in patients with HLA-C group 

2 positive leukemia blasts suggests that the stimulatory KIR may in fact bind their 

cognate MHC ligands with high affinity when loaded with specific tumor antigens (173, 

174).  MICA/B and ULBPs, ligands for NKG2D, are also commonly up-regulated by 

malignant cells (175, 176).  The natural cytotoxicity receptor NKp30 is now known to 

bind the B7-H6 molecule, which is only found on the surface of transformed cells (177, 

178).  Finally, high levels of infiltrating CD16+ (a potent stimulatory receptor which 

binds the constant (Fc) region of IgG) NK cells is associated with increased survival in 

patients with metastatic carcinomas (179).  Ultimately, the input from a combination of 
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stimulatory ligands coupled with decreased surface expression of HLA molecules can 

lead to activation of the anti-tumor immune response. 

 

Knowledge of the environmental inputs that influence the NK response has led to clinical 

strategies for the therapeutic manipulation of the immune system’s reaction to 

malignancy.  As malignancies, particularly the hematological subtypes, often overexpress 

certain surface antigens, a number of therapeutic monoclonal antibodies have been 

designed to specifically target cancerous cells.  The clinical strategy is two-fold: first, 

permit the immune system to identify the malignant subpopulation of cells and, second, 

shift the balance of NK reactivity away from inhibitory KIR signaling and ultimately 

towards a state of activation.  To this end, a therapeutic antibody, upon binding of its 

variable region to an antigen on the surface of a malignant cell, can then stimulate the NK 

CD16 receptor through the Fc region.  The robust activation signaling cascade triggered 

by CD16, often sufficient to overcome weak to moderate inhibitory KIR signaling (180), 

can then induce antibody-dependent cell-mediated cytotoxicity (ADCC).  Of the 

clinically available therapeutic monoclonal antibodies (mAbs), bevacizumab (anti-VEGF; 

colorectal, lung, breast, renal, ovarian carcinomas) (181), cetuximab (anti-EGFR; 

colorectal, head and neck carcinomas) (182, 183), rituximab (anti-CD20; various 

leukemias and lymphomas) (184), and trastuzumab (anti-HER2; breast carcinomas) (185) 

are the most widely-utilized.  Although the clinical response when these antibodies are 

utilized is frustratingly variable (likely due to the substantial genetic heterogeneity of 

tumor cells), it has been clearly established that Fc receptors, and the concomitant ADCC 

response, play an integral role in cancer immunotherapies (186).  In fact, thorough 
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analysis of patient outcomes found that the clinical response to antibody therapies was 

correlated with a distinct polymorphism within the gene coding for the CD16 receptor.  

Valine at position 158 of CD16 binds the Fc region with a greater affinity than receptors 

with a phenylalanine at this location (187).  Accordingly, patients homozygous for valine 

at this position demonstrate higher response rates and reduced disease progression when 

treated with therapeutic antibodies (188, 189). 

 

Often paired with therapeutic mAbs as adjuvant therapies, cytokines are administered to 

augment the NK response.  IL-2, first used over 20 years ago for the treatment of 

advanced melanoma, renal cell carcinoma, and gliomas, promotes expansion and 

increases the cytolytic activity of NK cells (190-192).  More recent data suggests that this 

interleukin, in combination with mAb therapy, improves clinical responses in B-cell non-

Hodgkin’s lymphoma and neuroblastoma patients (193, 194).  Similar to IL-2 in its 

immunomodulatory properties, IL-12 also improves NK cell lytic activity and has 

demonstrated modest adjuvant properties when combined with rituximab or trastuzumab 

in refractory non-Hodgkin’s and breast carcinoma patients, respectively (195, 196).  IL-

21, notable for its ability to increase expression levels of CD16, IFN-γ, and perforins in 

NK cells, is able to restore ADCC in peripheral blood NK cells extracted from patients 

with refractory esophageal squamous cell carcinomas (197) and has shown promise in 

combination with cetuximab in phase I trials of patients with metastatic colorectal cancer 

(198).  Preclinical development, as well as early stage clinical trials, of IL-21 and other 

cytokine immunotherapies (e.g., IL-15) will eventually expand the potential combinations 
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with which a physician can tailor a therapeutic regimen to a patient’s unique tumor 

phenotype. 

 

In addition to the immunotherapeutics aimed at directly stimulating the immune response, 

preclinical studies and early clinical trials are currently attempting to use antibodies to 

abrogate inhibitory KIR signaling.  As the level of HLA expression on tumor-derived 

malignant cells is often predictive of clinical outcome, it has been speculated that a factor 

responsible for tumor resistance from immunotherapies is the up-regulation of surface 

MHC (199).  While this would increase susceptibility to the T cell response, it would 

effectively abolish NK cell-mediated cytotoxicity as the tumor cell would be recognized 

as “self” due to inhibitory KIR signaling.  In order to sterically hinder the interaction 

between KIR and HLA, the 1-7F9 monoclonal antibody was engineered to bind KIR2D 

molecules.  Preclinical data suggests that 1-7F9 can successfully augment the NK lytic 

response towards HLA-C bearing target multiple myeloma and acute myelogenous 

leukemia blasts (200, 201).  A phase I trial using this antibody (referred to as IPH2101 in 

the clinical setting) found only one severe adverse event out of 32 patients and the 

therapeutic levels of antibody (1-3 mg/kg was necessary to achieve >90% KIR blockade) 

did not exert dose-limiting toxicity (202).  While further testing of anti-KIR mAbs is 

necessary to evaluate their impact upon tumor immunosurveillance as well as potentially 

deleterious side-effects, such as a disruption of the NK education/licensing process, these 

novel treatments, likely in combination with antibodies directed against tumor antigens 

and/or cytokine adjuvant therapies, may ultimately be invaluable tools in the field of 

oncology.     
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2.8 KIR  AND HEMATOPOIETIC STEM CELL TRANSPLANTATION  

 

Although the number of therapeutic options for the manipulation of the immune system 

continues to expand, it is at times clinically necessary for patients with blood-born 

malignancies to undergo allogeneic hematopoietic stem cell transplantation (HSCT) 

following a myeloablative conditioning regimen.  Since the odds of HLA-matching a 

sibling to a patient are just 30% (203), prospective stem cell donors are often found by 

querying a bone marrow donor registry.  As these databases were in their infancy thirty 

years ago, the chances of successfully locating an adequately matched allogeneic donor 

were remote.  This is particularly problematic in minority populations, which continue to 

be under-represented in many databases (204).  Today, the Bone Marrow Donors 

Worldwide database boasts over 21 million prospective donors and cord blood units—

greatly enhancing the probability of identifying a suitable match.  While the matching 

algorithm is constantly refined in order to maximize a successful transplant, current 

clinical guidelines hold that the ideal donor should be high-resolution matched at the 

HLA-A, -B, -C, and -DRB1 loci (205).  Compared to early matching strategies in which 

donors were serologically identified by matching only the HLA-A and B loci, current 

algorithms, with the inclusion of the -C and -DRB1 loci, as well as the transition to gene 

sequencing strategies to identify HLA alleles, have significantly decreased the incidence 

and severity of graft-versus-host disease (GVHD) and increased the odds of survival.  As 

an example of advancements in matching procedures, current treatment protocols at a 

single health center in Sweden have achieved a ~71% probability of overall survival after 
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5 years post-transplant in patients with various leukemias and myelodysplastic syndromes 

(206).  Expansion of the international bone marrow donor registries, both in donor 

number and the resolution of HLA typing data, along with advances in treatment 

protocols through modifications of the chemotherapeutic induction regimen (e.g., reduced 

intensity conditioning strategies) and other novel therapeutic approaches, continue to 

improve the success rate of HSCT. 

 

As clinical outcomes resulting from allogeneic HSCT continued to improve, it was 

observed that transplanted NK cells prevented relapse in certain acute myelogenous 

leukemia (AML) patients whose HLA was mismatched at a single haplotype (207, 208).  

In cases that resulted in relapse free survival, it was determined that a subset of the 

donor’s NK cells were responsible for an enhanced graft-versus-leukemia (GVL) effect.  

Due to the HLA-mismatch, a portion of the transplanted NK cells were thought to 

possess a receptor for which there was no cognate recipient HLA ligand.  When these 

licensed donor NK cells encountered the recipient’s leukemic blasts, the blasts were 

identified as targets exhibiting “missing self” and thus initiated a cytotoxic response.  

Although the recipient’s cells did not express a cognate HLA ligand, Hass and colleagues 

speculate that the donor’s transplanted hematopoietic cells, once engrafted, were able to 

properly educate newly-matured NK cells belonging to this subset and hence promoted a 

long-term (on the order of months) GVL effect (209).  Furthermore, the transplanted NK 

cells appear to mediate a decreased incidence of GVHD, presumably through elimination 

of the patient’s dendritic cells by the alloreactive NK cells, a condition observed in 

mouse models (210).  The reduction in antigen presenting cells is concomitant with 
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reduced activity of transplanted T cells, which are considered to be the major mediators 

of alloreactivity against the host’s non-hematopoietic tissues.  Therefore, the transplanted 

NK cells elicited two highly favorable clinical outcomes: a sustained GVL response 

while concomitantly reducing the incidence of GVHD.  Accordingly, the initial reports of 

Aversa and Ruggeri et al. depicting significantly improved AML patient survival rates 

generated a considerable level of interest in KIR and NK cells in the transplant 

immunology community. 

 

Multiple ensuing clinical investigations attempted to establish the efficacy of donor NK 

alloreactivity in patients receiving HSCT, yet these studies yielded mixed results (211).  

As an example of positive clinical outcome, patients with myeloid leukemias (n = 20) 

who did not possess an HLA ligand for an inhibitory KIR carried by the donor’s 

transplanted immune system demonstrated an 87% probability of overall survival (versus 

48% in recipients carrying a cognate ligand for all donor KIR) (212).  However, while a 

subsequent analysis of patient outcome revealed a substantial decrease in the rate of 

relapse in patients with one missing KIR ligand versus haploidentical transplants (5% vs. 

22%), it failed to demonstrate a statistically significant level of overall survival at a five 

year endpoint (58% vs. 55%) (213).  This is presumably due to increased transplant-

related fatal infections in the missing ligand group being balanced by relapse-related 

mortality in the second.  Furthermore, a large study of HSCT for myeloid malignancies (n 

= 1571) served to dampen the initial enthusiasm as patients with a missing ligand were 

associated with higher rates of treatment failure and overall mortality (214).  As 

conflicting data continues to arise with some investigations finding a beneficial effect of 
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KIR ligand incompatibility (174, 215) and others locating no benefit (216, 217), it is clear 

that we do not yet fully appreciate all variables that lead to a favorable clinical outcome.   

 

It is likely that variability in patient characteristics (age, severity of disease, type of 

myeloid malignancy), conditioning/therapeutic regimen (level of T cell depletion, 

differences in anti-GVHD therapeutics), and the source of the transplant (peripheral 

blood stem cells, bone marrow, or cord blood stem cells) likely account for the apparent 

lack of agreement in the literature.  Furthermore, it is possible that, rather than a single 

donor KIR whose ligand is not carried by the recipient, it is the overall donor KIR 

genotype that is the primary driver of the GVL response.  Recent findings suggest that a 

donor KIR genotype that includes one (and preferably two) B haplotypes correlates with 

increased odds of survival in AML patients (218, 219).  Further parsing of the genotype 

data within these patient populations revealed that donors who possessed 2 or more 

centromeric B haplotype KIR motifs (Cen-B/B) provided a superior graft compared to 

other KIR genotypes.  Here, Cooley et al. speculate that the Cen-B/B haplotype, which 

contributes KIR2DL2 and KIR2DS2 (along with the absence of the “weaker” KIR2DL3), 

could ultimately result in superior NK alloreactivity due to heightened licensing (through 

the strong inhibitory KIR2DL2 molecule) and increased activation (through an 

unidentified ligand for KIR2DS2 on the surface of AML blasts).  Other loci may prove to 

be beneficial as well: donor KIR2DS1+ NK cells appear to favor relapse-free survival, 

provided that the transplanted stem cells are also positive for at least one HLA-C group 1 

allele (220).  It is speculated that donors homozygous for HLA-C group 2, the ligand for 

KIR2DS1, have a weakened GVL response due to tolerance induced by HLA-C-mediated 
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chronic stimulation of KIR2DS1.  As a multicenter clinical trial is currently attempting to 

verify the superior alloreactivity of the KIR Cen-B/B haplotype (NCT01288222), this and 

other ongoing investigations should continue to resolve the precise role of KIR in HSCT 

procedures.   

 
2.9 STATEMENT OF PURPOSE 
 

In light of the clinical relevance of NK biology both in infectious and malignant disease, 

gathering additional data concerning the molecular mechanisms by which these cells 

sense and interact with their environment accrues an added sense of importance.  Since 

their discovery in the 1970’s, we now know that a remarkable number of activating and 

inhibitory receptors, adhesion molecules, and co-stimulatory molecules control the 

effector function of this cell type.  When encountering a target cell, a human NK cell 

must therefore integrate multiple activating and inhibitory signals derived from specific 

receptor-ligand interactions.  Notably, intracellular signaling cascades generated by 

activating receptors can be terminated by dominant-negative inhibitory KIR signaling 

through dephosphorylation of Vav-1 by SHP-1 (78).  As Brodin et al. have speculated, 

this KIR inhibitory signaling may involve a mechanism similar to a rheostat rather than a 

simple on-off switch (221).  In this context, inhibitory KIR appears to act along a 

continuum in terms of its effect upon the activation response.  Depending upon their 

affinity for their cognate ligands and density at the cell surface, the long-tailed KIR can 

dampen NK effector function from a maximal level of activity down to undetectable 

levels.  Because of the inhibitory KIRs’ ability to abrogate NK cytotoxicity and the 
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production of cytokines, characterization of the primary variable that impacts their 

activity—namely, their avidity for HLA—is warranted. 

