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ABSTRACT 

 

Killer cell immunoglobulin-like receptors (KIR) aid in the regulation of natural killer (NK) cell 

activity.  In this study, the effect of the interaction between the two domain stimulatory KIR 

(KIR2DS) and their adapter, DAP12, was investigated beyond the previously defined signaling 

function.  Flow cytometry analysis showed enhanced KIR2DS surface expression on NKL cells 

when co-transfected with DAP12.  Conversely, KIR2DS4 surface expression on primary cells 

was decreased when the cells were treated with DAP12 specific siRNA.  Treatment of the 

KIR2DS and DAP12 transfected cells with either cycloheximide or brefeldin A repressed 

KIR2DS surface expression revealing a role for DAP12 in trafficking newly synthesized KIR to 

the cell surface. Immunoprecipitation of DAP12 revealed an interaction of DAP12 with an 

immature isoform of KIR2DS indicating the interaction between these proteins initiates early in 

the maturation process, likely within the endoplasmic reticulum.  An internalization assay 

demonstrated a significant impact of DAP12 on KIR2DS surface stability.  Confocal microscopy 

showed internalized KIR2DS molecules are recruited to lysosomal compartments independent of 

DAP12 expression.  Our results suggest in vivo conditions that adversely affect DAP12 

expression will indirectly reduce surface expression and stability of KIR2DS.  These effects 

could significantly impact ligand recognition and strength of signaling through KIR2DS 

molecules. 
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INTRODUCTION 

 

 

 

1.1 NATURAL KILLER CELL OVERVIEW 

 

The immune system protects the body from invasion of foreign pathogens such as viruses or 

bacteria and also has a role in preventing malignant progression.  The functions of the immune 

system are further characterized as either innate or adaptive based on the timing and specificity 

of the response.  The innate immune system is primarily responsible for clearing a majority of 

foreign insults quickly upon host recognition.  In cases where the innate system cannot 

completely clear the pathogen, the adaptive immune system is activated providing proper 

clearance as well as lasting immunological memory in order to efficiently eradicate a future 

infection by the same pathogen.  While the immune system is comprised of a variety of different 

cell types that interact through an intricate network of cellular and cytokine cross-talk, the 

biology of natural killer (NK) cells will be the major focus of this dissertation.   

 

Through a process known as hematopoiesis, all immune cells are derived in the bone marrow.   

During this process, NK cells differentiate from the same common lymphoid progenitor (CLP) as 

T cells and B cells [1;2].  NK cells comprise between 10-15% of peripheral blood lymphocytes.  

The primary cell surface markers of human NK cells are CD56 and/or CD16 in the absence of 

the T-cell marker, CD3.  Based on immune-phenotyping using these cell markers, three distinct 

NK cell populations with divergent functional activities have been described [3].  Expression 

levels of CD56 define two populations of NK cells as either bright or dim.  The CD56 dim 

population comprises close to 90% of the NK cells and represents a more mature differentiation 
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state [4;5].  The CD56 dim cells also express high levels of CD16 as well as members of the 

killer immunoglobulin-like receptor (KIR) family.  The CD56 dim NK cells also exhibit multiple 

functions as they exhibit cytotoxic capabilities along with the ability to secrete pro-inflammatory 

cytokines.  The CD56 bright population is a less differentiated state for NK cells and unlike the 

CD56 dim population, these cells typically expression low levels of CD16 and do not express 

KIR.  Functionally, the CD56 bright population differs from the CD56 dim cells as these cells 

only demonstrate the ability to secrete immune-regulatory cytokines.  The third and least 

frequent population of NK cells is described as CD56 negative, CD16 positive.  This population 

exhibits an intermediate cytotoxic capacity compared to the CD56 dim and bright populations 

driven primarily by antibody stimulation of the CD16 receptor.   

 

As mentioned NK cells are derived from the same CLP as T cells and B cells; however, several 

key characteristics differentiate NK cells from their lymphoid counterparts.  NK cells lack the 

antigen specific receptors displayed by B cells and T cells resulting from genetic rearrangement.  

NK cells instead exhibit stochastic expression of a variety of activating and inhibitory receptors.  

Another major distinguishing functional characteristic that separates them from the other 

lymphoid counterparts is the NK cell’s ability to react immediately against a foreign pathogen 

without initial priming of the cells.  This rapid response of NK cells was first described in their 

unique ability to kill tumor cells during brief co-cultures without prior stimulation [6;7].  In 

conjunction with the cytotoxic capabilities of NK cells, the secretion of cytokines also impacts 

the immune system.  Through secretion of cytokines such as interferon gamma (IFN-γ), 

macrophage inflammatory protein 1 alpha and beta (MIP1-α and MIP1– β), and tumor necrosis 
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factor alpha (TNF-α), NK cells can recruit cells of the adaptive immune system to the site of 

invasion further enhancing the immune response to pathogens [8-10].   

 

Resulting from the ability to respond immediately without prior antigen stimulation, NK cells 

have been designated members of the innate immune system.  The innate immune response 

classically has been thought to lack clonal expansions of the innate cells as well as to lack a 

memory response to multiple infections by the same pathogen.  In the classical model, NK cells 

are activated and respond to the primary infection.  If the infection is not efficiently cleared, 

clonally expanded T cells and B cells are recruited resulting in the clearance of the pathogen.  

The clonal expansion of the T cells and B cells results in a population of memory cells that are 

quick to react with a more robust response to a secondary insult by the same pathogen.  During a 

secondary infection under the classical model, NK cells respond as they did after the first 

infection with no evidence of clonal expansion or enhancement of response as seen with the T 

cells and B cells.  While the designation of NK cells as members of the innate immune system 

still remains, new evidence has described some adaptive characteristics of “memory” NK cells 

[11;12].  These studies suggest populations of NK cells that initially respond to viral infection 

rapidly proliferate and are activated upon secondary infection by the same virus suggesting the 

existence of a clonal population of NK cells with memory characteristics.  These data contradict 

the classical model of innate immune responses to primary and secondary infections as two 

independent occurrences. Resulting from these studies, a contemporary model of immune system 

activation has been formulated, accounting for the presence of NK cell memory (Figure 1.1).  
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Figure 1.1 Classical versus contemporary models of immune responses  

 

 NK cell responses are shown in blue and T cell and B cell responses are indicated in orange.  

Under the classical model, NK cells respond initially to the primary infection.  If the NK cells 

along with the other functioning cells of the innate immune system do not clear the pathogen,      

T cells and B cells become the predominant effector cells.  Clonally expanded, antigen-specific  

T cells and B cells efficiently eradicate the pathogen.  During this process, the clonally expanded 

T cells and B cells develop a memory phenotype.  Upon a secondary infection by the same 

pathogen, NK cells respond just as they did during the first infection.  However, the memory      

T cells and B cells respond rapidly and more robustly to quickly clear the infection.  The 

contemporary model reveals a similar pattern of response to primary infection for NK cells,       

T cells, and B cells.  The major distinction is during the primary infection NK cells undergo a 

clonal expansion resulting in a memory phenotype of these cells for the specific pathogen.  These 

memory NK cells expand rapidly upon secondary infection and with a greater response 

compared to the initial response similar to the mechanisms of activation described for T cells and 

B cells. 
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As NK cells exhibit rapid cytotoxicity, the mechanism by which normal cells were protected 

from NK cell lysis was unknown.  The “missing self” hypothesis explains the basic principle of 

how NK cells become activated against foreign pathogens without damage to self tissue [13;14].  

The hypothesis proposed NK cell activation was regulated by expression of major 

histocompatibility complex (MHC) molecules on potential target cell surfaces (e.g. human 

leukocyte antigen (HLA) class I).  Since HLA class I molecules are expressed on almost all cell 

types within the body, inhibitory receptors expressed on NK cells recognize these HLA ligands 

preventing the lysis of normal tissue.  Contrary to normal cells, many malignant and infected 

cells downregulate HLA expression in order to evade T cell and B cell recognition.  This 

decreased expression of HLA in combination with expression of stimulatory ligands makes these 

cells more susceptible to NK cell lysis as inhibitory signals are no longer propagated within the 

NK cell [15] (Figure 1.2).   

 

As research has progressed, the models of activation have become much more complex, as a 

multitude of receptors are known to play a role in dictating NK function.  Many of these 

receptors are categorized into diverse families that can consist of both inhibitory and stimulatory 

receptors.  Some examples of the major receptor families expressed by NK cells are KIR, natural 

cytotoxicity receptors (NCR), NKG2x receptors, and leukocyte immunoglobulin-like receptors 

(LILR).  Within this dissertation, the role of the KIR family is examined to further understand 

how NK cells function.   
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Figure 1.2 The missing self hypothesis 

 

 NK cells are depicted on the left expressing inhibitory KIR in red and activating KIR in green.  

Upon interaction with a target cell expressing a self HLA antigen depicted in the top interaction, 

the inhibitory KIR abrogrates activating signals through the phosphatases, SHP1 and SHP2.  As 

illustrated in the lower image, interaction of an activating receptor, in the absence of inhibitory 

interaction, causes activation signals within the cell transmitted by an adapter protein, DAP12, 

resulting in a cytotoxic response against the target cell.  
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1.2 OVERVIEW OF KIR 

 

The highly polymorphic KIR gene family is located within the leukocyte receptor complex 

(LRC) on human chromosome 19q13.4 and is comprised of 12 genes and 2 pseudogenes.  The 

KIR genes are transcribed and translated into type I integral membrane proteins that are 

expressed by NK cells and a subset of T-cells.  KIR have an integral role in regulating NK cell 

detection of self versus non-self as many of the receptors have been described to recognize HLA 

class I molecules.  The KIR molecules contain either three (KIR3D) or two (KIR2D) 

extracellular immunoglobulin (Ig)-like domains (Figure 1.3).  The KIR3D (3DL1/S1, 3DL2, 

3DL3) express all exons encoding the extracellular Ig-like domains, D0, D1, and D2.  KIR2D 

molecules are further characterized by which Ig-like domains are expressed.  Type I KIR2D 

(2DL1/S1, 2DL2/L3, 2DS2, 2DS3, 2DS4, 2DS5) are genetically similar to KIR3D as all exons for 

the extracellular domains are present.  In contrast to KIR3D, the exon encoding the D0 domain is 

spliced out of the Type I KIR2D transcripts, leaving only the translation of the D1 and D2 

domains.  The Type II KIR2D (2DL4, 2DL5A/B) express the D0 and D2 domains as the exon 

encoding the D1 domain has been deleted within these genes.   

 

The KIR family consists of both inhibitory and stimulatory receptors.  The majority of KIR that 

have a long cytoplasmic (KIR2DL and KIR3DL) region are functionally inhibitory and the short 

cytoplasmic tail KIR (KIR2DS and KIR3DS) function as stimulatory receptors.  The inhibitory 

KIR have two immunoreceptor tyrosine-based inhibitory motifs (ITIMs).  Upon ligand 

engagement the phosphatases, SHP1 and SHP2, are recruited to the ITIMs resulting in the 

inhibition of activation cascades within the cell [16;17].  The lone exception is KIR2DL4 which 



 

9 

 

has only one ITIM in its cytoplasmic region, but uniquely has a positively charged arginine at 

position 4 of the transmembrane region that creates an interaction site for the adapter molecule, 

FcεRIγ.  Through this adapter molecule, KIR2DL4 is able to stimulate activating signals upon 

ligand binding resulting in cytokine secretion [18-20].  