 

 

When analyzing the contribution of specific KIR in terms of their impact upon the 

immune response, the focus should be on the variants of both the receptor and its HLA 

ligand that appear frequently in a population.  In contrast to the KIR3DL molecules, 

whose ligands (the Bw4 epitope of certain HLA-A and –B) are absent in approximately 

50% of HLA haplotypes (222), KIR2DL2/3 and its HLA-C ligand are carried by nearly 

all individuals.  Although the strong influence of KIR2DL2/3 is implied by its near-

universal presence in all human populations, surprisingly little is known about the 

functional impact of the locus’ most common allelic products.  

 

As expected, based on the homology in their ligand-binding domains, KIR2DL2 and 

KIR2DL3 bind a similar set of HLA-C ligands, although KIR2DL2*001 binds HLA-C 

with a higher affinity than KIR2DL3*001.  Of the known alleles at this locus, a literature 

search reveals that only two other allelic products have been characterized.  

KIR2DL2*004 is intracellularly retained (113) and KIR2DL3*009 binds HLA-C with 

extremely low avidity (223).  KIR2DL2*004 is likely nonfunctional and is found in only 

0.5% of African American haplotypes.  KIR2DL3*009 has not been functionally 

characterized in a cell-based assay system.  But it likely transduces a very weak 

inhibitory signal and also is only observed in the Yucpa, a small South Amerindian tribe.  

As either KIR2DL2*001 or KIR2DL3*001 are present in ~50% and ~60% of European 
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and African American KIR haplotypes, respectively, nearly half of the remaining 

haplotypes contain a KIR2DL2/3 whose allelic product has yet to be functionally 

characterized.  Functional increase, decrease, or loss of signaling activity due to changes 

in the structure-function relationship introduced by certain polymorphic residues in the 

uncharacterized KIR2DL2/3 allotypes could yield unexpected effects upon an individual 

allelic product’s modulation of the NK functional response.  Consequently, allelic 

diversity may have a similar impact upon an individual’s immune response as haplotypic 

diversity.         

 

As strong clinical correlations have been established between either the presence or 

absence of KIR2DL2 and KIR2DL3 in the setting of acute hepatitis C infection (100), 

acute myelogenous leukemia (218), and recurrent spontaneous abortion (224), 

investigation of the affinity between KIR2DL2/3 for its cognate ligand at an allelic 

product-level resolution is paramount to predicting the NK response in the clinical 

setting.  In HCV infection, patients carrying the weak KIR2DL3 (*001) molecule were 

more likely to clear the virus when compared to those carrying the strongly inhibitory 

KIR2DL2 (*001) allotype.  In contrast, AML patients seem to benefit from the presence 

of KIR2DL2.  It is presumed that this stronger KIR2DL allotype may lead to heightened 

NK licensing, which, in combination with the presence of the activating KIR2DS2 (a 

locus in strong linkage disequilibrium with KIR2DL2), induces a greater graft-versus-

leukemia response.  Likewise, the presence of KIR2DL2 and the absence of KIR2DL3 is 

correlated with a lower odds ratio of miscarriage—again, likely the result of superior 

maternal NK education resulting from stronger inhibitory signaling.  In this case, it is 
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speculated that increased decidual NK synthesis of IFN-γ is correlated with appropriate 

remodeling of the uterine spiral arteries after implantation of the embryo.  Of note, these 

clinical correlations were conducted at the gene, rather than the allelic, level of resolution 

and subscribe to the assumption that all allelic products of KIR2DL2 bind HLA-C with 

high avidity and all KIR2DL3 with low.  Given the impact of this locus on the outcome 

of certain viral and malignant diseases, as well as its association with reproductive 

success, it is necessary to characterize the affinity and avidity of the remaining common 

variants in order to determine if their binding strengths are similar to that of 

KIR2DL2*001 or KIR2DL3*001. 

 

The research described in this thesis was based on the hypothesis that structural changes 

induced by genetic polymorphism may impact KIR2DL2/3 function via modification of 

KIR’s avidity/affinity towards its HLA-C ligand.  In order to assess this receptor’s 

influence upon the African and European American populations, the research sought to 

investigate the significance of variation within the extracellular domains of the six most 

common KIR2DL2/3 allelic products.   

 

The specific aims of this project were as follows: 

1. To determine the impact of polymorphism upon the surface localization of 

common KIR2DL2/3 allelic products. 

2. To characterize any differences in affinity and/or kinetics of these molecules’ 

interactions with an HLA-C ligand by surface plasmon resonance. 
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3. To identify any significant changes in avidity or specificity for a panel of 

HLA-C group 1 and 2 ligands. 

4. To functionally characterize any observed differences in affinity/avidity by 

correlation with the level of inhibition of the NK response to an HLA-C 

bearing target cell. 

5. To predict the impact of polymorphic residues on the molecular structure of 

any allotypes that demonstrated unpredicted activity by molecular modeling.  
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CHAPTER 3: 
 
 

KIR2DL3*005  IS A KIR2DL2-LIKE  HIGH-AFFINITY  RECEPTOR 
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3.1 MATERIALS AND METHODS 

 

3.1.1 Population study 

 

To assess allelic diversity, KIR2DL2/3 alleles carried by 100 unrelated individuals with 

African American ancestry from the human variation panel from the National Institute of 

General Medical Sciences (NIGMS) Human Genetics Resource Center DNA and Cell 

Line Repository (http://ccr.coriell.org/nigms/) were identified by DNA sequencing.  

Briefly, testing for the presence or absence of specific KIR loci used polymerase chain 

reaction (PCR) amplification with visualization by agarose gel electrophoresis.  To obtain 

a DNA sequence covering most of the coding regions of KIR2DL2/3 (225), several PCR 

primer pairs were used to generate three-four overlapping amplicons that were 

characterized by Sanger sequencing (225).  Allele frequencies were calculated by gene 

counting.  KIR2DL3/2 alleles carried by 76 unrelated individuals with European ancestry 

from the National Marrow Donor Program® (NMDP) Research Sample Repository 

(http://www.nmdpresearch.org/SAMPLES/samples_idx.html) were described previously 

(106). 

 

In order to identify possible deviations from Hardy-Weinberg proportions (HWP), PyPop 

(Python for Population genetics, version 0.7.0 http://www.pypop.org) was utilized to 

analyze the KIR2DL2/3 allelic frequency data using the exact test of Guo and Thompson 

(226).  This algorithm measures the degree to which the observed allelic frequencies 

deviate from those that are expected if the population is in Hardy-Weinberg equilibrium, 
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which assumes that the measured frequencies are the result of random mating and that no 

substantial migration, mutation, or other form of selection has occurred.  The Monte 

Carlo simulation was used to determine exact p values in order to evaluate potential 

deviations from HWP. 

 

3.1.2 DNA constructs 

 

KIR2DL2*001 cDNA, provided by Dr. Francisco Borrego (Laboratory of Molecular and 

Developmental Immunology, Division of Monoclonal Antibodies, OBP, CDER, FDA, 

Bethesda, MD, USA), was amplified via PCR and inserted into the pCR8/GW/TOPO 

(Invitrogen, Carlsbad, CA, USA) entry vector.  Gateway Technology (Invitrogen) was 

utilized used to create the KIR2DL2*001 expression vector using the pEF-DEST51 

(Invitrogen) destination vector, which encodes a C-terminal V5 tag.  Site directed 

mutagenesis was performed via QuickChange II (Stratagene, La Jolla, CA, USA) in order 

to generate the remaining KIR2DL2/3 alleles for the present study.  Finally, a sequence 

coding for YPYDVPDYA was inserted between the regions encoding the leader peptide 

and the KIR first Ig domain in order to generate N-terminal HA-tagged constructs.   

 

For functional analysis of selected sKIR, DNAs coding for the extracellular regions of 

KIR2DL2*001, KIR2DL3*001, and KIR2DL3*005 were fused by PCR to DNA coding 

for the intracellular region of KIR2DL2*001.  Specifically, exons 1 though 6 (encoding 

the extracellular domains and stem of KIR) were fused in-frame with exons 7 through 9 

of KIR2DL2*001 (encoding the transmembrane through cytoplasmic regions) via PCR 
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and inserted into pEF-DEST51.  BP clonase (Invitrogen) was used to shuttle these KIR 

fusion constructs into the pDONRTM221 donor vector (Invitrogen).  Subsequently, these 

constructs were then transferred to the pLenti4/V5-DEST destination vector (Invitrogen) 

using LR clonase (Invitrogen).   

 

The HLA-C*03:04 and HLA-C*06:02-encoding vectors were obtained from the 

International Histocompatibility Working Group (http://www.ihwg.org).  The leader 

sequence of each vector was modified using site directed mutagenesis to mutate the 

leader sequence peptide in order to abrogate HLA-E expression when transfected into 

721.221 cells as described by Moesta and colleagues (85).  

 

3.1.3 Cell lines, culture, and gene expression 

 

The KIR-negative NKL and HLA-A,B,C-negative 721.221 cell lines were the kind gift of 

Dr. Francisco Borrego.  The protocols for cell culture and transfection of the NKL and 

721.221 cell lines have been previously described (113, 227).  Following transient 

transfection, NKL cells were cultured for 18h and then assayed for KIR expression.  

Sorted by flow cytometry to establish stable cell lines, the 721.221 cells expressing HLA-

C*03:04 and C*06:02 were maintained in 1 mg/ml G-418 (Invitrogen).   

 

The KHYG-1 cell line was obtained from the Japanese Collection of Research 

Bioresources cell bank (Osaka, Japan) and was cultured under the same conditions as the 

NKL cell line (227).  Per manufacturer’s guidelines, the ViraPower™ Lentiviral 
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Gateway® Expression Kit (Invitrogen) was used to produce viral particles encoding KIR.  

The KHYG-1 cell line was transiently transduced with lentiviral vectors carrying 

KIR2DL2*001, KIR2DL3*001, or KIR2DL3*005 cDNA encoding the extracellular 

region fused to the KIR2DL2*001 exons encoding the intracellular region.  The levels of 

KIR surface expression were analyzed 18 hours post-transfection by flow cytometry with 

a FITC conjugated antibody specific for CD158b (KIR2DL2/3) (clone CH-L, BD 

Biosciences, San Jose, California, USA) to ensure that all transductants possessed similar 

levels of surface-localized receptor.    

  

3.1.4 Flow cytometry 

 

FITC conjugated antibody specific for CD158b (clone CH-L) and, where appropriate, 

FITC conjugated antibody specific for the HA tag (Sigma-Aldrich, St. Louis, MO, USA) 

were used to stain for extracellular expression of KIR2DL2/3.  Total expression of KIR 

was quantified via PE conjugated antibody specific for the V5 tag (Invitrogen).  The 

staining protocol was performed as previously described (227).  Briefly, the ratio of 

extracellular stain mean fluorescence intensity (MFI) (anti-CD158b or anti-HA) to total 

KIR MFI (anti-V5) was normalized to that of either KIR2DL2*001 or KIR2DL3*001.  

 

3.1.5 Surface biotinylation 

 

The quantification of surface-biotinylated KIR was assessed as previously described 

(227), with modifications.  Briefly, NKL cells were transiently transfected with the 
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appropriate KIR construct and, 18 hours later, biotinylated with NHS-LC-Biotin (Pierce, 

Rockford, IL, USA).  Following cell lysis, biotinylated surface proteins were 

immunoprecipitated with streptavidin-coated sepharose beads (GE Healthcare, 

Piscataway, New Jersey, USA).  After denaturing and reduction of the protein samples 

and electrophoresis on 4-15% polyacrylamide Tris-HCL Ready Gels (Bio-Rad, 

Hercules, CA, USA), KIR was detected by a 1/500 dilution of anti-V5 antibody 

(Invitrogen) and a 1/20,000 dilution of an anti-mouse streptavidin-horseradish 

peroxidase-conjugated IgG heavy and light chain antibody (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA, USA).  The enhanced chemiluminescent detection 

kit (Amersham Biosciences, Piscataway, NJ, USA) was used to visualize protein bands. 

 

3.1.6 Generation of recombinant proteins 

 

Recombinant soluble KIR (sKIR) were manufactured by Genescript Inc. (Piscataway, NJ, 

USA).  Briefly, cDNAs encoding the extracellular domains of human IgG1 Fc-tagged 

KIR2DL2*001, *003, *006, KIR2DL3*001, *002, or *005 were subcloned into an insect 

expression vector, from which a recombinant baculovirus was generated.  The secreted 

sKIR from infected SF9 cells was then column purified using the C-terminal Fc tag.  

HLA-C tetramers were produced by the NIH Tetramer Core Facility (Atlanta, GA, USA).  

HLA-C*03:04 tetramers were refolded with the peptide GAVDPLLAL while HLA-

C*06:02 tetramers were refolded with the peptide YQFTGIKKY, two peptides 

previously demonstrated to be bound by these allelic products (228, 229).  The peptides 

were synthesized by Anaspec (Fremont, CA, USA).  The recombinant proteins were 
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tested for proper folding by measuring the binding to conformationally specific 

antibodies (αCD158b for the sKIR recombinant proteins and W6/32 (anti-HLA class I) 

for the HLA-C tetramers) immobilized to a CM5 sensor chip with a Biacore T100 

instrument.  As described by Graef et al. (230), the integrity of the sKIR fusion proteins 

was also evaluated by capturing 100 µg/ml sKIR with 20µl paramagnetic beads coated 

with anti-human Fc antibody (Bangs Laboratories,  Fishers, IN, USA), followed by 

incubation with either an anti-CD158b PE-conjugated antibody (clone CH-L) (BD 

Biosciences) or anti-CD158a PE-conjugated antibody (clone EB6B; anti-KIR2DL1, 

2DS1, and 2DL3*005) (Beckman Coulter, Brea, CA, USA).  Antibody binding was 

interpreted using flow cytometry.         

 

3.1.7 Surface plasmon resonance 

 

Binding of sKIR to immobilized HLA-C tetramers was monitored with a Biacore T100 

instrument (Biacore, Piscataway, NJ, USA).  Biacore running buffer HBS (25 mM 

HEPES [pH 7.4], 150 mM NaCl, 3.4 mM EDTA, and 0.005% surfactant p20) was used 

in all binding assays.  The HLA-C tetramers were immobilized by coupling to a CM5 

sensor chip using the Amine Coupling Kit (Biacore), with a target density of ~6000 

resonance units (RU) of each tetramer bound to an individual flow cell.  The sKIR 

analytes were diluted in HBS, with concentrations ranging from 3.75 to 240 nM, and 

injected into the flow cell chamber with a contact time of 60 seconds and a dissociation 

time of 900 seconds.  Due to predicted instabilities of HLA-C tetramers (231), acidic 

regeneration of the chip was not performed. 
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3.1.8 KIR/single-antigen HLA bead binding assay 

 

The sKIR recombinant proteins were evaluated for binding to a panel of HLA Class I 

single-antigen beads (One Lambda, Canoga Park, CA, USA).  A range of sKIR 

concentrations (4-400 µg/ml) in 20 µl PBS were incubated with 5 µl beads for 30 

minutes, oscillating at 300 RPM, at room temperature.  The beads were washed three 

times in 1x wash buffer (One Lambda) at 3000 relative centrifugal force for 5 minutes, 

followed by labeling with PE conjugated antibody specific for human Fc (One Lambda) 

for 30 minutes, oscillating at 300 RPM, at room temperature.  After washing two times in 

1x wash buffer, a Luminex 100 reader (Luminex, Austin, TX, USA) was utilized to 

measure the MFI of at least 200 events per single-antigen bead.  The resulting MFI values 

generated by the Luminex instrument for each KIR-HLA interaction were then 

background subtracted from the MFI value of the negative control beads. Further, MFI 

values for each allotype were adjusted for HLA content via their interaction with the 

W6/32 antibody and were normalized to HLA-C*01:02.  Specifically, HLA-normalized 

sKIR binding was calculated using the formula: normalized sKIR MFI = [(MFI of sKIR 

binding to HLA-C [allotype X]) − (MFI of sKIR binding to negative control bead)] / 

[(MFI of W6/32 antibody binding to HLA-C [allotype X]) / (MFI of W6/32 antibody 

binding to HLA-C*01:02)].  The titration binding curves are derived from the one site 

binding (hyperbola) equation using a nonlinear regression curve fit by Prism 5.0f (232).  

The “heatmap.2” tool, a component of the gplots package of R: A Language and 

Environment for Statistical Computing (233), was used to generate heat maps of sKIR 
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avidity for all tested HLA-C allotypes.  Utilizing McQuitty’s method (234), the clustering 

algorithm generated dendrograms grouping either KIR or HLA-C molecules based upon 

avidity. 

 

3.1.9 IFN-γ functional assay 

 

The quantification of IFN-γ production was assessed as previously described (21), with 

modifications.  Briefly, the KHYG-1 cell line was transiently transduced with lentiviral 

vectors encoding KIR and, after 18 hours, incubated with HLA-negative 721.221 cells or 

721.221 cells stably transfected with HLA-C*03:04 or HLA-C*06:02 for 6 hours at a 

ratio of 1:1.  Conducted at 37°C in a 5% CO2 environment, each assay condition 

consisted of 1 x 105 effectors and 1 x 105 targets in 200 µl culture media.  Following the 

incubation period, the cell culture supernatant was harvested and assayed for IFN-γ 

production via the Procarta Immunoassay kit (Affymetrix, Santa Clara, CA).  The 

percentage of NK inhibition was calculated by the formula:  percentage inhibition = 

100% − ((amount of IFN-γ produced after exposure to 721.221-HLA-positive targets / 

amount of IFN-γ produced after exposure to 721.221-HLA-negative targets) X 100).  The 

NK cells used in this assay were checked via flow cytometry using anti-CD158b antibody 

to ensure that similar levels of each KIR allelic product were expressed at the cell 

surface.    
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3.1.10 Molecular modeling 

 

A structural model of KIR2DL3*005 was based on the x-ray structure of KIR2DL3*001 

(Brookhaven Protein Data Bank (PDB): 1B6U)(228).  KIR2DL3*005 was energy 

minimized using the consistent valence force field (CFF91) AMBER 10.0 simulation 

package (235).  The cutoff for nonbonded interaction energies was set to ∞ (no cutoff); 

other parameters were set to default.  To avoid unrealistic movements of the protein 

caused by computational artifacts, the structures were relaxed gradually.  The dielectric 

constant was set at ε = 4 to account for the dielectric shielding found in proteins.  The 

minimization was conducted in two steps: first using steepest descent minimization for 

500 cycles and then using conjugate gradient minimization until the average gradient fell 

below 0.01 kcal/mol. 

 

3.1.11 Molecular dynamics (MD) 

 

Using the energy-minimized structure of KIR2DL3*005 as the initial model, 3 ns MD 

simulations with a distant-dependent dielectric constant were conducted by using the 

SANDER module of the AMBER 10.0 simulation package (235) with the PARM98 

force-field parameter.  MD simulations were performed using 0.001 picosecond time 

steps with temperature set at 300°K.  The SHAKE algorithm (236) was utilized to keep 

all bonds involving hydrogen atoms rigid.   Temperature and pressure coupling 

algorithms (237) were used to maintain constant temperature and pressure.  Electrostatic 
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interactions were calculated with the Ewald particle mesh method (238), and  a dielectric 

constant at 1Rij and a nonbonded cutoff of 12 Å was used to the approximate electrostatic 

interactions and van der Waals interactions.  Structural analyses were done using the 

SYBYL X (Tripos International, St. Louis, MO, USA) molecular modeling program.  

 

3.1.12 Hinge angle calculation 

 

The axes of the KIR D1 and D2 domains were bounded by residues 4 through 103 and 

107 through 200, respectively as described by Boyington et al. (83).  Using helical 

correction, Chimera 1.7 (239) anchored each axis at the centroid of these atomic 

coordinates.  The axes were defined by the backbone atoms N, α-C, and carbonyl C.  The 

calculated hinge angles between the D1 and D2 domains represent the crossing angle 

between vectors representing the two axes for each respective KIR allelic product. 

 

3.2 Results 

 

3.2.1 Multiple KIR2DL2/3 alleles are observed within the European American and 

African American populations  

 

Of 76 random European Americans, 37 (48.7%) were positive for KIR2DL2 and 69 

(90.8%) for KIR2DL3 by locus specific amplification.  These frequencies are similar to 

previous observations made in a population of European ancestry (47% and 90%, 

respectively)(240).  Of 100 random African Americans, 55 (55%) were positive for 
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KIR2DL2 and 87 (87%) for KIR2DL3.  In European Americans, four alleles, 

KIR2DL3*00101 (38.2%), KIR2DL3*002 (26.3%), KIR2DL2*00301 (15.1%), and 

KIR2DL2*00101 (14.5%), account for over 94% of the allele frequency.  By contrast, 

African Americans are more diverse with the four most frequent alleles, 

KIR2DL3*00101 (41.5%), KIR2DL2*00101 (19%), KIR2DL3*005 (7.5%), and 

KIR2DL2*00602 (7.5%), accounting for only 76% of the allele frequency (Table 3.1).  

Finally, there were no significant deviations from Hardy-Weinberg proportions for the 

KIR2DL2/3 locus in European and African American populations (p-values=0.4069 and 

0.9879, respectively).  

 

In spite of allelic variation, many KIR2DL2/3 receptors share the amino acid sequences 

of their extracellular regions and likely share their specificity and affinity for their ligand, 

HLA-C.  For example, KIR2LD2*002, *005, and *007, share their extracellular 

sequences with KIR2DL2*001.  When this is evaluated, only five (European American) 

or six (African American) polypeptide sequences predominate—accounting for 99% or 

95%, respectively, of alleles in this locus (Figure 3.1A). 

 

3.2.2 Frequent KIR2DL2/2DL3 allelic products are expressed on the NK cell surface 

 

The surface expression of 13 full length KIR2DL2/3 allelic products tagged with N-

terminal HA and C-terminal V5, including the most frequent alleles in the population 

study, was determined by transient transfection of the KIR-negative NKL cell line.  

Eighteen hours post-transfection, cells were stained with an antibody specific for HA,  
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TABLE 3.1:  European American and African American KIR2DL2/3 Allelic Frequencies 

    

  Europeana Americans African Americans 

Alleleb nc Frequency n Frequency 

L2*00101 22 0.145 38 0.190 

L2*00102 0 0 2 0.010 

L2*002 0 0 0 0 

L2*00301 23 0.151 9 0.045 

L2*00302 0 0 0 0 

L2*00303 0 0 0 0 

L2*00304 0 0 0 0 

L2*004 0 0 1 0.005 

L2*005 1 0.013 0 0 

L2*00601 0 0 2 0.010 

L2*00602 0 0 15 0.075 

L2*007 0 0 1 0.005 

L2*008 0 0 0 0 

L2*009 0 0 0 0 

L2*010 0 0 0 0 

L3*00101 58 0.382 83 0.415 

L3*00102 0 0 2 0.010 

L3*00103 0 0 1 0.005 

L3*00104 0 0 0 0 

L3*00201 40 0.263 11 0.055 

L3*003 1 0.007 0 0 

L3*004 0 0 0 0 

L3*005 5 0.033 15 0.075 

L3*006 0 0 10 0.050 

L3*007 0 0 0 0 

L3*008N 0 0 0 0 

L3*009 0 0 1 0.005 

L3*010 0 0 0 0 

L3*011 0 0 1 0.005 

L3*01201 0 0 3 0.015 

L3*013 0 0 2 0.010 

L3*014 0 0 2 0.010 
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L3*015 0 0 0 0 

L3*016 0 0 1 0.005 

L3*017 

2DL3/2DP1 

Deletion 

0 

1 

1 

0 

0.007 

 

0 

0 

0 

0 

0 

 

Total 152 200 

 
a European American population contained one haplotype with a KIR2DL3/2DP1 fusion 

gene and one haplotype with a KIR2DL2/3 deletion 
b KIR alleles (75) are described in http://www.ebi.ac.uk/ipd/kir/ (Release 2.3.0) 
c n = number of alleles   
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FIGURE 3.1.  Allelic variants of KIR2DL2/3 are expressed at similar levels on the cell 

surface.  A, Amino acid polymorphism of the extracellular region of the most common 

KIR2DL2/3 allelic products.  The region is divided into: D1 = Ig-like domain 1, D2 = Ig-

like domain 2, and St = stem (83, 228).  Several allelic products share the same amino 

acid sequence of the extracellular domain.  The frequencies of each extracellular amino 

acid sequence were derived from random populations of African Americans (n = 100) 

and European Americans (n = 76) (Table 1).  B and C, 18 hours post-transfection, NKL 

cells expressing KIR2DL2/3 allelic products containing N-terminal HA and C-terminal 

V5 tags were analyzed by flow cytometry. Cells were surface stained using anti-HA 

antibody and intracellularly stained using anti-V5 antibody. Relative fluorescence ratios 

indicating surface/intracellular MFI were normalized to HA-KIR2DL2*001 (B) and HA-

KIR2DL3*001 (C).  KIR2DL2*002 (B) and KIR2DL3*001 (C) without HA tags served 

as the negative controls.  ANOVA analysis (one way, Kruskal-Wallis test) indicated that 

there were no significant differences in surface expression among these KIR allelic 

products.  The assay was performed in triplicate, with error bars representing standard 

deviation of the mean.  Data are representative of at least three independent experiments.   
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and, following cell permeabilization, intracellularly stained for the KIR C-terminal V5 

tag.  Subsequent flow cytometry analysis of three independent experiments performed in 

triplicate demonstrated that all allelic products, when driven by the EF-1α promoter in 

the DEST51 vector, were expressed at similar levels on the NK cell surface (Figure 3.1B 

and 1C).  Two additional assays—flow cytometry analysis of V5 tagged KIR lacking an 

HA tag and detected with a moab specific for KIR2DL2/3 (anti-CD158b) as well as cell 

surface biotinylation followed by gel electrophoresis of KIR proteins—confirmed these 

findings (data not shown).   Thus, with the exception of KIR2DL2*004 which is not 

expressed at the cell surface (113), the most frequent KIR2DL2/3 allelic products all 

appear to share the same general level of cell surface expression when driven by the same 

promoter.  However, the protein expression levels of these KIR alleles in vivo, and hence 

concentration at the cell surface, may vary due to polymorphism within the proximal and 

distal promoter regions (241).  

 

3.2.3 Surface plasmon resonance reveals that sKIR2DL3*005 binds HLA-C*03:04 

tetramers with high affinity and similar kinetics as sKIR2DL2 allelic products 

 

To assess the role of the KIR extracellular regions in ligand binding, the interaction of 

soluble KIR2DL2/3 Fc fusion proteins with an HLA-C ligand was assessed using Biacore 

technology.  As expected (143), sKIR2DL2*001 demonstrated high avidity binding (142 

peak resonance units (RU)) when injected over the immobilized HLA-C*03:04 (group 1) 

ligand (Figure 3.2).  The remaining KIR2DL2 allelic products, L2*003 (65 RU) and *006 

(91 RU), also exhibited high avidity.  Both sKIR2DL3*001 and *002 yielded  
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FIGURE 3.2: sKIR2DL3*005 binds immobilized HLA-C*03:04 tetramers with higher 

affinity than sKIR2DL3*001 and *002.  Shown are surface plasmon resonance binding 

response curves of six sKIR analytes at 240 nM and immobilized HLA-C*03:04 

tetramers (bound to a Biacore CM5 chip at ~2000RU).  The sKIR fusion proteins were 

injected over the chip for 60 sec at 20 µl/min and dissociation kinetics were measured for 

> 200 sec.  Each sKIR allelic product was analyzed in triplicate and the data are 

representative of at least three independent experiments. 
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substantially lower avidity, with peak RU of 7 and 4, respectively; the former in 

agreement with published data (85).  Of note, sKIR2DL3*005 demonstrated a peak RU 

value of 29, with dissociation and association rates similar to that of the sKIR2DL2 

allelic products, suggesting that this allelic product may behave more like KIR2DL2 than 

KIR2DL3.  The interactions between sKIR fusion proteins and HLA-C*03:04 tetramers 

were consistent over a range of analyte concentrations (Figure 3.3).  Additionally, a low 

binding HLA-C group 2 ligand, HLA-C*06:02 (242), was tested in order to evaluate any 

differences in binding kinetics between the six sKIR and a low affinity ligand.  All sKIR 

variants bound HLA-C*06:02 tetramers with very low avidity with an average peak of 

approximately 6 RU (Figure 3.4).  Due to a poor fit between the raw sensorgram data and 

the two state reaction model, binding kinetics calculations were unreliable for this HLA-

C ligand and are therefore not reported. 