 

The short cytoplasmic tail of the stimulatory KIR lacks classical immunoreceptor tyrosine-based 

activation motifs (ITAMs) and causes these receptors to rely on their adapter molecule, DAP12, 

for efficient transmission of signaling.  The DAP12 gene is located on human chromosome 

19q13.1 and encodes a disulfide-bonded homodimer containing two ITAMs within its 

cytoplasmic region.  Stimulatory KIR and DAP12 interact non-covalently through a lysine at 

position 9 of the transmembrane region of the KIR and an aspartic residue of DAP12.  Upon 

ligand binding of the receptor, DAP12 recruits ZAP-70 and Syk protein tyrosine kinases to 

initiate activation cascades within the cell [21;22].   
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Figure 1.3 Depiction of KIR protein structures 

 

KIR express either two (KIR2D) or three (KIR3D) extracellular Ig-like domains.  The KIR3D 

receptors express all of the Ig-like domains, D0, D1, and D2.  The KIR2D receptors are 

subclassified as Type I or Type II based on the presence of the D1 and D2 domains or the D0 and 

D2 domains in the proteins, respectively.  KIR2D and KIR3D receptors either have a long 

(KIR2DL, KIR3DL) or short cytoplasmic tail (KIR2DS, KIR3DS).  The long tailed KIR, with 

the exception of KIR2DL4, contain two ITIMs within the cytoplasmic tail depicted by the red 

boxes.  KIR2DL4 only contains a single ITIM within this region.  The short tailed KIR and 

KIR2DL4 express a positively charged amino acid within the transmembrane region that plays a 

role in determining specific interactionswith adapter molecules.  The amino acid for the short 

tailed KIR is a lysine at position 9 of the transmembrane region while KIR2DL4 contains an 

arginine at position 4.  The differences in amino acid and position results in KIR2DL4 

interacting with FcεRIγ compared to the short tailed KIR which interact with DAP12.   
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KIR are not expressed by every NK cell and the expression frequency of a single receptor can 

vary amongst individuals.  The precise mechanisms underlying the regulation of KIR expression 

are not well understood.  Epigenetic methylation of the promoter region has been shown to 

regulate KIR promoter activity in vivo [23].  The promoters of KIR and their mouse functional 

homolog, Ly49, contain distal and proximal promoter elements.  While the distal elements are 

functional, the primary driver of KIR transcription comes from the proximal promoter element 

consisting of the region 300 nucleotides upstream of the translation start site.  Interestingly, 

forward and reverse transcripts from the proximal promoter have been identified for the majority 

of KIR [24].  A theory based on bidirectional promoter activity suggests the promoter activity of 

each KIR is regulated by a balance of the quantity of forward and reverse transcripts.  Data have 

supported this theory as expression of a specific KIR is associated with a greater number of 

forward transcripts compared to reverse transcripts of the gene [25].  A possible explanation to 

the bidirectional promoter hypothesis was discovered as a 28-base PIWI-like RNA resulting 

from reverse transcription within the proximal promoter of KIR3DL1 has been shown to 

negatively impact KIR3DL1 expression and presence of this small RNA was correlated with 

methylation of the KIR3DL1 promoter [26].  The mechanisms remain unclear but this 

methylation may result from chromatin modifying enzymes that interact with the PIWI-like 

RNA.  In addition to understanding expression patterns of single receptors, mechanisms for 

multiple KIR expression by a single NK cell remain unknown resulting in the current thought 

that multiple KIR expression is stochastic and can be predicted by the product rule.  According to 

the product rule, the probability of expression of multiple KIR can be predicted by multiplying 

the frequencies of each KIR individually.  However analysis of a cohort of 44 individuals 
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revealed NK cells expressing two or more KIRs occurred more frequently than what was 

predicted by the product rule suggesting a sequential acquisition of KIR expression  [27].  

Expression patterns and promoter regulation of KIR continues to be a target of investigation to 

further understand how KIR expression is regulated during NK cell maturation.   

 

1.3 Overview of DAP12 

 

The adapter molecules of the immune system transmit signals following ligand recognition by 

their cognate receptor.  Adapter molecules and their signaling motifs, ITAMs, appear to have 

evolved prior to the development of adaptive immunity as many receptors of innate immunity 

rely on the signaling capabilities of these proteins.  Evolutionarily, the presence of adapter 

proteins is beneficial as it allows for the ligand binding regions of receptors to adapt to selective 

pressures from pathogens or polymorphisms within HLA class I while the signal transducing 

subunits remain conserved.  An example of such evolutionary impact is the rise of multiple 

activating KIR with diverse extracellular domains, but all are suspected or have been shown to 

interact with the same adapter molecule, DAP12.  DAP12 has been evolutionarily conserved as 

evidenced by sequences of the gene from a variety of mammals, amphibians and fish [28].  The 

T cell and B cell receptors further emphasize this evolutionary benefit as the adapters, CD3 and 

CD79, transmit signals stemming from interactions with innumerable receptors arising from 

rearrangements of the TCR and BCR genes, respectively.   

 

DAP12 is a relatively small protein of 12 kilodaltons comprised of a small extracellular domain 

containing a cysteine residue that results in the expression of homodimers of DAP12.  While the 
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function of DAP12 in NK cells is the focus of this dissertation, the adapter molecule is expressed 

and functions in a number of cell types including dendritic cells, neutrophils, basophils, 

eosinophils, monocytes, macrophages, microglials cells, osteoclasts, as well as a subset of NKT 

cells and T cells.  The broad expression pattern correlates with the promiscuity of the adapter as 

over twenty receptors within these cell types rely on DAP12 for signaling [29].  Interestingly cell 

type specific functions have also been described as inhibitory functions of DAP12 have been 

demonstrated in macrophages and dendritic cells, but only activating signaling has been 

observed from DAP12 in NK cells [30].  Knockout of DAP12 in mice results in reduced abilities 

to clear viral or tumor insults by NK cells and also leads to osteopetrosis [31;32].  In humans, 

DAP12 deletions or loss of function mutations results in Nasu-Hakola disease causing frequent 

bone cysts and osteoporosis as well as severe impacts on the nervous system leading to presenile 

dementia [33].  Although to date no increased susceptibility to viral infection or malignancy 

development has been described for these patients, as DAP12 interacts with a number of 

activating receptors on NK cells including KIR and members of the natural cytotoxicity receptor 

family, it is likely the NK cells of these individuals would demonstrate a severe inability to clear 

infections or malignant cells that express the ligands for these receptors.  Without a clear 

understanding of the role of stimulatory KIR in humans, it is uncertain what aspects of NK cell 

function are disrupted by the absence of DAP12 in these patients.   

 

In addition to the signaling functions, adapter molecules have been implicated in affecting 

surface expression of their cognate receptors.  In human NK cells, a decrease of DAP12 

expression correlated with a decrease in surface expression of another interacting receptor, 
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NKp44 [34].  Surface expression levels of the activating receptor, Ly49H, are significantly 

reduced in DAP12 knockout mice [35].  Expression of another adapter molecule, DAP10, has 

also been correlated with surface expression levels of its cognate receptor, NKG2D [36].  The 

potential impact of DAP12 on KIR2DS surface expression and the underlying mechanisms are 

the primary focus for the research portion of this dissertation.   

 

1.4 GENETIC COMPOSITION OF KIR HAPLOTYPES 

 

The KIR gene locus is the most complex genetic locus of the human genome resulting from 

variations including KIR gene content, allelic polymorphisms, and inter-locus polymorphisms 

[37].  The KIR genes form two clusters defined by the proximity of the position to the 

centromere or telomere [38].  The centromeric cluster is bordered by the framework genes, 

KIR3DL3 and KIR3DP1, while KIR2DL4 and KIR3DL2 border the telomeric cluster in the 

majority of KIR haplotypes.  The remaining KIR genes either are restricted to a single cluster or 

have been observed to have undergone a duplication event which has resulted in the presence of 

the gene in either of the two clusters or even both clusters on the same chromosome [39;40].  

Meiotic recombination events appear to frequently occur within the region separating the two 

gene clusters [41].  Haplotypes have been described resulting from unequal crossing over 

creating haplotypes with duplicated KIR genes and others with large deletions [42;43].  Common 

haplotype structures have been described for the centromeric (Cen-A1, Cen-B1, Cen-B2) and 

telomeric (Tel-A1, Tel-B1) clusters [44;45] (Figure 1.4).  Cen-A1 and Tel-A1 are predominantly 

the most frequent structures with frequencies of 67-72% and 76-82% in individuals of European 

ancestry and a random Caucasian population, respectively, as described in independent reports.   
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Polymorphisms also contribute to the genetic complexity of KIR genes.  Substantial 

polymorphisms have been described in the inhibitory KIR while the activating KIR exhibit less 

variation compared to the inhibitory genes [46].  Allelic polymorphisms have been shown to 

impact KIR and ultimate NK cell function not predicted by genotyping for presence or absence 

of genes.  For example, allelic polymorphisms in KIR2DL2*004 and KIR3DL1*004 cause 

misfolding of these allelic products leading to retention within the cell [47;48].  KIR2DS2*003 

has a polymorphism at the residue important for interaction with DAP12 within the 

transmembrane region.  This alteration prevents cytotoxic activity to be propagated through 

KIR2DS2 in those cells [49].  Other allelic polymorphisms within the exons encoding the 

extracellular domains of KIR have been described to impact KIR binding of HLA [50-52].  The 

evidence described in these studies illustrates the importance for understanding and researching 

how combinations of KIR  haplotype structures as well as allelic polymorphisms impact 

individual KIR function and ultimately impact NK cell functions.    
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Figure 1.4 KIR haplotype structures 

 

 

Depicted are the common centromeric and telomeric haplotype structures of the KIR locus on 

chromosome 19q13.4.  The centromeric structure is flanked by the framework genes KIR3DL3 

and KIR3DP1 while the framework genes, KIR2DL4 and KIR3DL2, demarcate the telomeric 

structure.  The dashed lines indicate each combination of centromeric and telomeric haplotypes 

have been identified in population studies.   
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1.5 KIR LIGANDS 

 

In the early 1990’s the discovery that inhibitory KIR recognize self-HLA molecules fulfilled the 

key proposition of the missing self hypothesis [53-55]. These studies demonstrated that receptors 

expressed by NK cells, coined p58 for their molecular weight, inhibited lysis of tumor cells 

expressing certain HLA molecules.  Blocking the p58 receptors with antibodies abrogated the 

inhibition.  Analysis of the HLA ligands identified HLA-C as an inhibitory ligand and pointed to 

the polymorphic residues at positions 77 and 80 in the HLA class I molecule as the cause for 

differences observed in receptor interactions [55-57].  Similar observations were made for a p70 

molecule interacting with HLA-B molecules [58;59]. The p58 and p70 molecules are now known 

as the two or three domain inhibitory KIR (KIR2DL or KIR3DL), respectively.    

 

After these early discoveries, more intricate experiments have been performed to describe KIR 

binding to HLA, including determination of polymorphic and peptide repertoire effects on 

binding affinities.  KIR3DL2 recognizes HLA-A3 and-A11 while its fellow three domain KIR, 

KIR3DL1, binds HLA-A and HLA-B antigens carrying the Bw4 epitope designated by residues 

77,80-83 of HLA [59-63].  KIR2DL1 and KIR2DL2/3 recognize HLA-C based on the amino 

acids present at position 80 of the HLA molecule.  The HLA-C group 1 (C1) and HLA-C group 

2 (C2) are defined by the presence of either an asparagine or lysine at position 80, respectively.  

KIR2DL1 preferentially binds HLA-C2 molecules while KIR2DL2/L3 strongly binds HLA-C1 

molecules.  The binding observed for KIR2DL1 and KIR2DL2 appears slightly promiscuous as 

low level binding with functional inhibition has been observed for KIR2DL1 binding to HLA-C1 

and KIR2DL2 binding to HLA-C2 [50].  KIR2DL4 differs from the other long tail KIR ligands 
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as it is known to bind the non-classical class I molecule, HLA-G [64].  Interestingly, HLA-G is 

only expressed by fetal trophoblasts supporting a role of NK cells during pregnancy.  HLA-G 

can also be secreted by malignancies suggesting a potential evasion mechanism whereby 

KIR2DL4 signaling induces a pro-inflammatory, pro-angiogenic response by the NK cell thereby 

providing nutrients to the cancer. 

 

KIR2DS1 has been shown to bind the same HLA-C2 molecules as KIR2DL1, but with roughly 

50% lower affinity.  Site-directed mutagenesis experiments identified the amino acid change at 

residue 70 of KIR2DS1 to be the cause of the lower affinity [65-67].  Similar to KIR2DS1/L1, 

KIR2DS2 was expected to share the same HLA ligands as KIR2DL2/L3 resulting from the high 

sequence homology of the extracellular domains of the receptors.  However, it appears the 

variations observed in the KIR2DS2 extracellular domains have abolished binding to HLA class 

I ligands [55].  KIR3DS1 as well was expected to bind HLA-B molecules positive for the Bw4 

epitope, but only a very rare allele, KIR3DS1*014, has demonstrated detectable binding to these 

molecules [51].  KIR2DS4 appears to have been a product of gene conversion of the inhibitory 

receptor KIR3DL2.  This conversion contributes to ligand recognition as KIR2DS4 binds HLA-

A*1102 similar to KIR3DL2 [68].  Data has also shown KIR2DS4 binding to HLA-C*04 as well 

as a putative non-HLA ligand demonstrated by KIR2DS4’s ability to bind to melanoma cells 

lacking beta-2-microglobulin [68-70].  Along with KIR2DS2, ligands for KIR2DS3, KIR2DS5, 

KIR3DL3, and KIR2DL5 remain unknown.  While the lack of HLA interaction suggests these 

receptors may recognize an alternate ligand, it is possible these receptors only bind HLA when a 

specific antigenic peptide is presented by the HLA molecule.   
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Crystal structures are available for KIR2D and KIR3D binding of HLA and allow researchers to 

visualize how polymorphisms within KIR or HLA as well as peptide repertoires may impact the 

interaction of these proteins [71-73].  The D1 and D2 extracellular domains of the Type I KIR2D 

interact with the HLA molecule towards the C-terminal end of the peptide.  Multiple residues of 

each protein impact the interaction.  As an example, a minimum of 16 residues within the D1 and 

D2 domains of KIR2DL2/L3 are directly involved in the interaction with HLA [74]. The 

extracellular domains of these KIR form a V-shape, with the hinge angle differing among 

different KIR2DL molecules.  Polymorphisms shown to affect this hinge angle by molecular 

modeling associate with altered binding affinities between KIR2DL2 and KIR2DL3 [50].  As the 

KIR interaction domains surround the peptide binding groove, alterations of the peptide residues 

can significantly impact KIR binding [75].   Similar to the binding of KIR2D to HLA, the D1 

and D2 domains of KIR3DL span the C-terminal end of the peptide region of the HLA binding 

pocket.  The D0 domain extends alongside the conserved region of HLA toward β-2 

microglobulin.  Contrary to KIR2DL binding, the D1 interaction sites are altered for KIR3DL 

binding accounting for the interaction with HLA-A and HLA-B.  Understanding the interaction 

dynamics between KIR and HLA, accounting for effects of allelic polymorphisms and peptide 

repertoires, may help in correlating NK cell function with efficiency to clear certain infections or 

malignancies.   
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1.6 COEVOLUTION OF KIR AND HLA 

 

 

The KIR family of genes has rapidly evolved in simian primates [76].  All KIR evolved from one 

of two genes, KIR3DL or KIR3DX.  In cattle, the KIR3DX gene expanded whereas KIR3DL 

remained a single copy gene.  Contrary to cattle KIR, KIR3DL diversified in primates, leaving 

KIR3DX as a single copy, nonfunctional gene [77].  Examination of complementary DNA 

(cDNA) from chimpanzee and human defined three distinct KIR lineages (I-III) [78].  Lineage I 

consists of the Type II two domain KIR, KIR2DL4 and KIR2DL5.  Lineage II consists of the 

majority of three domain KIR, KIR3DL1/S1, and KIR3DL2.  The Type I two domain KIR 

(KIR2DL1, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5, KIR2DL2/L3) comprise the 

lineage III KIR.  A fourth lineage, lineage V, comprises only a single human KIR, the framework 

KIR3DL3 gene with an unknown function [79].  The expansion of lineages I-III correlates with 

the appearance of cognate HLA ligands within each species.  Each lineage of KIR corresponds 

with a different HLA ligand, as KIR2DL4 from lineage I interacts with HLA-G, lineage II KIR 

mostly bind HLA-A and HLA-B molecules; whereas, lineage III KIR have expanded and 

recognize HLA-C [50;60;63;64].  Studies comparing the KIR and HLA genetics of humans to 

Old World monkeys as well as Asian and African apes have revealed expansion of the KIR genes 

based on HLA diversification and provide models for selection of HLA-C as the major ligand of 

KIR in humans.   

 

The genome of Old world monkeys contains HLA-A and HLA-B loci as well as a diversity of 

lineage II KIR molecules with little lineage III diversity.  These characteristics lead researchers 

to hypothesize the KIR of the old world monkey, rhesus macaque, would recognize HLA-A and 
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HLA-B molecules better compared to HLA-C of humans.  Surprisingly, the macaque KIR bound 

best to human HLA-C molecules followed by HLA-B and only exhibited binding to HLA-A 

molecules carrying the Bw4 epitope.   The explanation for such an interaction is that the rhesus 

MHC-B locus carries an HLA-C1 epitope possibly causing the KIR to exhibit more promiscuity 

for MHC ligands [80].  The HLA-B and HLA-C allelic products resulted from a duplication of a 

MHC-B-like ancestor.  While one gene remained similar to MHC-B, the other has undergone 

natural selection in hominoids to become HLA-C.  This C1 epitope has nearly been erased from 

human HLA-A and HLA-B allelic products with only two HLA-B alleles, HLA-B*46 and HLA-

B*73, still carrying the C1 epitope [81].  As a result, the lineage II rhesus macaque KIR broad 

recognition of HLA-C may emulate the ability of these receptors to recognize the MHC-B 

antigens carrying the C1 epitope.   

 

Similar to the rhesus macaque, the gibbon which is a member of the Asian apes, lacks an 

ortholog of HLA-C and also lacks HLA-G [82] .   Corresponding to the absences of these loci, 

gibbons lack diversification of lineage III KIR and KIR2DL4 has been deleted or lacks ITIMs 

necessary for efficient inhibitory signaling [83].   

 

Differing from the gibbon, the HLA-C locus first becomes present in another member of the 

Asian apes, the orangutan [84].  This manifestation appears to be the initiation of selecting KIR 

ligands for HLA-C as lineage III KIR begin to diversify within the orangutan [85].  Binding 

assays again show that the early functional homologs of KIR likely had promiscuous binding as 

the orangutan KIR, Popy2DLA, recognized HLA-C1/C2, Bw4 positive allelic products and 

HLA-A3/A11 which represent all the major known ligands of human KIR.  Site-directed 
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mutagenesis analysis identified key residues that play a role in determining ligand specificity.  

Residue 44 of KIR was one of these key amino acids.  Orangutans either have a lysine or 

glutamate at this position while chimpanzees carry either a methionine or glutamate.  The 

orangutan KIRs with glutamate at position 44 are capable of binding both C1 and C2.  This 

broad specificity is abrogated in the chimpanzee KIR carrying glutamate as a result of an amino 

acid change from phenylalanine to cysteine at position 45 allowing for only recognition of C1 by 

these KIR.  The presence of methionine at position 44 in the other chimpanzee KIR allow for 

specific recognition of HLA-C2.  The orangutan KIR with glutamate at position 44 acts as an 

important intermediate to the evolution of C2-specific KIR.  Human KIR either have a lysine or 

methionine at position 44 along with phenylalanine at position 45 correlating with HLA-C1 or 

C2 ligand specificity, respectively [86].  Variations at positions 44 and 45 of KIR have lead to 

the evolution of independent C1 and C2 specific receptors in chimpanzees and humans in 

conjunction with evolution of HLA-C2 molecules in humans [87].   

 

As inhibitory KIR have evolved to develop specificity for HLA, it appears stimulatory KIR have 

accumulated changes in their extracellular domains that disrupt HLA binding.  Orangutans and 

gorillas have activating receptors that exhibit equal affinity for their ligands as their inhibitory 

counterparts [86].   Chimpanzees also have an activating receptor which binds with similar 

affinity to C1 and C2 as its inhibitory counterpart but also have an activating KIR with reduced 

affinity relative to its inhibitory counterpart [88].  In humans KIR2DS4 is the only activating 

receptor directly inherited from the chimpanzee.  KIR2DS1 and KIR2DS2 have evolved from 

their corresponding inhibitory receptor genes.  In humans, no activating KIR exhibits binding to 
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HLA-C1, but KIR2DS1 does display binding to HLA-C2 albeit at a lower avidity compared to 

KIR2DL1.  KIR2DS2, which evolved from the C1-specific inhibitory receptors, carries a 

tyrosine at position 45 which abolishes the ability to bind HLA [55].  While the trend for 

functionally deleting HLA specific activating receptors is amplified in humans, diminished or 

complete loss of binding is also seen in chimpanzee and orangutan KIR.  The loss of HLA 

ligands may prevent autoimmunity with KIR binding only occurring with specific antigenic 

peptides or activating KIR in humans have evolved to recognize stress-related MHC-like 

proteins that are typically upregulated upon infection or in cancers.    