 

Further analysis of the Biacore association (ka) and dissociation rates (kd), as well as the 

dissociation constant (KD), for each sKIR reveals a pattern of binding that defines two 

distinct groups of KIR in terms of kinetics (ka and kd) and affinity (KD).  

sKIR2DL2*001, *003, *006 and sKIR2DL3*005 can be categorized as high affinity KIR 

in terms of their binding to HLA-C*03:04, demonstrating KD values ranging from 

1.5x10-8 M to 3.6x10-8 M (Table 2).  By contrast, sKIR2DL3*001 and *002 bind HLA-

C*03:04 with 10 to 100 fold lower affinity.  
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Figure 3.3: Surface plasmon resonance analysis of sKIR fusion proteins at a range of 

concentrations demonstrates that sKIR2DL3*005 binds immobilized HLA-C*03:04 

tetramers with on- and off-rates similar to the high affinity KIR2DL2 allelic products.  A-

F, Kinetic analysis yields sensorgrams (colored lines) for each sKIR at a range of 

indicated concentrations with the mathematical analysis (black lines) derived from a two-

state reaction model.  In each condition, the immobilized proteins are C*03:04 tetramers.  

Each assay was performed in triplicate and the data are representative of at least 3 

independent experiments. 
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Figure 3.4: sKIR2DL2*003 binds immobilized HLA-C*06:02 tetramers with extremely 

low affinity.  Shown are surface plasmon resonance binding response curves of 

sKIR2DL3*005 at 15-240 nM concentrations and immobilized HLA-C*06:02 tetramers 

(bound to a Biacore CM5 chip at ~2000RU).  Each concentration of the sKIR fusion 

protein was injected over the chip for 60 sec at 20 µl/min and dissociation kinetics were 

measured for > 200 sec.  As peak RU did not appreciably surpass 6 units, accurate kinetic 

analyses of these data were not possible.  Each assay was performed in triplicate and the 

data are representative of at least 3 independent experiments.  sKIR2DL3*005 data is 

representative of other sKIR fusion proteins. 
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TABLE 3.2: Comparison of affinity and avidity values for sKIR binding to HLA-C 
determined by Biacore and Luminex 
 

KIR Biacore KD
a Luminex Kd

b Luminex Bmax
c 

Ligand: HLA-C*03:04 

2DL2*001 1.7 x 10-8 M 2.0 x 10-7 M 15741 

2DL2*003 1.5 x 10-8 M 7.0 x 10-7 M 21034 

2DL2*006 3.6 x 10-8 M 9.1 x 10-8 M 15041 

2DL3*001 2.9 x 10-7 M 1.0 x 10-6 M 10827 

2DL3*002 5.6 x 10-6 M 1.2 x 10-6 M 9141 

2DL3*005 3.0 x 10-8 M 1.0 x 10-7 M 15042 

Ligand: HLA-C*06:02 

2DL2*001  NDd 4.8 x 10-6 M  AMBe 

2DL2*003 ND 2.4 x 10-5 M AMB 

2DL2*006 ND 4.3 x 10-6 M AMB 

2DL3*001 ND AMB AMB 

2DL3*002 ND AMB AMB 

2DL3*005 ND 7.0 x 10-6 M AMB 

 

 

a KD, equilibrium constant (Kd / Ka, or off-rate / on-rate) calculated by 1:1 binding 

mathematical model.  As the Biacore data uses a different form of the HLA-C ligand and 

is a function of analyte binding over time, these data cannot be directly compared to the 

Luminex Kd values.  
b Kd, dissociation constant denoting the concentration of sKIR required to reach half-

maximal MFI  
c Bmax, maximum MFI calculated by nonlinear regression  
d ND, binding not detected 
e AMB, ambiguous data (as determined by Prism software) 
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3.2.4 sKIR2DL3*005 binds a panel of HLA-C group 1 allotypes with high avidity and 

group 2 allotypes with an intermediate avidity 

 

Binding of sKIR2DL2/3 Fc fusion proteins to a panel of 100 HLA class I allelic products 

in a solid phase assay was assessed to determine binding avidity and specificity.  In all 

cases, sKIR bound to HLA-C group 1 ligands in a Luminex system with similar avidities 

as to the HLA-C*03:04 tetramers in the Biacore assay system.  Specifically, all 

sKIR2DL2 (*001, 003, *006) and sKIR2DL3*005 bound with high avidity (measured by  

MFI values), in contrast to sKIR2DL3*001 and *002, which bound with intermediate to 

low avidity, respectively (Figure 3.5A).  Interestingly, although many HLA-C group 1 

molecules (e.g., HLA-C*03:04, *07:02) demonstrated strong binding with the sKIR2DL2 

and L3*005 allelic products, some group 1 molecules revealed lower binding avidity to 

these sKIR (e.g., HLA-C*12:03, *14:02).  The pattern of binding among the sKIR allelic 

products did not substantially vary from HLA allotype to allotype although the levels of 

avidity between individual HLA allotypes was variable. This pattern was conserved from 

assay to assay and among different lots of HLA-bearing beads.  

 

As with HLA-C group 1, binding of the sKIR variants to group 2 HLA-C yielded a 

similar binding pattern, as sKIR2DL2 variants bound with high avidity and sKIR2DL3 

variants bound with low.  Notably, sKIR2DL3*005 bound with an intermediate avidity 

(yielding ~50% lower MFI values than the sKIR2DL2 fusion proteins across all group 2 

molecules) (Figure 3.5B).  Due to poor sKIR binding to the HLA-C*06:02 tetramer in the 

surface plasmon resonance assay system, a direct comparison between the Luminex and 
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FIGURE 3.5: KIR2DL3*005 binds HLA-C group 1 allelic products with high avidity and 

group 2 allelic products with an intermediate avidity.  A, Binding of 100 µg/ml sKIR to a 

panel of nine HLA-C group 1 allotypes.  B, Binding of 100 µg/ml sKIR to a panel of 

seven HLA-C group 2 allotypes.  The MFI values for each sKIR-HLA interaction were 

adjusted for the beads’ HLA content and normalized to the HLA content of the HLA-

C*01:02 beads using the pan-HLA class I antibody W6/32.  The assay was analyzed in 

triplicate, with error bars representing standard deviation of the mean.  Data are 

representative of at least three independent experiments. 
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Biacore data was not possible.  Further, as with group 1, binding of sKIR to specific 

group 2 molecules demonstrated notable variation, with HLA-C*17:01 demonstrating the 

highest avidity and C*04:01 exhibiting the lowest.  As with group 1, the pattern of 

binding among the sKIR products did not vary from HLA allotype to allotype although 

the levels of avidity between HLA allotypes was variable (Figure 3.5B). 

 

In order to demonstrate that sKIR retains specific binding across a range of 

concentrations, each recombinant protein was titrated from 4, 20, 100, and finally to 500 

µg/ml.   As the sKIR concentration was increased, interaction with HLA-C group 1 

predictably yielded higher levels of binding (Figure 3.6A).  The resulting saturation 

binding curves demonstrate specific and scalable binding of all sKIR variants to their 

group 1 ligands.  The calculated equilibrium dissociation constants (Kd), denoting the 

concentration at which 50% of the HLA binding sites are saturated, ranged from 5.03 

µg/ml (9.1 x 10-8 M) for KIR2DL2*006 to 65.99 µg/ml (1.2 x 10-6 M) for KIR2DL3*002 

(Table 3.2).   As expected, KIR2DL3*005 demonstrated a Kd value of 5.50 µg/ml (1.0 x 

10-7 M), similar to the high avidity KIR2DL2 allelic products.  Moreover, the calculated 

maximum plateau MFI value, or Bmax, ranged from 21034 for KIR2DL2*003 to 9141 for 

KIR2DL3*002 (Table 3.2).  KIR2DL3*005 predictably exhibited a Bmax that was 

comparable to the high avidity KIR2DL2 allelic products.  Close inspection of the MFI 

values for KIR2DL2*003 at the 4 and 20 µg/ml concentrations demonstrated an avidity 

that lagged behind that of the other high binding KIR, therefore explaining the higher 

calculated Kd value (38.68 µg/ml or 7.0 x 10-7 M) for this particular sKIR (Figure 3.7A).  
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FIGURE 3.6: Saturation binding curves indicate that KIR2DL3*005 and KIR2DL2 

allelic products bind HLA-C group 1 with similar mass-action kinetics in a Luminex 

assay.  A and B, Titration from 4 to 500 µg/ml sKIR yields equilibrium state binding of 

these allelic products to HLA-C*03:04 (group 1) and C*06:02 (group 2), respectively.  

Each assay was performed in triplicate, with error bars representing standard deviation of 

the mean. Data are representative of nine HLA-C group 1 (A) and seven HLA-C group 2 

(B) allotypes and of at least three independent experiments. 
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Figure 3.7: Low concentrations of sKIR, particularly KIR2DL2*003, demonstrate subtle 

variations in their pattern of avidity when compared to higher (≥100 µg/ml) 

concentrations.  A, 4 and 20 µg/ml sKIR binding to HLA-C*03:04.  B, 20 µg/ml sKIR 

binding to HLA-C*06:02.  The assay was analyzed in triplicate, with error bars 

representing standard deviation of the mean.  Data are representative of at least three 

independent experiments.   
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The remaining group 1 HLA molecules demonstrated similar saturation binding curves, 

indicating that all tested allelic products from this group yield specific binding to sKIR 

(data not shown). 

 

Similar to the group 1 HLA data, group 2 molecules demonstrated scalable binding as the 

concentration of sKIR was titrated from 4, 20, 100, and finally to 500 µg/ml (Figure 

3.6B).  Notably, all sKIR failed to approach binding saturation at the 500 µg/ml 

concentration.  The calculated saturation binding curves for each sKIR yielded Kd values 

ranging from 236.1 µg/ml (4.3 x 10-6 M) to 1320 µg/ml (2.4 x 10-5 M), with 

KIR2DL3*005 demonstrating an avidity of 386.7 µg/ml (7.0 x 10-6 M) (Table 2).  Note 

that the Kd values for KIR2DL3*001 and KIR2DL3*002 are not reported as the 

calculated values were ambiguous due to the low levels of binding that these particular 

sKIR demonstrated.  In fact, no binding was observed for any sKIR at the 4 µg/ml 

concentration (after background subtraction of the negative control bead MFI value) and 

very low binding (≤500 MFI) at the 20 µg/ml concentration for KIR2DL2*001, 

2DL2*003, 2DL2*006, and 2DL3*005 (Figure 3.7B).    Furthermore, Bmax values are not 

reported as the tested sKIR concentrations failed to approach a saturation point with 

respect to HLA-C group 2 binding.  The remaining group 2 HLA molecules demonstrated 

similar saturation binding curves, again indicating that all tested allelic products from this 

group yield specific binding to sKIR (data not shown). 
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Using the Luminex sKIR binding data, a KIR and HLA-clustered heat map was generated 

depicting the avidity of each sKIR at 100 µg/ml with their group 1 and 2 ligands (Figure 

3.8).  Here, the clustering algorithm groups sKIR2DL3*005 with the 2DL2 molecules, 

aligning this allelic product most closely with KIR2DL2*001 and *006.  Furthermore, 

clustering the heat map with respect to HLA-C avidity yields two distinct groups that are 

not strictly defined by the classical group 1 and 2 designations based on amino acid 

residues at positions 77 and 80 of the HLA-C molecule.  Notably, group 1 ligands HLA-

C*01:02, *08:01, *12:03, and *14:02 cluster with group 2 molecules.  As these group 1 

molecules demonstrate an intermediate (KIR2DL2*001, *003, *006 and 2DL3*005) to 

low (KIR2DL3*001 and *002) avidity for sKIR, the clustering algorithm sorted these 

ligands with the group 2 molecules. 

 

3.2.5 IFNγ production indicates that KIR2DL3*005 is functionally similar to 

KIR2DL2*001 

 

In order to determine the functional relevance of KIR2DL3*005’s increased affinity and 

avidity for HLA-C, IFNγ production was assayed.  Following transient transduction of 

KHYG-1 cells with lentiviral vectors to express the KIR2DL2*001, 2DL3*001, or 

2DL3*005 extracellular regions fused to the KIR2DL2*001 intracellular region, these 

NK cells were co-incubated with parental 721.221 cells as well as cells expressing HLA-

C*03:04 or HLA-C*06:02.  The measured levels of IFNγ in the cell culture supernatant 

reflected a pattern of cytokine production that correlates with the observed affinity and 

avidity differences demonstrated by the sKIR fusion proteins (Figure 3.9).   Specifically,  
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FIGURE 3.8: Two-dimensional hierarchical clustering of KIR and HLA-C binding 

avidity redefines traditional groupings based solely on amino acid sequence.  The color 

gradient represents the range of MFI values obtained by the Luminex assay, with dark red 

symbolizing the highest avidity (12,000-15,000 MFI) and pale yellow the lowest avidity 

(0-3000 MFI).  sKIR at 100 µg/ml and HLA-C allelic products were clustered according 

to their binding avidity.  Clustering analysis is representative of at least three independent 

runs, each with 100 bootstrap iterations.   
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FIGURE 3.9:  Analysis of IFN-γ levels in the culture supernatant indicates similar levels 

of HLA-C group 1-mediated inhibition in KHYG-1 cells expressing KIR2DL3*005 or 

KIR2DL2*001.  A, Representative KIR surface expression levels of transiently 

transduced KHYG-1 cells with the indicated lentiviral vectors 18 hours after infection 

(NC = negative control, PE = stained with anti-CD158b-PE).  B, The level of inhibition is 

expressed as the percent decrease of secreted IFN-γ by KHYG-1 cells transduced with 

either KIR2DL2*001, KIR2DL3*001, or KIR2DL3*005 after a 6 hour incubation with 

721.221 HLA-negative targets (normalized to 100% IFN-γ secretion) compared to 

721.221-HLA-C*03:04 (group 1) or C*06:02 (group 2) targets (by two-tailed t-test: **P 

< 0.01; ***P < 0.001).  The assay was performed in triplicate, with error bars 

representing standard deviation of the mean.  Data are representative of at least three 

independent experiments.   
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the IFNγ production by the high affinity/avidity KIR (2DL2*001 and 2DL3*005) 

demonstrates a 53% and 51%, respectively, decrease in this cytokine’s production when 

engaged by 721.221 targets expressing HLA-C*03:04 (group 1) compared to the levels 

secreted when these NK cells were exposed to HLA-negative 721.221 cells.  In contrast,  

KHYG-1 cells transduced with the low affinity/avidity KIR2DL3*001 yielded a smaller 

(42%) decrease in IFNγ synthesis relative to the HLA-negative control.  The levels of 

IFNγ inhibition generated by KIR2DL2*001 and 2DL3*005 were significantly lower 

than the levels generated by 2DL3*001 cells upon exposure to 721.221-HLA-C*03:04 

targets  (Fig. 6B; 53% ± 0.30 vs 42% ± 0.82; p = 0.0003; by two-tailed t test; and 51% ± 

0.57 vs 42% ± 0.82; p = 0.0012; by two-tailed t test).  The lower affinity ligand HLA-

C*06:02 triggered a less robust inhibitory response, yielding IFNγ decreases of 22%, 

25%, and 16% for KHYG-1 cells expressing KIR2DL2*001, 2DL3*001, and 2DL3*005, 

respectively, verses their HLA-negative controls.  Using the Student’s t test, these values 

were not significantly different from one another.  These patterns of inhibition were 

observed in 3 assays performed in triplicate.   