 

1.7 NK CELL EDUCATION 

 

 

Similar to T cells and B cells, NK cells appear to be educated in order to prevent NK cell 

associated autoimmunity, but the mechanisms remain unclear.  An early report suggested all 

human NK cell clones expressed at least a single inhibitory receptor capable of binding HLA 

[89].  These results presented an obvious mechanism of how NK cells are tolerant towards 

normal self cells.  However, through further investigation, it is now understood and accepted that 

a significant number of mature NK cells lack expression of any HLA-associated inhibitory 

receptors [90].  Such results have lead to three distinct models by which NK cells can be 

educated to become tolerant to self in the absence of HLA-mediated inhibition (Figure 1.5).   

 

The licensing model postulates NK cells are inherently anergic and rely on an interaction of an 

inhibitory receptor with a self HLA molecule in order to “arm” the NK cell.  The theory suggests 

NK cells lacking the appropriate inhibitory receptors are hypo-responsive.  Support for this 
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theory comes from both mouse and human studies.  NK cells from mice deficient in MHC 

expression are found to be incapable of killing tumor cell lines devoid of MHC class I and of 

rejecting MHC class I deficient bone marrow [91].  In humans, NK cells lacking HLA specific 

inhibitory receptors fail to become activated by class I deficient normal cells, tumor cells or by 

antibody stimulation of various activating receptors [92;93].  These studies demonstrated, 

without prior engagement of an inhibitory receptor, the activating signaling cascades are not 

functional.  Further analysis showed engagement of MHC by an inhibitory receptor alone is not 

sufficient to invoke competent activation.  Mutation of the ITIM located within the cytoplasmic 

region of the inhibitory receptor resulted in the same hypo-responsive phenotype observed in NK 

cells lacking MHC inhibitory receptors [94].  These data suggest signaling from the ITIM after 

ligand engagement is necessary for efficient structuring of the activating pathways which 

suggests that this initial ligand interaction may induce alternate signaling pathways from the 

inhibitory receptors.  

 

Opposing the licensing model is the “disarming” model.  This theory suggests NK cells are 

inherently active, but chronic engagement of activating receptors in the absence of binding of 

MHC-specific inhibitory receptors renders the NK cell hypo-responsive.  Consistent with the 

arming model, this theory stems from observations in both murine and human models.  In the 

murine model, analysis of the stimulatory interactions between Rae-1 and NKG2D as well as 

m157 and Ly49H support the disarming model.  Rae-1 is expressed in the mouse embryo but is 

then silenced before birth.  In adults, Rae-1 expression serves as a marker of stress and can also 

be expressed by malignant cells making these cells targets of NK cell lysis through activation of 
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NKG2D.  Immunocompetent mice efficiently reject transplantation of hematopoietic cells from 

Rae-1
+
 transgenic mice.  However, NK cells from the Rae-1

+
  transgenic mouse are tolerant to 

Rae-1 positive tissues and do not react against targets expressing NKG2D ligands [95;96].  

Similar results were observed in m157
+
 transgenic mice.  The mouse cytomegalovirus (MCMV) 

protein, m157, is a ligand for the activating receptor, Ly49H.  Ly49H is unresponsive in NK cells 

of m157
+
 transgenic mice  [97].  In humans, the activating KIR2DS1 has been demonstrated to 

play a role in NK cell education.  As mentioned, KIR2DS1 recognizes a group of potential self 

HLA molecules, HLA-C2.  An increasing trend of responsiveness of NK cells expressing 

KIR2DS1 was observed in donors homozygous for HLA-C2, heterozygous (C1/C2) or 

homozygous (C1/C1).  The education effect imparted by KIR2DS1 in HLA-C2 homozygous 

donors was sufficient to overcome potential educational effects through other inhibitory 

receptors [98].  These results support constant recognition of an activating ligand results in 

tolerance of the particular ligand in order to prevent autoimmunity.   

 

The third model, the rheostat model, is a combination of the aforementioned theories.  Rather 

than thinking of NK cell education as a binary on or off state, the rheostat model considers the 

signals from both inhibitory and activating receptors and combines the strengths of binding into a 

more quantitative analysis to determine NK cell education.  The education of NK cells is 

therefore influenced by polymorphisms found in both MHC allelic products as well as inhibitory 

receptors.  In the mouse, Ly49A is an inhibitory receptor with high affinity for H2D
d
 and low 

affinity for H2D
b
.  Based on the difference in binding affinity, NK cells positive for Ly49A from 

mice that only carried H2D
d
 were more responsive compared to Ly49A-positive NK cells from 
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mice positive only for H2D
b
.  The responses observed also showed the NK cells from the H2D

d
 

mice were more likely to be polyfunctional as evidenced by secretion of cytokines as well as by 

release of cytotoxic granules [99].  Observations of the impact of different inhibitory receptors 

with altered affinity for a single MHC ligand revealed similar results [100].  The quantity of 

inhibitory signaling also affects activation capability as NK cells expressing two inhibitory 

receptors were more responsive compared to cells expressing either receptor alone [101].  The 

rheostat model also accounts for observed complexities where NK cell activity is modulated by 

altered cytokine environments caused by infection or change in MHC expression occurring 

during haploidentical hematopoietic stem cell transplantation [102;103].   

 

Even though NK cells were discovered nearly 30 years ago, the mechanisms of function for these 

cells are not well understood.  Unlike T-cells and B-cells, the sites and mechanisms for 

maturation and education of NK cells remain unclear.  The data obtained to support each of the 

three education models described above entice more controversy and questions with regards to 

how NK cells develop tolerance to self.  As research continues, it is important to fully understand 

these mechanisms as they may be applied to clinical settings including, but certainly not limited 

to, bone marrow transplantation.   
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Figure 1.5 Three models of NK cell education 

 

 

A, The arming model describes NK cells as incapable of activation until recognition of HLA by 

an inhibitory receptor.  In the absence of an inhibitory signal, the cells remain hypo-responsive in 

order to prevent NK cells from causing autoimmunity.  B, Contrary to the arming model, the 

disarming model dictates NK cells are inherently active and are disarmed by the lack of 

interaction between HLA and an inhibitory receptor.  C, The rheostat model introduces a 

quantitative analysis of inhibitory and activating signals to determine NK cell education and 

activation capabilities.  In this model, differences of receptor affinity for HLA affect the 

education process. 
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1.8 NK CELLS AND CANCER THERAPEUTIC STRATEGIES 
 

 

Resulting from their innate ability to kill tumor cells, NK cell responses against tumor cells 

continue to be investigated in order to develop efficient immunological therapies for cancer. 

In vivo evidence in both mouse and humans implicate the importance of NK cells in elimination 

of tumors [104;105].  As previously discussed, NK cells recognize HLA molecules presented on 

the surface of normal cells as an inhibitory mechanism, preventing autoimmunity.  However, 

many malignancies reduce HLA expression through multiple mechanisms in order to evade 

recognition by members of the adaptive immune system [106-108].  With the reduction of HLA 

surface expression along with increased expression of stress proteins, the tumor cells become 

more susceptible to NK cell lysis.  A number of activation receptors including NKp30, NKG2D, 

DNAM-1, and KIR2DS1 have been described for their role in tumor cell recognition. 

The B7 family member, B7-H6, is the ligand for NKp30.  Expression of B7-H6 has not been 

observed in normal tissues but has been detected under stress induced conditions as well as in a 

variety of tumor types [109] .  Expression levels of the NKG2D ligands, MICA/B, Rae-1 and 

ULBP proteins, have also been correlated with NK cell responses against malignancies [110].  

The ligands for DNAM-1, CD155 and Nectin-2, are also expressed by an array of tumor types 

[111].  KIR2DS1-positive NK cells have shown to be effective in attacking HLA-C2 positive 

leukemic cell blasts [112].  The increase in expression levels of such activating ligands or 

possibly specific tumor peptide residues presented by HLA-C molecules shift the functional 

balance of NK cells towards activation.   
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Therapeutic strategies focused on enhancing NK cell activity in order to eradicate tumors have 

been on-going since the 1980’s.  In these early studies, interleukin-2 (IL-2) was administered 

subcutaneously to activate NK cells in vivo or NK cells were stimulated ex vivo with IL-2 and 

transferred back into patients.  This treatment had modest effects in patients with advanced renal 

cell carcinoma or melanoma [113].  More recent studies have combined treatment with high dose 

cyclophosphamide and fludarabine with constant IL-2 administration and have resulted in a more 

stable expansion of donor NK cells within the recipient [114].  This expansion was also 

correlated with increased serum levels of IL-15 in these patients, consistent with the previously 

defined role for IL-15 in NK cell development.  Even with this stable expansion, the clinical 

effectiveness for NK cell transfer is far from optimal.  More strategies are being employed 

including using antibodies to block inhibitory receptors on NK cells or administering different 

cytokines such as IL-21or IL-15 to enhance NK cell activity [115;116].  Several phase I and  II 

clinical trials are underway investigating the safety and efficacy of IPH2101, a novel humanized 

antibody that enhances NK cell activity by blocking inhibitory KIR, for use in treating multiple 

myeloma and acute myeloid leukemia patients [117].  It is possible this antibody could be used 

in addition to autologous or allogeneic NK cell transfer regimens in order to break self-tolerance 

allowing for enhanced efficiency in the clearance of the malignancy.   

 

Another mechanism by which NK cells target tumors is known as antibody dependent cellular 

cytotoxicity (ADCC).  This mechanism allows for specific lysis of tumor cells as the variable 

(Fab) region of an antibody targets a tumor specific antigen while the constant (Fc) region binds 

to Fc receptors (CD16) expressed by NK cells.  Two approved clinical antibodies used for solid 
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and hematological malignancies are Trastuzumab and Rituximab, respectively.  In a mouse 

study, variation of the Fc regions of Trastuzumab or Rituximab resulting in altered Fc-receptor 

binding caused a correlating effect on tumor cell growth implying ADCC as a major mechanism 

influencing tumor control through these antibodies [118].  Similar evidence has been derived in 

human studies as a polymorphism at position 158 within the Fc-receptor causes a disparity of 

affinity for antibodies.  Homozygosity for valine at this position allows for increased binding of 

antibody compared to being heterozygous or homozygous with a phenylalanine at this position.  

These in vitro data have directly correlated to clinical outcome as patients homozygous for 

158V/V respond more favorably to antibody treatment compared to patients who are 

heterozygous (158V/F) or homozygous 158F/F  reinforcing that ADCC plays an important role 

in the efficacy of Rituximab and Trastuzumab [119;120].  As these antibodies have shown to be 

successful in the clinic, it is important to understand the complete mechanisms that drive their 

successes and failures in order to develop more effective therapies.  

 

1.9 NK CELLS AND KIR IN HEMATOPOIETIC STEM CELL TRANSPLANTATION 

 

 

Allogeneic hematopoietic stem cell transplantation has proven to be a successful treatment for 

hematological malignancies.  In order to aid reconstitution of the grafted cells and prevent 

treatment-related toxicity and graft versus host disease (GVHD), donors are identified based on 

HLA-matching.  Unfortunately, the probability of identifying a sibling donor with the identical 

HLA genotype is only 25%.  Even with the advent of global marrow registries, identifying a 

perfectly matched HLA donor is difficult especially for ethnic minorities [121].  This low 

probability has lead to investigations of alternate donors such as mismatched unrelated or 
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umbilical cord blood or haploidentical donors.  The adoption of haploidentical hematopoietic 

transplants has significantly increased the probabilities of identifying favorable donor-recipient 

pairs.  However, the early investigations highlighted the complexity of effectively treating 

patients with haploidentical transplantations [122].  As investigations have continued, 

conditioning regimens have been identified which result in optimal results of lower GVHD while 

maintaining effective leukemia clearance.  These regimens result in efficient engraftment and 

rapid reconstitution of the NK cell population [105].    