 

3.2.6 Residues Arg 11 and Glu 35 act in concert to produce the KIR2DL3*005 phenotype 

 

In order to determine the amino acid residues responsible for the observed KIR2DL3*005 

phenotype, six additional sKIR were generated.  Mutating the low binding 

KIR2DL3*001 towards residues found in the high binding KIR2DL3*005, each sKIR 

contained either a single or double amino acid change at residues 11, 35, and/or 50, the 

only three residues that differ between these allelic products (Figure 3.1).  The three 
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single and three double sKIR mutants represent all possible intermediary polypeptide 

sequences between these two allelic products.  Luminex analysis of KIR-HLA avidity 

revealed that single residue changes towards KIR2DL3*005 at positions 11 and 35 

independently increased sKIR avidity for HLA-C allelic products.  Specifically, L11R 

and Q35E result in 22.5% and 67.3% increases in avidity for HLA, respectively 

(representative group 1 and 2 HLA-C allelic products are shown (Figure 3.10)).  These 

results are in contrast to the H50R mutant, which demonstrated an unexpected 73.2% 

decrease in avidity compared to KIR2DL3*001.  In fact, L11R or Q35E in combination 

with H50R appears to nullify the negative impact of the mutation at position 50, resulting 

in an avidity that is comparable to that of the single mutants at positions 11 and 35.  

Finally, investigation of the three possible combinations of double mutations revealed 

that the combination of residue changes at positions 11 and 35 yielded a complete rescue 

of the KIR2DL3*005 phenotype. 

 

3.2.7 Molecular modeling predicts that polymorphism at positions 11, 35, and 50 alter 

the hinge angle between the two extracellular domains of KIR2DL3*005 

 

Evidence that KIR2DL3*005 exhibits an unexpected reactivity with the KIR2DL1/S1-

specific EB6B antibody (243) suggests that this allelic product has acquired an altered 

structure compared to other KIR2DL2/3 molecules.  After confirmation of EB6B 

reactivity with sKIR2DL3*005 (data not shown), molecular modeling was employed in 

order to simulate structural alterations of the KIR2DL2/3 extracellular region induced by 

residue changes at positions 11, 35, and 50 (Figure 3.11A and 3.11B).  Comparison to the  
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Figure 3.10:  Residues 11R and 35E synergize to yield the KIR2DL3*005 phenotype.  A, 

Binding of 50 µg/ml sKIR to HLA-C*03:04 (HLA-C group 1) in a Luminex assay.  B, 

Binding of 50 µg/ml sKIR to HLA-C*18:02 (HLA-C group 2).  HLA-C*06:02 (group 2) 

is not shown because it exhibited extremely low MFI values; HLA-C*18:02 (group 2) 

more clearly demonstrates the impact of mutation on sKIR binding avidity.  The MFI 

values for each sKIR-HLA interaction were adjusted for the beads’ HLA content and 

normalized to the HLA content of the HLA-C*01:02 beads using the pan-HLA class I 

antibody W6/32.  The assay was performed in triplicate, with error bars representing 

standard deviation of the mean. Data are representative of nine HLA-C group 1 (A) and 

seven HLA-C group 2 (B) allotypes and of at least three independent experiments. 
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FIGURE 3.11:  Molecular modeling predicts that the interdomain hinge angle of 

KIR2DL3*005 is similar to that of KIR2DL2*001.  A, Model of KIR2DL3*005 (green) 

generated from the crystal structure of KIR2DL3*001 (magenta, PDB ID: 1B6U), 

overlaid with KIR2DL2*001 co-crystalized with HLA-C*03:04 and the importin alpha-2 

peptide (light blue, dark blue, and red, respectively, PDB ID: 1EFX).  The simulated 

KIR2DL3*005 molecule reveals a shift of the HLA-binding loops when compared to 

KIR2DL3*001 (A’B (Loop 1, residues 20-23), CC’ (Loop 2, residues 43-46), and EF 

(Loop 3, residues 67-74).  B, Molecular dynamics simulation after 3 ns indicates 

significant movement (>3Å RMSD) of polymorphic and adjacent residues in the D1 

domain of KIR2DL3*005 (green) compared to KIR2DL3*001 (magenta).  The two KIR 

differ only at residues 11, 35 and 50.  C, The axes of the KIR D1 and D2 domains are 

defined by residues 4 through 103 and 107 through 200, respectively.  The calculated 

hinge angles represent the crossing angle between the two axes for each respective KIR 

allelic product.   
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crystal structure of KIR2DL2*001 in complex with its HLA-C ligand (83) indicates that the 

substitutions present within the first extracellular domain of 2DL3*005 are distal to the KIR-

HLA interface.  Specifically, the three polymorphic positions are located on (residues 11, 50) or 

adjacent to (residue 35) β sheets and distant from the three loops shown to interact with the 

HLA-C ligand.  Close inspection of the modeled KIR2DL3*005 molecule reveals a displacement 

of the HLA-binding loops (83, 244)) upon 3 ns of simulation when compared to the crystal 

structure of KIR2DL3*001 (228) (Figure 3.11A).  In fact, the structural fluctuations induced by 

these three polymorphic residues appear to resonate throughout the D1 domain of the simulated 

KIR2DL3*005 molecule, ultimately shifting the alignment of the two domains in relationship to 

one another.  Since previous studies have suggested that the hinge angle of the two extracellular 

domains may impact their ability to bind to HLA-C (85), the simulated hinge angle between D1 

and D2 of KIR2DL3*005 was evaluated.  It measured 83.1°, in comparison to the hinge angles 

of 83.8° and 79.6° for the HLA-unligated crystal structures of KIR2DL2*001 and 

KIR2DL3*001, respectively (Figure 3.11C).  The calculated angles for the latter two KIR are 

consistent with those previously determined (83, 85, 245), with the larger angle found in the 

simulated KIR2DL3*005 similar to the high affinity KIR2DL2*001 molecule. 

 
 
3.3 Discussion 

 

3.3.1 Significance and potential impact of KIR polymorphism on NK responsiveness 
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Understanding the functional impact of allelic diversity at the KIR2DL2/3 locus will serve to 

further elucidate the role that KIR2DL2/3 plays in human health and reproductive fitness and 

should aid in the design of strategies to apply that knowledge in the clinic.  Here, I show that 

KIR2DL3*005 demonstrates unexpectedly high binding affinity and avidity with its HLA-C 

ligand.  These data, along with functional analysis in the form of inhibition of IFN-γ production 

when cell surface ligand is detected, suggest that this KIR2DL3 allelic product behaves similarly 

to KIR2DL2 allelic products.  Since population data indicates that one out of seven African 

Americans and one out of 15 European Americans carries this allele, its prevalence, especially in 

the former population, merits further investigation of its specific phenotype. 

 

As certain KIR allelic products are intracellularly retained, the inception of this thesis project 

involved an analysis of KIR surface expression levels on the NKL cell line.  As previously 

mentioned, each KIR construct was driven by the EF-1α promoter, which yielded maximal 

expression of each allelic product and also removed any potential differences in surface 

expression due to polymorphism within the promoter region.  While no significant differences in 

surface density were detected, it should be noted that this assay system was limited in that it was 

designed to detect substantial differences resulting from potential variation in intracellular 

transport of the maturing KIR allelic products to the cell surface, as well as their rates of 

internalization.  In fact, these two variables are merely inferred by the observed results:  proper 

protein folding and efficient transport to the plasma membrane should, in theory, increase the 

detectable levels of KIR on the cell surface.  Likewise, increased rates of receptor turnover by 

internalization within an endosomal compartment would result in lower surface densities of a 
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particular allelic product.  However unlikely, it is possible that one or more of the assayed KIR 

variants possess more efficient transport to the cell surface coupled with increased turnover (or 

decreased transport efficiency coupled with slower rates of internalization), thus resulting in 

steady state levels at the plasma membrane similar to the other allelic products.  Regardless of 

potential differences in cellular transport to or from the NK cell surface, my analyses indicate 

that the steady state levels of these KIR are not significantly different from one another and 

therefore any functional differences observed between allotypes is not due to receptor density at 

the plasma membrane.         

 

Having established that there are no significant differences in surface density of the assayed KIR 

variants, the present study then employed two strategies to measure potential differences in the 

binding affinity and avidity of KIR2DL2/3 allelic products to their HLA-C ligand.  Surface 

plasmon resonance measured sKIR binding to two tetrameric bacterial expression system-

produced HLA-C allotypes, each refolded with a single peptide.  These data indicated that 

KIR2DL3*005 shares a kinetic profile similar to that of the high affinity KIR2DL2 allelic 

products (Table 3.2).  In terms of avidity, this assay revealed that peak RU of KIR2DL3*005 

was approximately 20-45% (compared to KIR2DL2*001 and KIR2DL2*003, respectively) of 

that achieved by the KIR2DL2 allelic products.  By contrast, the low avidity KIR2DL3*001 and 

KIR2DL3*002 yielded peak RU values that were 5-11% and 3-6%, respectively, of that 

achieved by the KIR2DL2 allelic products.  Under these conditions, my data yields KD values 

ranging from nanomolar to micromolar values for the high and low affinity KIR, respectively.  

While my findings cannot be directly compared to previously published KIR-HLA Biacore 
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analyses due to differences in the assay components (bacterial expression system derived KIR 

and monomeric HLA-C were used in the earlier studies) (83, 242), the relationship between 

KIR2DL2*001 and KIR2DL3*001 is consistent with prior work (i.e., high versus low affinity) 

(85, 143).  

 

To obtain a more biologically relevant and a more generalized interpretation of binding avidity 

of these KIR allelic products, a second strategy, the Luminex assay, was used to measure binding 

avidity and specificity.  Here, the assay used polystyrene beads coated with single HLA allotypes 

produced in a human cell line.  As these HLA molecules will carry a range of peptides, the data 

provide an average avidity level of specific KIR-HLA combinations.  One can therefore infer 

that the avidity and affinity data presented here are applicable to the typical receptor-ligand 

interaction between these KIR and HLA-C at the cellular level.  These data demonstrate that 

KIR2DL3*005 resembles other KIR2DL2 allelic products in terms of avidity for their HLA-C 

ligand.  Lending further validity to my data, the relative avidity differences between 

KIR2DL2*001 and KIR2DL3*001 generated by the Luminex assay is comparable to previously 

published data (85, 230).  Lastly, direct comparison of avidity among the high-binding KIR 

reveals subtle differences in the strength of binding for some allelic products (e.g., 

KIR2DL2*003 bound some group 1 allotypes with an avidity that was ~15% higher than other 

high avidity sKIR).  Whether these small variations translate to functional differences remains to 

be evaluated.  
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Next, to augment the biological relevance of the affinity and avidity data, a cellular assay 

measuring NK inhibition in the presence of KIR2DL2/3 and their HLA-C ligands was used to 

measure the potential functional impact of KIR2DL3*005 ligand binding.  Under ideal 

circumstances, the biological activity of a specific KIR allelic product is evaluated in peripheral 

blood NK cells.  However, considering the complexities of the NK KIR repertoire, in both gene 

copy number and expression patterns, the difficulty in identifying a homozygous KIR2DL3*005 

blood donor, and the impact of other inhibitory and stimulatory receptors on NK activity, I 

evaluated the functional activity of this KIR in a cell line-based assay system.  While the 

limitations of the biological system used in the current study (i.e., a KIR-negative NK leukemia 

cell line and a transformed HLA class I-negative B cell line, both expressing high levels of 

transfected KIR and HLA-C, respectively) should be considered, the data generated by this study 

is likely reflective of the in vivo activity of these KIR in the context of their influence upon the 

immune response.  Furthermore, by removing the potentially confounding variables of additional 

inhibitory signaling in the analysis (i.e., the lack of other inhibitory KIR in the effector cell line 

and the abrogation of HLA-E surface expression in the target cell line), my assay system allows 

for an examination of KIR2DL3*005’s inhibitory capacity in isolation from other inhibitory 

molecules. 

 

Although Falco et al. described a similar specificity of KIR2DL3*001 and *005 for HLA-

C*03:03 (group 1) in a cellular assay (243), the avidity, specificity for other HLA-C allotypes, 

and a direct comparison of functional activity between these two allelic products was not 

reported.  By my own analysis, KIR2DL2*001 and KIR2DL3*005 produced a similar down 
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regulation of IFN-γ secretion in response to targets bearing HLA-C*03:04 (group 1).  