 

In a seminal study, Ruggeri et al. examined the potential effect of KIR ligand incompatibility in 

the graft versus host direction on disease clearance and overall survival in patients who received 

T-cell depleted HLA mismatched hematopoietic transplants from related donors.  In this study, 

KIR ligand incompatibility was significantly correlated with greater relapse free survival and 

decreased risk of GVHD in patients with acute myeloid leukemia (AML).  Interestingly, no 

effect was observed in the study in patients with acute lymphoid leukemia (ALL).  The decrease 

in GVHD was attributed to NK cell killing of host antigen presenting cells (APCs) which would 

interact with engrafting T-cells causing an immune response.  These results stimulated robust 

interest and investigation resulting in controversial findings as to whether KIR ligand 

incompatibility has a role in relapse free survival in related and unrelated hematopoietic 

transplantations [123-125].   

 

Although the findings were controversial, the conditioning regimens differed study to study with 

altered presence of T-cells within the transplant.  Analysis of KIR expression in unmanipulated 

bone marrow (UBM) transplantation versus T-cell depleted (TCD) bone marrow transplantation 
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revealed KIR expression was significantly decreased in the UBM transplantations.  Combining 

results from UBM and TCD transplantation correlated KIR expression with survival [126].  

These results infer that the presence of T-cells in the graft negatively impacts NK cell 

development and maturation.  The mechanisms of how NK cells in a KIR ligand mismatch 

setting appear to be beneficial are complex and not well understood.  The NK cells in a T-cell 

deplete unrelated HLA mismatch transplantation develop and are educated within the recipient 

after engraftment.  Only NK cells expressing KIR capable of interacting with HLA of the 

recipient are responsive in ex vivo stimulation assays through evaluation of IFN-γ production.  In 

contrast education through inhibitory KIR interactions does not appear to be necessary for 

degranulation, rather only expression of NKG2A is required for the NK cell to develop cytotoxic 

function [102].  Stimulation of the NK cells with IL-15 enhanced production of IFN- γ, as well 

as the capability for degranulation independent of transplant setting.   The enhanced activity 

following IL-15 treatment warrants further investigation of cytokine treatment post 

transplantation in the effort to enhance the graft versus leukemia response by NK cells.   

  

Analysis of KIR genotypes independent of HLA genotypes has shown that donors with KIR B/x 

haplotypes have significantly enhanced relapse free survival after unrelated hematopoietic 

transplantation.  The KIR haplotype of the recipient had no impact on this finding [127].   

Further analysis of the KIR B haplotype identified donors homozygous for KIR cen-B 

haplotypes exhibited the best decrease in relapse compared with either cen-A/A or cen-A/B.  The 

exact genes and the underlying mechanisms by which these beneficial observations occur are 

unknown.  There has not been a clear direct correlation between a single activating KIR and 
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effectiveness of transplantation [128].  Presence of stimulatory KIR in the cen-B haplotype 

structure such as KIR2DS2 or KIR2DS5 may recognize a ligand expressed by the AML blasts or 

the presence of inhibitory KIR may affect education rates after engraftment creating an efficient 

environment for NK cell lysis of the leukemia.  Even though the mechanisms remain unclear, the 

data support the identification of KIR B donors as ideal candidates if the choice is present.    

 

1.10 NK CELLS IN PREGNANCY 

 

 

Pregnancy introduces an immunologic paradox in which maternal immune cells interact with 

invading, haploidentical fetal cells.  Although originally thought to be immunologically inert, 

ensuing research has defined immunological interactions at the maternal, placental interface.  

These interactions primarily occur between invading fetal trophoblasts and resident uterine NK 

cells.  

 

The cytokine secreting CD56 bright NK cells are the predominant immune cell at the site of 

implantation, accounting for up to 70% of lymphocytes during the first trimester of placental 

development [129].  General immune-phenotyping of these uterine NK (uNK) cells revealed 

unique receptor combinations compared to those expressed on peripheral NK (pNK) cells.  

Contrary to the CD56 bright pNK cells, CD56 bright uNK cells express KIR and   

the ability of the uNK cells to secrete cytokines such as vascular endothelial growth factor 

(VEGF), granulocyte macrophage stimulating factor, IFN-γ, and macrophage inflammatory 

factor 1 alpha (MIP-1α) is also enhanced compared to pNK cells [130;131].   
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The extravillous trophoblast (EVT) cells are invading fetal cells that interact with maternal 

immune cells.  The EVT cells invade deep through the uterine wall during decidualization, where 

they replace maternal endothelial cells along the spiral arteries, resulting in increased blood flow 

to the intervillous space [132] .  Failure of proper invasion by these trophoblast cells leads to 

inadequate transport of nutrition to the fetus possibly resulting in clinical complications such as 

pre-enclampsia and still birth [133].   

 

EVT cells express several HLA molecules, including HLA-E, HLA-G, and HLA-C that serve as 

ligands to multiple NK cell receptors [134].  HLA-E serves as a ligand for the inhibitory 

complex CD94/NKG2A that may function to prevent NK cell lysis of the invading EVT cells.  

HLA-G is only expressed by fetal EVT cells and, while the mechanisms are unclear, it is 

hypothesized that upon binding of HLA-G, KIR2DL4 initiates a pro-inflammatory, pro-

angiogenic response furthering the development of the spiral arteries.  HLA-C receptors on NK 

cells are expressed at higher levels on uterine NK cells during the first trimester compared to 

expression levels on peripheral NK cells during the same time points.  Epidemiological research 

focusing on the HLA-C alleles and KIR genotypes has resulted in associations of genotype 

combinations with clinical outcome of pregnancy.  These studies have shown importance in 

combining genotyping data from the mother, father and fetus.  The combination of maternal KIR 

A/A haplotype with a fetus carrying a C2 group is associated with increased risk of pre-

eclampsia.  This risk is increased if the mother is homozygous C1 and the C2 antigen is of 

paternal origin.  A protective effect is seen with the presence of the Tel-B haplotype including 

the activating receptor KIR2DS1 [135].  The mechanism underlying this effect is unclear but 
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may suggest a similar role as KIR2DL4 may serve in inducing a pro-inflammatory/pro-

angiogenic effect through activation of KIR2DS1.  The data to date show multiple NK receptor 

ligands on the EVT cells suggest an important role for NK cells in proper development of fetal 

blood supply, but the mechanisms remain poorly understood.   

 

1.11 KIR AND HIV 

 

 

NK cells function to eradicate infections through both direct lysis of infected cells, as well as 

activating and recruiting an adaptive immune response through release of cytokines.  The first 

association of KIR and viral infection was made in a cohort of HIV patients [136].  At the time, 

previous data suggested patients homozygous for HLA-Bw4 allelic products experienced slower 

loss of CD4+ T-cell count [137].  Given this association, a genetic association was sought for 

KIR3DL1 or KIR3DS1 since KIR3DL1 was known to bind HLA-Bw4 and KIR3DS1 was 

expected to recognize the same ligand.  This initial study showed delayed progression to AIDS in 

HIV patients positive for KIR3DS1 and for HLA-Bw4 antigens with isoleucine at position 80 

(Bw4-80Ile).  These results appear on the surface to be clear as one would expect a stimulatory 

receptor combined with its cognate ligand would lead to enhanced capability for activation.   

However, this conclusion is complicated since only a very rare allele, KIR3DS1*014, has 

exhibited binding to HLA-Bw4 [51].  As peptide repertoires presented by HLA affect KIR 

binding, it is possible KIR3DS1 binding is enhanced by HIV specific peptides yet to be 

identified.   
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A later study showed a similar association of KIR3DL1 with HLA-Bw4 with delayed 

progression to AIDS.  The observed protective effect was greater compared to the effect 

associated with KIR3DS1.  The most protective effect was observed in patients carrying 

KIR3DL1*004 and HLA-B*57.  This result was surprising as this allele of KIR3DL1 exhibits 

very minimal cell surface expression and is retained within the cell [47].  KIR3DL1*004 may be 

able to act intracellularly similar to KIR2DL4 in response to soluble HLA-G.  The other allelic 

products of KIR3DL1 have been characterized as “high” or “low” determined by their level of 

surface expression as well as their inhibitory capability upon recognition of ligand.  The 

KIR3DL1 high alleles in conjunction with HLA-Bw4 were associated with greater protection 

compared to the KIR3DL1 low allelic products.  This disparity is attributed to greater 

polyfunctional activity demonstrated by KIR3DL1 “high” versus “low” positive NK cells in 

patients carrying HLA-Bw4 [138].    

 

The functional explanation for the presence of an inhibitory receptor associated with decreased 

viral progression is unclear.  One explanation is the increase in viral antagonism is due to 

enhanced NK cell activity attributed to a more educated NK cell in the presence of the KIR3DL1 

“high” alleles.  The stronger recognition of the HLA-Bw4 antigen, according to the rheostat 

model, results in enhanced activation capabilities by these cells.  Another potential mechanism is 

KIR3DL1 being responsible for surveillance of HLA expression.  If HLA expression is 

decreased during HIV infection, then the KIR3DL1 positive cells would be more susceptible to 

attacking these cells.  KIR3DL1 recognition could also be lost or altered due to peptide 

presentation by the HLA, causing the NK cell to be skewed towards activation.  The effect of 
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peptide presentation affecting inhibitory recognition of HIV infected cells was demonstrated to 

be a plausible explanation with regards to KIR2DL2.  The results demonstrated HIV sequence 

polymorphisms can enhance binding of inhibitory KIR to HLA presented by infected CD4+ T-

cells creating an evasion mechanism to prevent NK cell lysis of infected cells [139].   This study 

is the first to show viral adaptation in response to NK cell mediated pressure.  The continued 

investigation into the association of KIR genetics and AIDS progression is likely to further 

elucidate mechanisms by which peptide repertoires presented by HLA influence binding by KIR.   

 

1.12 STATEMENT OF PURPOSE  

 

Epidemiological data have identified associations of stimulatory KIR with a variety of clinical 

effects including roles in effective graft versus leukemia responses in bone marrow 

transplantation, slower progression to AIDS, lower risk of pre-eclampsia during pregnancy, as 

well as predisposition to autoimmune diseases such as psoriatic arthritis [105;135;136].  With 

clinical benefits resulting from either the presence or absence of a particular stimulatory KIR 

gene, it is important to understand the biology of how these receptors mature and are trafficked 

in order to develop and understand therapeutic strategies in the clinic.  For instance, in the 

clinical setting for bone marrow transplantation or adoptive NK cell therapy, enhanced levels of 

KIR2DS1 or KIR2DS4 on the cell surface as well as increased percent of NK cells positive for 

these receptors may aid in effectively clearing the leukemia or melanoma, respectively.  

However, for patients suffering from autoimmunity associated with a KIR2DS molecule, 

decreasing the surface expression of the receptor may help prevent further damage to normal 
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tissue.  Therefore strategies focused on understanding how to manipulate KIR2DS surface 

expression may aid in producing a favorable clinical outcome.   

 

Multiple studies have shown an impact of adapter molecules on the surface expression of their 

cognate receptors [34;36].  However, while many studies have analyzed the signaling function of 

the DAP12, KIR2DS interaction, none to date have examined the potential impacts of the 

interaction on KIR2DS surface expression.  Many of the studies analyzing the clinical impact of 

NK cell function have focused on utilizing NK cells to combat malignant progression in the 

clinic in conjunction with interleukin treatments.  The protocols for enhancing NK cell activity 

call for either in vivo  or ex vivo stimulation and proliferation of the NK cells with different 

interleukin treatments involving IL-2, IL-12, IL-15, and IL-21 which, in certain combination 

such as IL-15 and IL-21, are known to decrease DAP12 expression.  It is important to understand 

what functions DAP12 plays in stimulatory KIR biological development and how DAP12 

expression can indirectly impact KIR function.   Investigating the impact of this interaction is 

also important to understand how KIR2DS properties on NK cells of Nasu Hakola patients who 

lack functional DAP12 genes will be affected.  This study aims to understand how DAP12 

impacts KIR2DS surface expression and seeks to determine the mechanisms by which this is 

accomplished in order to provide biological mechanisms that can help explain clinical outcomes 

and cellular functions observed in conditions where DAP12 expression is either lost or 

compromised.  
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This research was predicated on the hypothesis that DAP12 played a significant role in KIR2DS 

surface expression through impacts on trafficking the receptors to the cell surface and stabilizing 

KIR2DS molecules at the cell surface.   

The specific aims of the project were: 

1. To identify DAP12’s impact on KIR2DS surface expression. 

2. To determine if DAP12 affected KIR2DS maturation and trafficking to the cell surface. 

3. To analyze a potential stabilizing effect of the interaction between DAP12 and KIR2DS 

molecules. 

4. To assess whether DAP12 played a role in trafficking KIR2DS molecules from the cell 

surface to specific internal compartments. 
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DAP12 IMPACTS TRAFFICKING AND SURFACE STABILITY OF KILLER CELL 

IMMUNOGLOBULIN-LIKE RECEPTORS ON NATURAL KILLER CELLS 

 

 

2.1 MATERIALS AND METHODS 

 

2.1.1 Cell lines and culture  

 

 

The NKL cell line was a gift of Dr. Francisco Borrego (NIAID, Rockville, MD, USA) and was 

maintained in RPMI 1640 containing 10% FBS, 1 mM L-glutamine, 10 mM HEPES, 1 mM 

sodium pyruvate and 100 U/mL IL-2 (BD Biosciences, Franklin Lakes, NJ, USA).  Peripheral 

blood mononuclear cells (PBMCs) were obtained from SeraCare Life Sciences (Milford, MA, 

USA) and genotyped for KIR to identify a KIR2DS4*001 positive donor as previously described 

[140].  PBMCs were cultured in RPMI 1640 containing 10% FBS, 1 mM L-glutamine, 10 mM 

HEPES, 1 mM sodium pyruvate and 2% spent culture media from the myeloma cell line, J558L. 

HEK293T cells were a gift of Dr. Todd Waldman (Georgetown Medical Center, Washington, 

DC, USA) and were maintained in DMEM with 10% FBS, 1 mM L-glutamine, 10 mM HEPES, 

and 1 mM sodium pyruvate. 

 

2.1.2 DNA constructs 

 

The cDNA encoding KIR2DS1*002 and KIR2DS4*001were cloned into the expression vector, 

pEF-DEST51 (Invitrogen Life Technologies Carlsbad, CA, USA) as previously described 

[141;142].  The cDNA encoding KIR2DS2*002 and FcεRIγ was obtained from Origene 

Technologies Inc. (Rockville, MD, USA) and the DAP12 cDNA was obtained from Invitrogen.  

These cDNA were amplified using the following primers: 2DS2-F 
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(CACCATGTCGCTCATGGTC) and 2DS2-R (TCCTGCGTATGACACCTCCTG) for 

KIR2DS2 with a glycine in place of the stop codon, DAP12-F 

(CACCATGGGGGGACTTGAAC) and DAP12-R (TCATTTGTAATACGGCCTC), and 

GAMMA-F (CACCATGATTCCAGCAGTGGTC) and GAMMA-R 

(TCACTGTGGTGGTTTCTCATG) for FcεRIγ.  These amplicons were cloned into the 

expression vector, pEF-DEST51, through Gateway Technology using the entry vector, 

pCR8/GW/TOPO following manufacturer’s protocol (Invitrogen).  Following manufacturer’s 

protocol for Quikchange II (Stratagene, La Jolla, CA), site-directed mutagenesis was performed 

to insert nucleotides encoding the HA-tag, YPYDVPDYA, immediately following the leader 

sequence of DAP12 and FcεRIγ.  The LAMP1-GFP and Rab5-GFP expression vectors (pCMV6-

AC-GFP) were obtained from Origene Technologies Inc. All constructs were prepared as per 

manufacturer’s instructions using the HiSpeed Plasmid Maxi Kit (Qiagen, Valencia, CA, USA).   

2.1.3 KIR expression and trafficking 

For analysis of KIR surface expression on transfected NKL cells, NKL cells (10
7
) were co-

transfected with 5 μg of a KIR2DS encoding construct and either 5 µg of empty vector (pEF-

DEST51) or 5 μg of the DAP12 encoding construct using a Nucleofector II (Lonza, Cologne AG, 

Cologne, Germany) with the protocol, O-017.  KIR surface expression was determined by flow 

cytometry using  phycoerythrin (PE) conjugated antibodies specific for CD158a/h (KIR2DS1), 

CD158b/j (KIR2DS2) and CD158i (KIR2DS4) (Beckman Coulter, Fullerton, CA, USA).    

Unless noted, cells were collected 16 hours post-transfection and externally stained with the 

appropriate antibody for 30 minutes at 4°C.  Total KIR expression was also determined by flow 
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cytometry using a FITC conjugated V5 antibody (Invitrogen) against the internal, C-terminal V5 

tag of KIR as previously described [141].  Variation in total KIR expression was controlled for 

by representing KIR surface expression as a ratio to total expression.  To compare results 

between experiments the ratios were normalized to the ratios obtained for KIR2DS co-

transfected with DAP12 or FcεRIγ.  For the trafficking experiment beginning 10 hours post-

transfection, cells were treated for 6 hours with 100 μg/mL cycloheximide (Sigma Aldrich, St. 

Louis, MO, USA) or 1X brefeldin A (eBioscience, San Diego, CA, USA). Cycloheximide and 

brefeldin A were replenished every 2 hours for the duration of the experiment. After the 

treatment, KIR2DS surface expression was determined by flow cytometry as described above.  

2.1.4 Gene silencing and relative quantitative RT-PCR 

Primary PBMCs from individuals positive for KIR2DS4*001 were expanded in culture for 7 

days as described above.  PBMCs or KIR2DS4 positively sorted cells (3x10
5
) were cultured in 

serum free Accell siRNA delivery media (Dharmacon siRNA Technologies) with either 1 μM 

non-silencing siRNA or 1 μM DAP12 specific siRNA (Dharmacon) for 72 hours.  KIR2DS4 

surface expression was determined by flow cytometry as described above and total RNA was 

isolated following manufacturer’s protocol with a RNeasy Mini kit (Qiagen).  cDNA was 

generated from approximately 200 ng of total RNA using TaqMan Reverse Transcription 

Reagents from Applied Biosystems (Foster City, CA, USA) as per manufacturer’s instruction.  

DAP12 and β-actin mRNA levels were determined by qRT-PCR using a StepOne Plus RT-PCR 

instrument using DAP12 and β-actin specific pre-designed probes and primer sets and TaqMan 

gene expression master mix as per manufacturer’s protocol (Applied Biosystems).  β-actin 
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mRNA levels served as the internal control.  The relative quantities of DAP12 mRNA obtained 

after targeted siRNA treatment were normalized to the values obtained following scrambled 

siRNA treatment.     

2.1.5 Immunoprecipitation and Western Blot 

NKL cells were co-transfected with a KIR2DS construct and either empty vector or DAP12 as 

previously described.  Sixteen hours post-transfection, cells were lysed for 30 minutes at 4°C 

using 10% NP-40 in PBS.  Lysates were immunoprecipitated using a DAP12 specific antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA).  Immunoprecipitants or whole cell lysates 

from NKL cells or PBMCs were electrophoresed on 4-15% polyacrylamide Tris-HCl ready gels, 

transferred to nitrocellulose membranes, and the membranes were blocked using 5.0% nonfat dry 

milk as previously described [142] (Bio-Rad, Hercules, CA, USA).  The membranes were 

probed with a 1:5,000 dilution of a V5-specific  (Invitrogen) or HA-specific (Sigma) primary 

antibody or a 1:500 dilution of a DAP12 specific antibody (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) followed by a secondary HRP conjugated antibody specific for mouse heavy 

and light chains (Jackson Immunoresearch, West Grove, PA, USA).  Proteins bands were 

detected using ECL detection (Amersham Biosciences, Piscataway, NJ, USA) following 

manufacturer’s protocol.   

2.1.6 Internalization analysis 

The internalization of KIR2DS molecules on NKL cells co-transfected with KIR2DS plus empty 

vector or DAP12 was analyzed as previously described [143].  Briefly, transfectants were probed 
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16 hours post-transfection with the corresponding PE-conjugated KIR antibody and cultured at 

37°C for 0, 10, 30, and 60 minutes.  Samples were collected at indicated time points and were 

either untreated or treated with 200 µl of PBS containing 100 mM glycine and 100 mM NaCl 

(pH 2.5) for 2 minutes to strip away externally bound antibodies.  Cells were washed and the 

amount of receptor internalization was analyzed by flow cytometry.  The percent KIR2DS 

internalized was calculated using the following equation: 100 x (MFIexp – MFIstripped)/(MFItotal – 

MFIstripped) where MFIexp represents internalized KIR staining at the time point taken.  MFItotal 

and MFIstripped are the values representing KIR expression in samples not treated with the acidic 

solution or samples stained and then immediately treated with the acid at the “zero” time point 

representing background values, respectively.    