Additionally, these two high affinity KIR allotypes yielded significantly greater levels of IFN-γ 

inhibition compared to KIR2DL3*001.  As expected based on the results of the binding affinity 

assays, target cells expressing HLA-C*06:02 (group 2) produced a less robust KIR inhibitory 

signal, down regulating the IFN-γ response by approximately 20%.   The three KIR allelic 

products were not significantly different from one another when responding to a group 2 ligand, 

yielding a very subtle decrease in NK activity not strong enough to result in meaningful 

differences among the tested KIR allotypes if differences do indeed exist. 

 

While the impact of polymorphism within the intracellular tails of these KIR was not evaluated, 

it has been demonstrated that residue changes between the cytoplasmic regions of KIR2DL2*001 

and KIR2DL3*001 do not yield a significant difference in inhibitory signaling (85).  Inspection 

of polymorphic residues within the cytoplasmic tails of KIR2DL3*002 and *005 reveal that 

these KIR possess only one alteration from KIR2DL3*001: the substitution of His for Arg at 

position 297.  Not located within either of the two ITIMs of KIR2DL2/3, both amino acids are 

positively charged at physiological pH and possess similar hydropathy indexes.  In the absence 

of experimental evidence, it is therefore reasonable to hypothesize that the presence of His at this 

position will have minimal, if any, effect upon the transduction of inhibitory signals.  

Considering this, the significant increase in affinity/avidity observed in the binding assays as 

well as the levels of inhibition of the IFN-γ response demonstrate that KIR2DL3*005, when 

triggered by HLA-C group 1 allotypes, should impact the immune response in a similar fashion 

as KIR2DL2. 
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Moesta and colleagues have demonstrated that the reduced binding avidity of KIR2DL3*001 

compared to KIR2DL2*001 is the result of polymorphisms at residues 16 and 148.  Surprisingly, 

these residues are distal to the HLA binding site yet likely impact the hinge angle and level of 

flexibility between the D1 and D2 domains (85).  Likewise, KIR2DL3*005 differs from 

KIR2DL3*001 at residues (D1 domain positions 11, 35, and 50) that are located away from the 

KIR-HLA-C binding interface.  In order to detect the relative contributions of polymorphic 

residues to the observed KIR2DL3*005 phenotype, I performed site directed mutagenesis 

altering the low avidity KIR2DL3*001 towards the high avidity 2DL3*005.  This analysis 

revealed that the residues at positions 11 (L→R) and 35 (Q→E), in combination, provide a 

rescue effect in terms of avidity for KIR2DL3’s cognate ligand.  Molecular dynamics 

simulations suggest that these amino acid substitutions, acting in concert, induce structural 

changes that propagate throughout the KIR D1 domain, ultimately altering the orientation of the 

two external KIR domains in relation to one another.  In agreement with Moesta and colleagues 

speculation that KIR2DL2*001’s higher avidity for HLA-C is due to a more acute inter-domain 

hinge angle between D1 and D2 as compared to KIR2DL3*001 (85), the hinge angle of 

KIR2DL3*005 is similar to that of KIR2DL2*001.   This structural modification could 

reposition KIR binding loops such that they form a more stable interaction with HLA-C—

ultimately increasing the affinity and avidity of this receptor-ligand interaction. 

 

Polymorphism may also influence KIR’s ability to aggregate upon ligand binding.  While it is 

predicted that KIR and HLA molecules bind with 1:1 stoichiometry, crystallographic studies of 
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KIR2DL2/3 provide evidence of KIR oligomerization involving an interaction between the 

amino-terminal region of the D1 domain of one KIR with the carboxyl-terminal region of D2 of 

a second KIR (83, 228, 245).  The crystals indicate that KIR dimerization appears to be mediated 

by hydrophobic interactions between domains, possibly involving the conserved residues Tyr80 

and Tyr88 of D1.  As Tyr88 is predicted to undergo a significant change in orientation in 

KIR2DL3*005 after 3ns of simulation (Fig. 11B), this may impact the ability of this allotype to 

successfully oligomerize and therefore alter binding to HLA-C.  While the Luminex assay 

system was not designed to detect soluble KIR oligomerization, the increased (or decreased) 

ability of any of the tested allelic products and/or their mutants to aggregate across the HLA-

coated bead surface through intermolecular domain linkage could result in measurable 

differences in avidity.  As binding to anti-CD158a and anti-CD158b antibodies confirmed proper 

tertiary structure of the fusion protein, the near abrogation of binding demonstrated by the single 

mutant of KIR2DL3*001 at position 50 (H→R) could be the result of a disruption of the adjacent 

hydrophobic regions of D1 that are responsible for receptor aggregation.  It is plausible that, 

without the supplemental effects of L11R and/or Q35E, the substitution at position 50 yields an 

effectively inactive receptor due to disrupted KIR oligomerization.   

 

In addition to the impact of polymorphism upon an individual KIR allelic product’s avidity for 

HLA-C, my analysis, as well as those of others (14, 246), reveals that each HLA-C allotype 

demonstrates a unique level of avidity for KIR2DL2/3.  In fact, these findings indicate that HLA-

C does not strictly follow the classical KIR avidity paradigm: not all group 1 allelic products are 

high avidity and, likewise, not all group 2 allelic products are extremely low avidity (Fig. 8).  
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Here, we demonstrate that HLA-C*01:02 and *08:01 (group 1) bind KIR2DL2/3 with an 

intermediate avidity; whereas, HLA-C*12:03 and *14:02 (group 1) bind with even lower 

avidities.  The latter two group 1 allotypes yield avidities similar to group 2 ligands (only HLA-

C*04:01 and *06:02 (group 2) demonstrate avidities that are substantially lower).  While the 

observed differences in avidities could be the result of structural changes in regions of HLA-C 

that interact with the KIR2DL2/3 binding loops (83), it is also likely that variation in HLA-

bound peptides plays a role.  As KIR binding is sensitive to variation in positions 8 and, to a 

lesser extent, 7 of the peptide (83, 247) and since HLA-C allelic products demonstrate variation 

in their peptide content (81), the specific repertoire of HLA-C-bound peptides may influence the 

observed differences in avidities among these allotypes.  Ultimately, when predicting the effect 

of particular KIR2DL2/3 and HLA-C allotypes upon the immune response, one must be mindful 

of the fact that certain HLA-C molecules do not fit within the classical relationship between 

HLA-C groups 1/2 and their affinity for KIR. 

 

Considering the functional impact of variation in affinity and avidity between KIR2DL2/3 and 

HLA-C, it is likely that selective pressures in the form of endemic disease (248) and pregnancy 

disorders (249) influenced the relative frequencies of specific KIR polymorphisms.  

Furthermore, migration of early human populations almost certainly led to multiple 

bottlenecking events (246), dramatically impacting the frequencies of specific KIR alleles within 

certain ancient populations.  In order to establish the evolutionary significance of KIR2DL2/3 

genetic diversity, this study sought to define the impact of allelic variation upon affinity and 

avidity for the HLA-C ligand of the most common allotypes present within modern African and 
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European American populations.  It is my hope that these data will provide critical insights into 

the KIR2DL2/3-controlled modulation of the immune response to infectious disease, 

malignancy, and/or reproductive fitness.  The remaining sections of this dissertation will briefly 

discuss the potential clinical significance of KIR2DL2/3 polymorphism, as well as future 

avenues of investigation that have been inspired by this thesis project.    

 

3.3.2 Clinical significance of KIR polymorphism     

 

While the advent of modern medicine has resulted in significant gains in terms of the length of 

the human lifespan through novel therapeutics targeting infectious disease and malignancy, it is 

clear that these successes ultimately require a robust and complementary immune response.  In 

fact, as certain immune deficiencies can result in severe morbidity and mortality even when 

challenged with medical intervention, current treatment strategies can be thought of as 

pharmacological adjuvants—and, in a sense, subordinate—to the immune response.  Evolution 

has likely ensured that all constituents of the immune system are critical to human health; 

numerous disease association studies provide empirical evidence for this as they reveal specific 

correlations between disease incidence/severity and the activity of its cellular components.  Thus, 

modulation of the NK activation response by certain KIR allelic products whose function has 

been either augmented or impaired by polymorphic residues stand to influence the course of 

human health when confronted with specific disease processes.  Thorough and careful 

investigation of the biological activity of KIR allelic products will serve to further define the 
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precise role that these molecules play in terms of their modulation of the immune response and, 

hence, the outcome of certain pathological conditions. 

 

Due to their impact upon the immune response when confronted with a specific infectious 

disease, certain KIR2DL2/3 alleles may be more prevalent in one population versus another 

because they resulted in a distinct survival advantage.  For example, population data indicates 

that the KIR2DL3*005 allele is nearly three times more frequent in the African American 

population as compared to European Americans (15% versus 6.6%).   As suggested above, it is 

possible that positive selective pressures, in the form of endemic disease, favored the increasing 

prevalence of this allele in the ancestors of African Americans, who primarily inhabited central 

Africa.  The Plasmodium falciparum malaria parasite is endemic in equatorial regions, found 

throughout the Americas and South East Asia, with the highest levels of endemicity (up to 

~75%) found in areas of central Africa (250).  Recent evidence reveals that the incidence of 

Plasmodium falciparum-induced cerebral malaria—a severe and often fatal form of 

encephalopathy thought to be the result of an uncontrolled immune response in reaction to the 

parasitic infection—correlates with KIR2DL3-HLA-C1 positive individuals (251).  Model 

systems suggest that NK cell activity, evidenced by early production of IFN-γ in response to the 

parasite, is central to the pathological sequelae triggered by this disease (252).  Excluding 

KIR2DL3*005, other KIR2DL3 molecules, owing to relatively weak inhibitory signaling, are 

therefore likely to increase the risk of an infected individual developing this fatal form of 

encephalopathy.  Accordingly, populations residing within malaria endemic regions may have 

experienced strong negative selective pressure, driving down the frequency of certain KIR2DL3 
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alleles (253).  While negative pressure may be acting upon the frequency of the weak-signaling 

KIR2DL3*001 and KIR2DL3*002 receptors, it is possible that the increased frequency (relative 

to the European American population) of KIR2DL3*005 in African Americans is due to this 

allelic product’s potential to transduce an inhibitory signal roughly equal to that of the KIR2DL2 

allelic products—thereby providing a protective mechanism against cerebral malaria.  Hence, 

KIR2DL3*005’s potential selective advantage in malaria endemic regions may have placed 

positive selective pressure upon this allele, ultimately resulting in its increased prevalence in 

central African populations.  Finally, bottlenecking events within ancient populations migrating 

away from this region may have contributed to the lower frequency of KIR2DL3*005 found in 

populations outside of Africa.     

 

Similar to African populations, the frequency of KIR2DL3*001 in the Yucpa Amerindian tribe 

in northeast Columbia is substantially lower than other human populations, likely due to negative 

pressures exerted by endemic malaria (246).  Notably, while the more established influence of 

the malaria parasite may have acted to decrease the frequency of many KIR2DL3 alleles that are 

common in other populations, more recent selective pressures, likely due to measles and 

Hepatitis B and D epidemics in the latter half of the 20th century (254), may have increased the 

frequency of the recently-evolved KIR2DL3*009 (246).  This allelic product is notable for its 

extremely low avidity for HLA-C, which may aid in the resolution of these viral infections by 

increasing the NK response due to extremely weak inhibitory signaling.  Ultimately, it is possible 

that individuals carrying KIR2DL3*009 were better able to survive these recent viral challenges 

due to extremely weak inhibitory signaling and the resulting heightened levels of NK antiviral 
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activity.  Therefore, Gendzekhadze et al. speculate that, after successive bottlenecking events, 

this KIR emerged as the predominant KIR2DL3 allele within this relatively isolated tribal 

population.  But what of the relative contributions of the KIR2DL2/3 locus to human populations 

in developed nations?    

 

Due to its prevalence in the American population and increased inhibitory function compared to 

other common KIR2DL3 allelic products, KIR2DL3*005 likely continues to influence clinical 

outcomes in the setting of various viral infections, pregnancy, and malignant disease.  As my 

data suggest that it behaves similarly to the common KIR2DL2 allelic products, KIR2DL3*005 

may also convey a survival disadvantage in individuals infected with HCV (100), due to its 

strong inhibitory signaling and, concomitantly, weak anti-viral NK response.  In terms of the 

decidual response as the embryo implants within the uterine wall, KIR2DL3*005 may increase 

the risk of miscarriage through stronger inhibitory signaling and the resulting decrease in 

production of IFN-γ (ultimately influencing the nutrient supply to the developing fetus).  And 

like the KIR2DL2 allelic products, KIR2DL3*005 may confer increased probabilities of survival 

in AML patients due to increased NK licensing.  Because of substantial variability in the activity 

of certain KIR allelic products, it is imperative that future disease association studies analyze 

KIR at an allele-level resolution.  In fact, the unexpectedly high avidity of KIR2DL3*005 for its 

ligand suggests that previously published disease associations may need to be re-evaluated in 

populations that carry this allele at a high frequency.          
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Table 3.3:  Potential clinical significance of KIR2DL3*005  
 

Disease Process Ideal Immune Reactivity Proposed effect of 
KIR2DL3*005 

Hematological malignancy 
and HSCT 

Strong anti-tumor response 
by transplanted NK cells 

Increased NK education via 
strong KIR signaling may 
increase killing response 
against malignant cells with 
mismatched or 
downregulated HLA ligand 

Hepatitis C virus Strong anti-viral response 
with decreased rate of 
chronic infection and 
concomitant hepatocellular 
carcinoma 

Increased inhibitory 
response may increase risk 
of chronic infection by 
dampening the antiviral 
response 

Malaria Dampening of 
inflammatory response by 
inhibitory signaling in order 
to reduce the risk/severity 
of cerebral malaria 

Increased inhibitory 
response should decrease 
the risk of encephalopathy 

Pregnancy fitness Adequate NK cell synthesis 
of IFN-γ (through 
minimized inhibitory 
signaling) in order to 
stimulate proper formation 
of uterine spiral arteries 

Increased inhibitory 
response (and 
corresponding decrease in 
IFN-γ) may increase risk of 
preeclampsia and 
spontaneous abortion 

 
 

 



 

 133

Based on the data presented in the present study, it can be hypothesized that an in vivo 

KIR2DL3*005+ NK cell behaves similarly to a KIR2DL2+ cell in terms of education and the 

level of inhibitory response when the receptor is triggered by HLA-C (Table 3.3).  As a patient’s 

unique genotype will eventually factor into clinical decision-making, the same therapeutic 

regimens that are recommended for individuals carrying KIR2DL2 alleles should be utilized for 

KIR2DL3*005+ individuals.  For example, certain acute viral infections, such as those resulting 

from the hepatitis family of viruses, may be treated more aggressively in KIR2DL3*005+ 

patients due to a weakened immune response to the infection.  Likewise, donor selection 

algorithms in the setting of HSCT may one day incorporate the known activities of KIR allelic 

products—especially those with significant deviations from other related allelic products at the 

same locus, such as KIR2DL3*005.  As more data are collected for this and other KIR loci in 

terms of their effect upon an individual’s probable response to a specific disease, future 

clinicians may choose to treat a patient more or less aggressively depending upon their predicted 

level of immune reactivity.  Given that therapeutic agents such as the anti-KIR2D 1-7F9 

monoclonal antibody are currently being developed for the clinic, the approaching era of 

personalized medicine may feature treatment regimens designed to either abrogate or enhance 

KIR activity with antibodies or small molecules. 

 

3.3.3 Future investigation of KIR2DL3*005  

 

This study revealed an unexpectedly high affinity and avidity of KIR2DL3*005 for its HLA-C 

ligand.  While the findings were demonstrated in two independent binding assay systems and 
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were also correlated with a functional assay measuring inhibition of IFN-γ, additional work is 

necessary in order to accurately determine the in vivo impact of this KIR variant upon the 

immune response.  For example, KIR2DL3*005, as well as the other common allelic products of 

this locus, were evaluated for levels of surface expression on the NKL cell line.  As the assayed 

KIR variants were all driven by the same promoter (EF-1α), any in vivo expression differences 

resulting from polymorphism within the distal and/or proximal promoter elements of these 

alleles were not evaluated.  As only the bi-directional promoter regions of KIR2DL2*001, 

KIR2DL2*003, KIR2DL3*001, KIR2DL3*002 , KIR2DL3*006, and KIR2DL3*010 have been 

sequenced, additional work is necessary in order to determine any polymorphic nucleotides that 

may exist in the remaining alleles.  However, as the promoter regions of alleles of KIR2DL2/3 

for which the genomic sequences are available (30 variants in total) only differ from one another 

in 3 instances (KIR2DL3*0010105, KIR2DL3*0010106, and KIR2DL2*010), it is likely that the 

uncharacterized 5’ untranslated regions of other alleles within this locus also possess few novel 

polymorphic nucleotides.  Lastly, any discovered polymorphic nucleotides within this region 

would need to be located within transcription factor binding sites in order to produce a 

measurable effect upon KIR transcripts.    

 

Nevertheless, if one is to fully appreciate the impact of allelic variation upon KIR surface 

expression in primary NK cells, the three alleles mentioned above, as well as any differences 

found in the promoter regions of KIR2DL2/3 alleles that are sequenced in the future, should be 

evaluated in a luciferase reporter assay system.  Here, the hypothesis states that polymorphic 

nucleotides either within or surrounding the bi-directional promoter could increase or decrease 
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the relative amount of forward or reverse KIR transcripts.  Briefly, fragments of varying length 

of the promoter regions of these alleles would be cloned into a luciferase vector in either the 

forward or reverse orientation.  As the proportion of forward to reverse transcriptional activity is 

thought to ultimately govern the levels of KIR protein at the cell surface, the resulting ratio 

between the two transcripts, as indicated by fold-increase of luciferase activity, would 

characterize the contribution of any polymorphic bases to the potential differential expression of 

KIR2DL2/3 allotypes.       

 

In addition to an evaluation of the impact of polymorphism within the promoter region of 

KIR2DL2/3 alleles, future investigations may seek to analyze the function of these KIR allelic 

products in primary NK cells.  In order to accomplish this, donors who carry this allele would 

need to be located.  After isolation of NK cells from the donated peripheral blood, a method for 

analyzing the functional response of the subset of NK cells that are positive for KIR2DL3*005 

would need to be developed.  One method that has been previously described entails limiting 

dilution followed by clonal expansion of primary NK cells (243).  As this protocol requires 

extended cell culture using irradiated feeder cells, the mitogen phytohemagglutinin, and 

recombinant IL-2 supplementation, these prolonged growth conditions may promote an effector 

phenotype that is not representative of in vivo NK function.  As the activity of these lymphocytes 

is known to change over periods of extended culture, an approach that is more reflective of the 

natural biological state of NK cells would require that freshly isolated NK cells be used in 

functional assays.  This could be accomplished using a panel of antibodies to interpret the 

response of the KIR2DL3*005(+) NK subset to HLA-C group 1 positive target cells.  Briefly, 
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the anti-CD158b antibody (GL183 clone) would be used to detect KIR2DL2/3(+) NK cells.  In 

order to ignore KIR2DL2(+) NK cells, an anti-CD158a antibody (clone EB6B, which reacts only 

with KIR2DL3*005 from the KIR2DL2/3 locus) would be utilized.  As the EB6B clone also 

reacts with KIR2DL1, and additional anti-CD158a antibody (clone 143211, which binds 

KIR2DL1 but does not cross-react with KIR2DL3*005) would identify only the KIR2DL1(+) 

subset.   Therefore, after identification of the KIR2DL3*005(+), KIR2DL2(-), and KIR2DL1 (-) 

NK subset (i.e., GL183(+), EB6B(+), and 143211(-)) (Table 3.4), an anti-CD107a antibody (a 

molecule found on the NK cell surface only after release of its cytotoxic granules) would be used 

to interpret the level of cytotoxic activity of these cells after a 4 hour exposure to target cells 

expressing HLA-C group 1.  As controls, these NK cells would also be co-incubated with target 

cells expressing no HLA-C group 1.  This condition would provide data regarding the maximal 

level of stimulation that the target cell line can induce in the absence of KIR2DL3*005-mediated 

inhibition.  Two additional conditions should be evaluated: the KIR2DL2(+), KIR2DL3*005(-) 

NK subset from the same donor (i.e. (i.e., GL183(+), EB6B(-)) would be co-incubated with 

target cells positive for HLA-C group 1 and also with target cells that are HLA-C negative.  

Based on my IFN-γ functional data in the KHYG-1 NK cell line, the percentage of KIR2DL3(+), 

KIR2DL2(-) NK cells staining positive for CD107a should be similar to the levels demonstrated 

by the KIR2DL2(+) KIR2DL3*005(-) subset when stimulated by the same target cells.  While 

the avidity and functional data in the present study is likely reflective of the in vivo response by 

primary KIR2DL3*005+ NK cells to a target bearing the HLA-C group 1 ligand, this hypothesis 

would ultimately be strengthened by an analysis of multiple donors homozygous for 

KIR2DL3*005 (Table 3.5).
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Table 3.4: Specificity of anti-KIR antibodies  

 

 GL183 Clone1 ECM41 Clone2 EB6B Clone3 143211 Clone4 

KIR2DL1 − − + + 

KIR2DL2/3 + + − − 

KIR2DL3*005 + − + − 

 

1 The GL183 clone (anti-CD158b) has specificity for KIR2DL2, KIR2DL3, and KIR2DS2 

2 The ECM41 clone (anti-CD158b) recognizes an epitope of KIR2DL3 that contains the E35 

residue; the Q35 residue present in KIR2DL3*005 abrogates binding of this clone 

3 The EB6B clone (anti-CD158a) has specificity for KIR2DL1 and KIR2DL3*005 (residue Q35 

is shared by these KIR) 

4 The 143211 Clone has specificity only for KIR2DL1  
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Table 3.5: Predicted reactivity1 of specific NK KIR subsets against the 721.221 target cell line 

 

 HLA Negative     

Targets 

HLA-C Group 1 

Targets 

HLA-C Group 2 

Targets 

KIR2DL1*001+ 

NK Cells 
+++ +++ + 

KIR2DL2*001+ 

NK Cells 
+++ + ++ 

KIR2DL3*001+ 

NK Cells 
+++ ++ +++ 

KIR2DL3*005+ 

NK Cells 
+++ + ++ 

 

1 Reactivity is defined qualitatively: +++ = strongly reactive (little to no inhibitory signaling), ++ 

= moderately reactive (i.e., moderate inhibitory signaling), + = weak to no reactivity (i.e., strong 

inhibitory signaling)
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An additional observation that merits further investigation is the variability in HLA-C avidity for 

KIR between different group 1 and 2 allotypes.  An obvious preliminary investigation would 

entail examination of polymorphic residues in and proximal to the HLA molecules’ peptide 

binding pockets and regions that interface with KIR in an attempt to identify a specific residue 

change (or, more likely, the combination of residues) that influences KIR binding avidity (Figure 

3.12).  As initial inspection reveals no clear polymorphic pattern that is consistent among 

allotypes that demonstrate high, medium, and low avidity for KIR, a more complex analysis of 

the structure-function role that these residues play may be revealed by a neural network-based 

approach.  To this end, the Stuttgart Neural Network Simulator (http://www-ra.informatik.uni-

tuebingen.de/SNNS) will be used to identify any hidden patterns linking the primary amino acid 

sequences of HLA-C allelic products with their avidity for KIR.  Currently being developed by 

the National Marrow Donor Program to predict T cell epitope groups in HLA-DP molecules 

(Martin Maiers et al., unpublished data), this method of analysis will be adapted to identify 

HLA-C allelic products’ amino acid sequences that may modify KIR binding.  The amino acid 

sequences as well as the Luminex-derived avidities for KIR of selected high, medium, and low 

binding HLA-C allelic products will serve as the training set.  Next, a validation set of other 

HLA-C allotypes with known KIR avidities will verify the performance of the network.  Finally, 

if the network can properly “predict” the avidity for KIR based only on the amino acid sequences 

of other HLA-C allotypes, it may have identified combinations of polymorphic residues that alter 

HLA-C peptide binding pockets and/or regions of the molecule that directly interact with KIR.  

Through site-directed mutagenesis of the residues identified by the neural network, constructs  
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Figure 3.12: Polymorphic residues within and adjacent to the HLA-C peptide binding   pockets 

and the regions that interact directly with KIR are likely to affect the avidity between the two 

molecules.  HLA polymorphic residues that interact with KIR binding loops (83) (indicated by 

green shading) and those located within HLA-C peptide binding pockets (255) (indicated by gray 

shading) are depicted.  For each HLA variant, the associated allelic product’s avidity for 

KIR2DL2/3 is represented in quartiles by shading (color coded based on Luminex data from 

Figure 3.5).  Cyan shading ([ ]) indicates HLA molecules with the lowest avidities (0-25th 

quartile); magenta shading ([ ]) indicates HLA molecules with median avidities (26th-50th 

quartile); yellow shading ([ ]) indicates HLA molecules with above average avidities (51st-75th 

quartile); red shading ([ ]) indicates HLA molecules with the highest avidities (76th-100th 

quartile).
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             ....|....| ....|....| ....|....| ....|....| ....|....|  
                      10         20         30         40         50              
C*01:02:01   CSHSMKYFFT SVSRPGRGEP RFISVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*02:02:01   CSHSMRYFYT AVSRPSRGEP HFIAVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*03:02:01   GSHSMRYFYT AVSRPGRGEP HFIAVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*03:03:01   GSHSMRYFYT AVSRPGRGEP HFIAVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*03:04:01   GSHSMRYFYT AVSRPGRGEP HFIAVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*04:01:01   GSHSMRYFST SVSWPGRGEP RFIAVGYVDD TQFVRFDSDA ASPRGEPREP  
C*05:01:01   CSHSMRYFYT AVSRPGRGEP RFIAVGYVDD TQFVQFDSDA ASPRGEPRAP  
C*06:02:01   MRVMAPRTLI LLLSGALALT ETWACSHSMR YFDTAVSRPG RGEPRFISVG  
C*07:02:01   CSHSMRYFDT AVSRPGRGEP RFISVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*08:01:01   MRVMAPRTLI LLLSGALALT ETWACSHSMR YFYTAVSRPG RGEPRFIAVG  
C*12:03:01   CSHSMRYFYT AVSRPGRGEP RFIAVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*14:02:01   CSHSMRYFST SVSRPGRGEP RFIAVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*15:02:01   CSHSMRYFYT AVSRPGRGEP HFIAVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*16:01:01   CSHSMRYFYT AVSRPGRGEP RFIAVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*17:01:01   GSHSMRYFYT AVSRPGRGEP RFIAVGYVDD TQFVRFDSDA ASPRGEPRAP  
C*18:02      CSHSMRYFDT AVSRPGRGEP RFISVGYVDD TQFVRFDSDA ASPRGEPRAP  
 