2.1.7 Confocal microscopy 

HEK293T cells (5x10^4) were plated on a 35-mm glass Fluorodish (World Precision 

Instruments, Sarasota, FL, USA).  The next day, the cells were transfected with 1 µg LAMP1-

GFP or Rab5-GFP, 1 µg KIR2DS1, and 1 µg DAP12  or empty vector (pEF-DEST51) constructs 

with FuGENE 6 (Roche, Indianapolis, IN, USA).  Sixteen hours post-transfection, the cells were 

probed with an allophycocyanin (APC)-conjugated antibody specific for KIR2DS1 (Miltenyi 

biotech, Bergisch Gladbach, Germany) for 2 hours at either 4°C or 37°C.  After the antibody 

incubation, cells were fixed using a 4.0% paraformaldehyde solution (Pierce Scientific, 

Rockford, IL, USA).  The samples were viewed with an Olympus Fluoview-FV300 laser 

scanning confocal system.  
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2.2 RESULTS 

Analysis of the impact of DAP12 on KIR2DS surface expression on NKL cells 

 

To analyze the potential impact of DAP12 on two domain stimulatory KIR (KIR2DS)  

expression, KIR surface expression was determined on NKL cells in the presence or absence of 

exogenous DAP12.  The NKL cells, which do not express endogenous KIR, were co-transfected 

with a singular KIR2DS construct and either empty vector or DAP12.  The KIR2DS molecules 

analyzed for surface expression were KIR2DS1, KIR2DS2, and KIR2DS4.  KIR2DS3 was 

excluded from the study as we have previously demonstrated only minimal surface expression of 

this receptor [142].  Due to the lack of a specific antibody, KIR2DS5 was also excluded based on 

observations that an N-terminal tag impacted trafficking patterns of the receptor.  All KIR2DS 

molecules analyzed were expressed at the cell surface as detected by flow cytometry.  As a 

representative example, surface expression of KIR2DS4 is shown (Figure 2.1A).  As exemplified 

by KIR2DS4, surface expression of all the KIR2DS molecules was detected independent of 

exogenous DAP12, but the level of surface expression was greatly enhanced in the presence of 

exogenous DAP12.  We suspect the receptors, when transfected with empty vector, are expressed 

at the cell surface independent of DAP12 as the level of endogenous DAP12 protein expression 

in the NKL cells used in this study was undetectable by Western blot (data not shown).  The 

observed difference in the level of surface expression between transfection conditions was not 

due to varation in protein production as total KIR2DS4 expression was comparable independent 

of exogenous DAP12 (Figure 2.1B).  To account for any variation in protein production across 

experiments, the data are expressed as a ratio of KIR surface expression to total KIR expression 
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as described in the methods (Figure 2.1C).  The ratio of surface expressed KIR2DS4 to total 

KIR2DS4 expression was increased two-fold in the presence of exogenous DAP12 compared to 

KIR2DS4 co-transfected with empty vector.  Similar results were observed for KIR2DS1 and 

KIR2DS2 surface expression with exogenous DAP12 (Figure 2.1D, E).   

 

To confirm that the observed changes in surface expression were dependent upon the interaction 

with DAP12, a mutant of KIR2DS1 that disrupts the interaction with DAP12 was created by 

changing the amino acid at position 233 from a lysine to an alanine (K233A) as this position is 

critical for a successful interaction between KIR2DS molecules and DAP12 [21].  The surface 

expression level of the mutant was comparable to expression levels obtained with the wild type 

receptor when co-transfected with empty vector (data not shown).  In contrast to the observed 

increase in surface expression of wild type KIR2DS1 with exogenous DAP12, the mutant 

KIR2DS1 displayed equal surface expression independent of exogenous DAP12 (Figure 2.1F).   

This result supports the enhanced surface expression is dependent upon a successful interaction 

between KIR and DAP12.   

 

To further assess the enhanced surface expression was fully attributed to the presence of DAP12 

and not due to increased protein production generated by the two expression plasmids within the 

cells, KIR2DS1 was co-transfected with FcεRIγ, an unassociated adapter molecule expressed by 

NK cells that is known to interact with KIR2DL4 [144] .  Similar to the results for the mutant 

KIR2DS1, no change in surface expression was observed when KIR2DS1 was co-transfected 

with FcεRIγ compared to empty vector (Figure 2.1G) further implicating DAP12’s role in 

increasing KIR2DS surface expression.  Western blot analysis demonstrates equivalent 
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expression of the adapter molecules used in these assays (Figure 2.1H).  These results 

demonstrate, in this model system, KIR2DS molecules are capable of expression at the cell 

surface, but exogenous DAP12 expression significantly enhances the number of receptors at the 

surface suggesting an effect of DAP12 expression on KIR2DS surface expression.   
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Figure 2.1 KIR2DS surface expression is enhanced by exogenous DAP12 

 

A,  Surface expression of KIR2DS4 on NKL cells detected by a PE conjugated antibody specific 

for CD158i following co-transfection of KIR2DS4 with either DAP12 (solid line) or empty 

vector (EV, dashed line).  NKL cells transfected with an irrelevant KIR (KIR2DS1, grey shade) 

was used as a negative control.  B, Total KIR2DS4 expression in NKL cells transfected with EV 

(grey), or co-transfected with KIR2DS4 and EV (dashed line) or with DAP12 (solid line).  

Transfectants were permeablized and probed with a V5 specific antibody for the internal, C-

terminal V5 tag linked to each KIR molecule.  C, KIR2DS4 surface expression presented as a 

ratio of surface expressed KIR2DS4 (A) to total KIR2DS4 expression (B).  All ratios obtained 

were normalized to results for KIR2DS with exogenous DAP12.  D-E, Surface expression data 

presented in relative ratios for KIR2DS1 and KIR2DS2.  KIR2DS1 was used as a negative 

control for external staining for KIR2DS2 and KIR2DS4, while KIR2DS4 was used as the 

negative control for the KIR2DS1.  F, Surface expression data for KIR2DS1 mutated at amino 

acid position 233 from a lysine to alanine (K233A).  G, Relative surface expression data for 

KIR2DS1 co-transfected with an unassociated adapter molecule, FcεRIγ.   H, Western blot 

analysis showing relative expression levels of DAP12 and FcεRIγ used in the assays.  Assays 

were performed in triplicate and the data (mean + SEM) represents the results observed in two 

independent experiments.  Statistical analysis was performed using an unpaired Student’s t-test.  

(** P < 0.01, *** P < 0.001) 
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Examination of the impact of DAP12 knockdown on KIR2DS4 surface expression on primary 

cells 

 

Resulting from the observed changes in surface expression of KIR2DS molecules in the presence 

of exogenous DAP12, we sought to determine the impact of DAP12 on KIR2DS surface 

expression on primary cells.  Two individuals positive for the full length allele, KIR2DS4*001, 

were chosen for analysis as KIR2DS4 surface expression could be evaluated without concern for 

cross reactivity of the KIR2DS4 specific antibody with another KIR molecule, unlike the 

antibodies specific for KIR2DS1 and KIR2DS2.  Treatment of PBMCs or of KIR2DS4 

positively sorted cells with DAP12-specific siRNA consistently resulted in a significant 

reduction of DAP12 transcripts compared to non-targeting siRNA (Figure 2.2A).  However, the 

impact on DAP12 protein levels observed in multiple experiments with comparable mRNA 

knockdown was not as dramatic, but there was a consistent reduction of 15-20% of DAP12 

protein following incubation with DAP12 targeting siRNA (Figure 2.2B).  Despite the low 

efficiency in reducing DAP12 protein, a decrease of KIR2DS4 surface expression was observed 

following DAP12 siRNA treatment as represented by the histogram shown (Figure 2.2C).  

Following treatment with DAP12 specific siRNA, a consistent 20% decrease of KIR2DS4 

surface expression was observed for both donors analyzed across multiple independent 

experiments (Figure 2.2D).  The observed decrease in surface expression corresponds with the 

expected loss of DAP12 protein in these experiments based on consistent mRNA knockdown 

achieved across all the replicates.  It is likely a more stable reduction in DAP12 would cause a 

greater decrease in surface expression.  The correlated decrease of KIR2DS4 surface expression 
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following knockdown of DAP12 in primary cells, however, does support the data obtained from 

the transient expression system indicating an impact of DAP12 on KIR2DS surface expression. 
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Figure 2.2  KIR2DS4 surface expression is decreased after knockdown of DAP12 in primary   

cells. 

 

Primary cells were treated with non-targeting or DAP12 specific siRNA.  A, The relative quantity 

of DAP12 mRNA transcripts was determined by rqRT-PCR using β-actin as an internal loading 

control from RNA isolated from PBMCs or KIR2DS4 expressing cells (*** P < 0.001).  The 

data represents values obtained over five independent experiments performed in duplicate for 

each donor.  B, Representative Western blot and densitometry analysis of PBMC whole cell 

lysates following treatment with non-targeting (nt) or DAP12 targeting (t) siRNA.  Results were 

obtained in two independent experiments performed in duplicate (* P = 0.04).  C, Representative 

histogram of KIR2DS4 surface expression on sorted KIR2DS4 positive primary cells after 

treatment with non-targeting siRNA (solid line) or with DAP12 specific siRNA (dashed line).  

The grey histogram represents cells probed with an irrelevant PE-conjugated antibody.  D, 

KIR2DS4 surface expression from two donors was normalized to expression levels obtained 

following non-targeting siRNA treatment (*** P < 0.001).  The results were recorded from five 

independent experiments performed in duplicate and is represented by the normalized mean + 

SEM.  Statistical analyses for these experiments were performed using unpaired Student’s t-tests.   
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Further analysis of the impact of DAP12 on KIR2DS surface expression over time 

 

The effect on KIR2DS surface expression due to changes in DAP12 expression in the previous 

experiments could be attributed to effects in trafficking as well as receptor stability at the cell 

surface.  To further analyze the dynamics by which DAP12 enhances surface expression of 

KIR2DS molecules, a time course was assessed post-transfection analyzing differences in 

surface expression over time between empty vector and exogenous DAP12 conditions in the 

NKL cell line.  While the level of KIR2DS4 surface expression remained similar over the first 

few hours following transfection independent of exogenous DAP12, a clear divergence in 

surface expression was observed after the 10 hour time point (Figure 2.3A).  The expression of 

the KIR2DS4 at the cell surface continued to increase at a high rate with exogenous DAP12 

compared to a clear plateau effect observed for KIR2DS4 with empty vector. The maximum 

surface expression observed for KIR2DS4 with empty vector was obtained 14 hours post-

transfection demarcated by the vertical dashed lines.  This same surface expression level was 

obtained between 10-12 hours post-transfection when KIR2DS4 was transfected with DAP12.  

The total KIR2DS4 expression within these experiments was similar between empty vector and 

DAP12 conditions, dismissing the possibility that these results are due to increased total 

KIR2DS4 levels within the cells (Figure 2.3B).  The data shows that total KIR expression 

continues to increase independent of exogenous DAP12; however, continued increase in receptor 

surface expression is only achieved in the presence of exogenous DAP12.  Conversely, in the 

absence of exogenous DAP12, total KIR expression continues to increase but the level expressed 

at the surface reaches a plateau.  These data suggest DAP12 may be playing a role in either 
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enhancing the maturation and post-translational modifications of KIR2DS4 or that DAP12 has a 

role in impacting the recycling of internalized receptors back to the cell surface . 