         | 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                      60         70         80         90        100             
C*01:02:01   WVEQEGPEYW DRETQKYKRQ AQTDRVSLRN LRGYYNQSEA GSHTLQWMCG  
C*02:02:01   WVEQEGPEYW DRETQKYKRQ AQTDRVNLRK LRGYYNQSEA GSHTLQRMYG  
C*03:02:01   WVEQEGPEYW DRETQKYKRQ AQTDRVSLRN LRGYYNQSEA GSHILQRMYG  
C*03:03:01   WVEQEGPEYW DRETQKYKRQ AQTDRVSLRN LRGYYNQSEA RSHIIQRMYG  
C*03:04:01   WVEQEGPEYW DRETQKYKRQ AQTDRVSLRN LRGYYNQSEA GSHIIQRMYG  
C*04:01:01   WVEQEGPEYW DRETQKYKRQ AQADRVNLRK LRGYYNQSED GSHTLQRMFG  
C*05:01:01   WVEQEGPEYW DRETQKYKRQ AQTDRVNLRK LRGYYNQSEA GSHTLQRMYG  
C*06:02:01   YVDDTQFVRF DSDAASPRGE PRAPWVEQEG PEYWDRETQK YKRQAQADRV  
C*07:02:01   WVEQEGPEYW DRETQKYKRQ AQADRVSLRN LRGYYNQSED GSHTLQRMSG  
C*08:01:01   YVDDTQFVQF DSDAASPRGE PRAPWVEQEG PEYWDRETQK YKRQAQTDRV  
C*12:03:01   WVEQEGPEYW DRETQKYKRQ AQADRVSLRN LRGYYNQSEA GSHTLQWMYG  
C*14:02:01   WVEQEGPEYW DRETQKYKRQ AQTDRVSLRN LRGYYNQSEA GSHTLQWMFG  
C*15:02:01   WVEQEGPEYW DRETQNYKRQ AQTDRVNLRK LRGYYNQSEA GSHIIQRMYG  
C*16:01:01   WVEQEGPEYW DRETQKYKRQ AQTDRVSLRN LRGYYNQSEA GSHTLQWMYG  
C*17:01:01   WVEQEGPEYW DRETQKYKRQ AQADRVNLRK LRGYYNQSEA GSHTIQRMYG  
C*18:02      WVEQEGPEYW DRETQKYKRQ AQADRVNLRK LRGYYNQSED GSHTLQRMFG  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     110        120        130        140        150         
C*01:02:01   CDLGPDGRLL RGYDQYAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*02:02:01   CDLGPDGRLL RGYDQSAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*03:02:01   CDVGPDGRLL RGYDQSAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*03:03:01   CDVGPDGRLL RGYDQYAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*03:04:01   CDVGPDGRLL RGYDQYAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*04:01:01   CDLGPDGRLL RGYNQFAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*05:01:01   CDLGPDGRLL RGYNQFAYDG KDYIALNEDL RSWTAADKAA QITQRKWEAA  
C*06:02:01   NLRKLRGYYN QSEDGSHTLQ WMYGCDLGPD GRLLRGYDQS AYDGKDYIAL  
C*07:02:01   CDLGPDGRLL RGYDQSAYDG KDYIALNEDL RSWTAADTAA QITQRKLEAA  
C*08:01:01   SLRNLRGYYN QSEAGSHTLQ RMYGCDLGPD GRLLRGYNQF AYDGKDYIAL  
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C*12:03:01   CDLGPDGRLL RGYDQSAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*14:02:01   CDLGPDGRLL RGYDQSAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*15:02:01   CDLGPDGRLL RGHDQLAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*16:01:01   CDLGPDGRLL RGYDQSAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
C*17:01:01   CDLGPDGRLL RGYNQFAYDG KDYIALNEDL RSWTAADTAA QISQRKLEAA  
C*18:02      CDLGPDGRLL RGYNQFAYDG KDYIALNEDL RSWTAADTAA QITQRKWEAA  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     160        170        180        190        200         
C*01:02:01   REAEQRRAYL EGTCVEWLRR YLENGKETLQ RAEHPKTHVT HHPVSDHEAT  
C*02:02:01   REAEQWRAYL EGECVEWLRR YLENGKETLQ RAEHPKTHVT HHPVSDHEAT  
C*03:02:01   REAEQLRAYL EGLCVEWLRR YLKNGKETLQ RAEHPKTHVT HHPVSDHEAT  
C*03:03:01   REAEQLRAYL EGLCVEWLRR YLKNGKETLQ RAEHPKTHVT HHPVSDHEAT  
C*03:04:01   REAEQLRAYL EGLCVEWLRR YLKNGKETLQ RAEHPKTHVT HHPVSDHEAT  
C*04:01:01   REAEQRRAYL EGTCVEWLRR YLENGKETLQ RAEHPKTHVT HHPVSDHEAT  
C*05:01:01   REAEQRRAYL EGTCVEWLRR YLENGKKTLQ RAEHPKTHVT HHPVSDHEAT  
C*06:02:01   NEDLRSWTAA DTAAQITQRK WEAAREAEQW RAYLEGTCVE WLRRYLENGK  
C*07:02:01   RAAEQLRAYL EGTCVEWLRR YLENGKETLQ RAEPPKTHVT HHPLSDHEAT  
C*08:01:01   NEDLRSWTAA DTAAQITQRK WEAARTAEQL RAYLEGTCVE WLRRYLENGK  
C*12:03:01   REAEQWRAYL EGTCVEWLRR YLENGKETLQ RAEHPKTHVT HHPVSDHEAT  
C*14:02:01   REAEQRRAYL EGTCVEWLRR YLENGKETLQ RAEHPKTHVT HHPVSDHEAT  
C*15:02:01   REAEQLRAYL EGTCVEWLRR YLENGKETLQ RAEHPKTHVT HHPVSDHEAT  
C*16:01:01   RAAEQQRAYL EGTCVEWLRR YLENGKETLQ RAEHPKTHVT HHLVSDHEAT  
C*17:01:01   REAEQLRAYL EGECVEWLRG YLENGKETLQ RAERPKTHVT HHPVSDHEAT  
C*18:02      REAEQRRAYL EGTCVEWLRR YLENGKETLQ RAEHPKTHVT HHPVSDHEAT  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     210        220        230        240        250         
C*01:02:01   LRCWALGFYP AEITLTWQWD GEDQTQDTEL VETRPAGDGT FQKWAAVMVP  
C*02:02:01   LRCWALGFYP TEITLTWQRD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*03:02:01   LRCWALGFYP AEITLTWQWD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*03:03:01   LRCWALGFYP AEITLTWQWD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*03:04:01   LRCWALGFYP AEITLTWQWD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*04:01:01   LRCWALGFYP AEITLTWQWD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*05:01:01   LRCWALGFYP AEITLTWQRD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*06:02:01   ETLQRAEHPK THVTHHPVSD HEATLRCWAL GFYPAEITLT WQRDGEDQTQ  
C*07:02:01   LRCWALGFYP AEITLTWQRD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*08:01:01   KTLQRAEHPK THVTHHPVSD HEATLRCWAL GFYPAEITLT WQRDGEDQTQ  
C*12:03:01   LRCWALGFYP AEITLTWQRD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*14:02:01   LRCWALGFYP AEITLTWQWD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*15:02:01   LRCWALGFYP AEITLTWQRD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*16:01:01   LRCWALGFYP AEITLTWQRD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*17:01:01   LRCWALGFYP AEITLTWQRD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
C*18:02      LRCWALGFYP AEITLTWQWD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     260        270        280        290        300         
C*01:02:01   SGEEQRYTCH VQHEGLPEPL TLRWEPSSQP TIPIVGIVAG LAVLAVLAVL  
C*02:02:01   SGEEQRYTCH VQHEGLPEPL TLRWEPSSQP TIPIVGIVAG LAVLAVLAVL  
C*03:02:01   SGEEQRYTCH VQHEGLPEPL TLRWEPSSQP TIPIVGIVAG LAVLAVLAVL  
C*03:03:01   SGEEQRYTCH VQHEGLPEPL TLRWEPSSQP TIPIVGIVAG LAVLAVLAVL  
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C*03:04:01   SGEEQRYTCH VQHEGLPEPL TLRWEPSSQP TIPIVGIVAG LAVLAVLAVL  
C*04:01:01   SGEEQRYTCH VQHEGLPEPL TLRWKPSSQP TIPIVGIVAG LAVLAVLAVL  
C*05:01:01   SGEEQRYTCH VQHEGLPEPL TLRWGPSSQP TIPIVGIVAG LAVLAVLAVL  
C*06:02:01   DTELVETRPA GDGTFQKWAA VVVPSGEEQR YTCHVQHEGL PEPLTLRWEP  
C*07:02:01   SGQEQRYTCH MQHEGLQEPL TLSWEPSSQP TIPIMGIVAG LAVLVVLAVL  
C*08:01:01   DTELVETRPA GDGTFQKWAA VVVPSGEEQR YTCHVQHEGL PEPLTLRWGP  
C*12:03:01   SGEEQRYTCH VQHEGLPEPL TLRWEPSSQP TIPIVGIVAG LAVLAVLAVL  
C*14:02:01   SGEEQRYTCH VQHEGLPEPL TLRWEPSSQP TIPIVGIVAG LAVLAVLAVL  
C*15:02:01   SGEEQRYTCH VQHEGLPEPL TLRWEPSSQP TIPIVGIVAG LAVLAVLAVL  
C*16:01:01   SGEEQRYTCH VQHEGLPEPL TLRWEPSSQP TIPIVGIVAG LAVLAVLAVL  
C*17:01:01   SGQEQRYTCH VQHEGLQEPC TLRWKPSSQP TIPNLGIVSG PAVLAVLAVL  
C*18:02      SGEEQRYTCH VQHEGLPEPL TLRWKPSSQP TIPIVGIVAG LAVLAVLAVL  
 
 
             ....|....| ....|....| ....|....| ....|....| ....|....|  
                     310        320        330        340        350         
C*01:02:01   GAVVAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*02:02:01   GAVVAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*03:02:01   GAVVAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*03:03:01   GAVVAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*03:04:01   GAVVAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*04:01:01   GAMVAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*05:01:01   GAVMAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*06:02:01   SSQPTIPIVG IVAGLAVLAV LAVLGAVMAV VMCRRKSSGG KGGSCSQAAS  
C*07:02:01   GAVVTAMMCR RKSSGGKGGS CSQAACSNSA QGSDESLITC KA........  
C*08:01:01   SSQPTIPIVG IVAGLAVLAV LAVLGAVMAV VMCRRKSSGG KGGSCSQAAS  
C*12:03:01   GAVMAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*14:02:01   GAVVAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*15:02:01   GAVMAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*16:01:01   GAVVAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
C*17:01:01   AVLAVLGAVV AAVIHRRKSS GGKGGSCSQA ASSNSAQGSD ESLIACKA..  
C*18:02      GAVVAVVMCR RKSSGGKGGS CSQAASSNSA QGSDESLIAC KA........  
 
 
             ....|....| ....|. 
                     360         
C*01:02:01   .......... ...... 
C*02:02:01   .......... ......  
C*03:02:01   .......... ......  
C*03:03:01   .......... ...... 
C*03:04:01   .......... ...... 
C*04:01:01   .......... ...... 
C*05:01:01   .......... ...... 
C*06:02:01   SNSAQGSDES LIACKA 
C*07:02:01   .......... ...... 
C*08:01:01   SNSAQGSDES LIACKA 
C*12:03:01   .......... ...... 
C*14:02:01   .......... ...... 
C*15:02:01   .......... ...... 
C*16:01:01   .......... ...... 
C*17:01:01   .......... ...... 
C*18:02      .......... ...... 
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encoding mutated HLA-C allotypes can be stably transfected into the HLA class I-negative 

721.221 human B cell line.  The hypothesis states that, if the neural network prediction is correct, 

mutation of only a specific subset of residues from a high binding HLA-C allelic product 

towards a low binding molecule would result in a predicted change in avidity for KIR. 

 

Beyond the basic science approaches outlined above, the current study merits a retrospective 

analysis of HSCT transplant outcome in AML patients who received stem cells from 

KIR2DL3*005 positive donors.  Cells from donors who were matched with AML patients can be 

obtained from the National Marrow Donor Program Research Repository and KIR genotyped at 

an allele-level resolution.  Such an analysis would help to define the clinical impact of this allelic 

product in terms of its influence upon the graft-versus-leukemia (GVL) response.  In the case of 

HSCT, the hypothesis for this proposed analysis states that the superior education/licensing 

resulting from strong inhibitory signaling by KIR2DL3*005 is likely to result in more favorable 

outcomes when compared to donors who were positive for other common KIR2DL3 variants.  

Additionally, the avidity for a specific HLA allelic product must be considered.  Although 

KIR2DL3 is often found in the less reactive KIR A haplotype, it is possible that KIR2DL3*005’s 

increased avidity for HLA-C would produce a licensed NK cell repertoire that has the potential 

to be more reactive than what is commonly attributed to this haplotypic phenotype.  When 

encountering a leukemic blast that has downregulated its HLA-C molecules, the transplanted 

KIR2DL3*005+ NK cells should therefore exhibit more robust cytotoxic responses (Figure 

3.13).  However, as the activating KIR2DS1 and KIR2DS2 may play 
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Figure 3.13: Hypothesized effect of KIR/HLA avidity between transplanted NK and bone 

marrow stromal cells upon licensing and concomitant graft-versus-leukemia response.  If the 

donor carries an inhibitory KIR that binds HLA-C with high avidity (e.g., KIR2DL3*005) and 

the patient’s original NK cells encoded a low avidity KIR (e.g., KIR2DL3*001), the transplanted 

immune system may produce NK cells that are potentially more reactive against the patient’s 

leukemic blasts due to an elevated level of licensing.  Inset: as individual KIR and HLA-C allelic 

products each possess binding avidities for the other that fall along a spectrum of activity, their 

overall impact upon the resultant education/licensing of an NK cell should be considered.  In this 

context, a high affinity HLA and KIR combination should result in a mature subset of NK cells 

that possess a high degree of potential killing activity, as well as cytokine production.  Therefore, 

when choosing a potential donor, matching algorithms may eventually incorporate the 

synergistic effect of individual KIR and HLA combinations upon the resultant 

licensing/education of the donor’s NK cells.    
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a role in the immune response against leukemic blasts and do not often travel with KIR2DL3 in a 

single haplotype, it is possible that the absence of these KIR can reduce any survival benefit 

established by the presence of KIR2DL3*005.  In actuality, this scenario presents a unique way 

in which the relative contributions of inhibitory and stimulatory KIR can be isolated in terms of 

the transplanted patients’ clinical responses to AML.  Because KIR2DL3*005 is presumed to 

strengthen the licensing of NK cells in the same manner as KIR2DL2 allelic products, yet does 

not travel with other stimulatory KIR present in B haplotypes, analysis of the clinical response of 

patients transplanted with cells derived from a KIR2DL3*005 homozygous donor should allow 

for interpretation of the relative contribution that strong inhibitory KIR signaling plays in the 

GVL response.  Ultimately, a thorough re-analyses of clinical outcomes when accounting for 

KIR2DL2/3 donor status at an allele-level resolution may help clinicians to determine the impact 

that the strength of inhibitory signaling, and hence NK licensing and the concomitant level of 

reactivity, has upon recipient survival in AML patients.   
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