 

In order to further evaluate DAP12’s potential impact on the post-translation processing of 

KIR2DS molecules, expression of two different isoforms of KIR2DS was analyzed over a time 

course in the presence or absence of exogenous DAP12.  We have previously described 

expression of two different isoforms of KIR2DS molecules in our transfected model based on 

molecular weight and susceptibility to endoglycosidase H [145].  The larger isoform represents 

the mature isoform of the protein that has undergone extended glycosylation in the golgi 

preventing digestion of this isoform by endoglycosidase H.  This mature isoform is also the only 

form that is expressed at the cell surface as previously described [145].  The lower molecular 

weight isoform is an immature isoform that is susceptible to endoglycosidase H treatment 

suggesting this isoform has not been processed by the golgi apparatus and is likely sequestered 

within the endoplasmic reticulum (ER).  NKL cells were co-transfected with KIR2DS4 and either 

empty vector or DAP12, harvested and lysed at multiple time points post-transfection.  Western 

blot analysis of these lysates show that when KIR2DS4 was expressed in the absence of DAP12, 

the level of immature isoform of the receptor is clearly the predominant isoform of the protein 

expressed and that the level of expression of this isoform appears to increase over the time 

course (Figure 2.3C).  A minimal level of increase was also observed for the mature isoform of 

KIR2DS4 in the absence of DAP12.  These results are dramatically different from the pattern of 

KIR2DS4 isoform expression in the presence of exogenous DAP12.  When KIR2DS4 was 

expressed with DAP12, the level of mature isoform constantly increased over the time course 
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with an inverse decrease in expression of the immature isoform.  The results for changes 

observed in mature isoform expression over the time course were quantified from these Western 

blots (Figure 2.4D).  The quantification shows that the mature isoform of KIR2DS4 is only 

slightly increased over the time course and achieves only an increase of 10% at 22 hours post-

transfection compared to the level expressed at 10 hours post-transfection.  In comparison a 10% 

change in percent of the isoform expressed as mature was achieved at the 13 hour time point 

when KIR2DS4 was expressed with exogenous DAP12.  The change in percent of receptor 

expressed as the mature isoform continued to dramatically increase over the time course, 

ultimately ending with a 30% change in percentage of the receptor expressed as mature at 22 

hours post-transfection compared to the 10 hour time point.  The data show that not only does 

DAP12 increase the percent of receptor expressed as the mature form, but also shows the rate at 

which the mature isoform is expressed is significantly greater compared to when the receptor is 

expressed without DAP12 (P < 0.001).  These results suggest KIR2DS4 is capable of being 

expressed at the cell surface independent of DAP12 up to a certain threshold.  After this 

threshold is reached, the data show DAP12 aids in efficiently trafficking KIR2DS4 from the ER, 

through the Golgi and ultimately to the cell surface.  Although the data does imply a trafficking 

mechanism, it does not exclude the possibility that DAP12 may also be impacting the rate at 

which internalized receptors are recycled back to the cell surface.   
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Figure 2.3  Transfected KIR2DS4 surface expression continues to increase with exogenous 

DAP12 over time 

 

Transfected KIR2DS4 surface expression continues to increase with exogenous DAP12 over 

time.  KIR2DS4 was co-transfected into NKL cells with either empty vector  (EV, □) or DAP12 

(■).  A, KIR2DS4 surface expression was analyzed by flow cytometry over a time course.  B, 

The total expression of KIR2DS4 was also recorded at the same time points as monitored by the 

C-terminal V5 tag.  Vertical dashed lines represent when the maximum surface expression of 

KIR2DS4 was achieved with EV and the respective expression value obtained with DAP12.  

Assays were performed in triplicate and results were reproduced in two independent 

experiments.  Statistical analysis was performed using ANOVA.  C, Representative Western blot 

analysis of KIR2DS4 isoform expression at the indicated time points post-transfection in the 

presence or absence of exogenous DAP12 using a V5-specific antibody.  D, Quantification of 

Western blots showing the change in percent of receptor expressed as the mature isoform 

evaluated at each time point compared to the values obtained 10 hours post-transfection.  The 

densitometry and quantification were performed on Western blot results from four independent 

transfections and time course analyses of KIR2DS4 in the presence or absence of exogenous 

DAP12.  The results were statistically analyzed by ANOVA.  
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Investigation of the potential effect of DAP12 on trafficking newly synthesized KIR2DS 

molecules to the cell surface 

 

To determine if the continuous increase in KIR2DS4 surface expression observed during the 

time course experiment was due to DAP12’s impact on the transport of newly synthesized 

receptors and not due to an effect on recycling of endocytosed receptors, NKL transfectants were 

treated with either brefeldin A (BFA) to inhibit protein transport or cycloheximide (CHX) to 

inhibit protein synthesis starting 10 hours post-transfection.  The results were consistent for all 

KIR2DS molecules analyzed (Figure 2.4A-C).  KIR2DS surface expression with exogenous 

DAP12 at 10 hours post-transfection was significantly greater compared to KIR2DS co-

transfected with empty vector at this time point.  Consistent with the previous time course 

analysis, a dramatic increase of surface expression was observed only for the 16 hour time point 

in the presence of exogenous DAP12.  Treatment of the KIR2DS and DAP12 co-transfectants 

with either BFA or CHX prevented this dramatic increase of surface expression resulting in 

surface expression levels comparable to those without exogenous DAP12.  The inhibition of 

increased surface expression when KIR2DS and DAP12 transfectants were treated with CHX 

demonstrates that the enhanced level of receptor surface expression achieved with exogenous 

DAP12 is due to expression of newly synthesized proteins at the cell surface and not due to 

differences in recycling patterns of the receptor in the absence or presence of exogenous DAP12.  

These results support the implications of the previous time course experiments and illustrate a 

role for DAP12 in efficiently trafficking newly synthesized KIR2DS molecules to the cell 

surface.   
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Figure 2.4 DAP12 impacts trafficking of newly synthesized KIR2DS to the cell surface 

 

KIR2DS encoding constructs were transfected into NKL cells with either the empty vector or the 

DAP12 encoding vector.  Surface expression was analyzed at 10 hours and 16 hours post-

transfection.  After the 10 hour time point, cells were left untreated or treated with brefeldin A 

(BFA) or cycloheximide (CHX) for 6 hours and analyzed for KIR2DS surface expression.  Flow 

cytometry analysis of surface expression was recorded for KIR2DS1 (A), KIR2DS2 (B), and 

KIR2DS4 (C).  KIR2DS1 was used as a negative control for external staining for KIR2DS2 and 

KIR2DS4, while KIR2DS4 was used as the negative control for the KIR2DS1.  The assays were 

performed in triplicate and reproduced in independent experiments.  Results (mean + SEM) were 

statistically analyzed using unpaired Student’s t-test comparing samples to untreated NKL cells 

co-transfected with KIR2DS and DAP12 at either the 10 or 16 hour time point independently.    
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Identification of the putative site where the interaction between DAP12 and KIR2DS initiates 

 

As the data support DAP12’s role in trafficking, we hypothesized the interaction between 

KIR2DS and DAP12 occurred early in the post-translational development of KIR resulting in 

enhanced efficiency in maturation of the KIR2DS molecules.  The association of DAP12 with 

the different isoforms of KIR2DS in transfected NKL cells was examined by Western blot after 

immunoprecipitation with a DAP12-specific antibody.  Following the immunoprecipitation, two 

isoforms of KIR2DS1 were detected by Western blot (Figure 2.5A).  The lower isoform is an 

immature form of the receptor that is susceptible to Endoglycosidase H (Endo H) treatment and 

is suspected to be sequestered within the endoplasmic reticulum (ER) [142].  The larger isoform 

represents a mature isoform of the protein that has been glycosylated by the Golgi and is not 

cleaved by Endo H, but can be cleaved by PNGase F.  Co-immunoprecipitation of the Endo H 

sensitive immature isoform of KIR2DS1 suggests that the interaction between KIR2DS and 

DAP12 occurs very early in the maturation process, likely within the ER.   

 

To further understand the impact of the early interaction of DAP12 on KIR2DS maturation, the 

relative quantities of immature and mature isoforms of each exogenous KIR2DS molecule in the 

absence and presence of exogenous DAP12 were determined.  Single KIR2DS encoding 

constructs were co-transfected into NKL cells with either DAP12 vector or the empty vector.  

Whole cell lysates from these transfectants were examined by Western blot along with follow up 

densitometry analysis to determine changes in expression of the different isoforms of the 

receptors (Figure 2.5B-D).  In the absence of exogenous DAP12, each receptor was present at 

approximately equal ratios of mature to immature isoforms of the protein (Figure 2.5C, D).  The 
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presence of the mature isoform of all the KIR2DS molecules analyzed was enhanced in the 

presence of exogenous DAP12 (Figure 2.5C) coinciding with a decrease in the amount of the 

immature isoform of the receptors (Figure 2.5D).  These data support the interaction of KIR2DS 

molecules with DAP12 in the ER aids in driving the receptors efficiently through the maturation 

process and ultimately to the cell surface. 
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Figure 2.5  DAP12 interacts with KIR2DS early in the maturation process   

 

A, Western blot of immune complexes obtained following immunoprecipitation of lysates from 

NKL cells co-transfected with constructs encoding KIR2DS1 and HA-DAP12 with a DAP12 

specific antibody.  The membrane was probed using antibodies specific for the V5 (KIR) or HA 

(DAP12) epitope.  B,  Western blot of NKL lysates using a V5 specific antibody following 

expression of KIR2DS molecules with or without exogenous DAP12.  C,  Densitometry ratios 

calculated from the Western blot in B showing a ratio of mature KIR expression (upper band) to 

total KIR expression.  D, Densitometry ratios calculated from the Western blot in B showing a 

ratio of immature KIR expression (lower band) to total KIR expression.  The blots represent the 

results of three independent experiments. 
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Analysis of the potential impact of DAP12 on KIR2DS stability at the cell surface 

 

Thus far, the data have illustrated an important role for DAP12 in trafficking KIR2DS molecules.  

The other hypothesis to be addressed that can impact surface expression and receptor function is 

the possible stabilizing effects of the interaction between DAP12 and KIR2DS at the cell surface.  

The relative amount of internalized KIR2DS molecules was analyzed in the absence or presence 

of exogenous DAP12 as described in the methods.  While internalization of each receptor was 

observed independent of exogenous DAP12, a significantly higher proportion of receptors were 

internalized in the absence of exogenous DAP12 (Figure 2.6A-C).  For KIR2DS1 and KIR2DS2, 

DAP12 approximately doubled the stability of receptors while close to a five-fold increase in 

stability was observed for KIR2DS4.  For all of the receptors, the internalization occurred very 

rapidly, with the majority of receptors internalized within the first 10 minutes of antibody 

incubation.  The data suggest DAP12 may impact KIR2DS surface expression and function by 

stabilizing the receptors at the cell surface. 
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Figure 2.6  DAP12 stabilizes KIR2DS at the cell surface 

 

NKL cells were co-transfected with specified KIR2DS constructs and either empty vector (□) or 

DAP12 (■).  The percent of internalized receptors were quantified for NKL cells transfected with 

KIR2DS1 (A), KIR2DS2 (B) or KIR2DS4 (C) following incubation with a PE conjugated 

antibody specific for the extracellular domains of each receptor and then cultured for up to 1 

hour at 37°C.  Cells were removed at 0, 10 , 20 and 60 minutes and placed at 4°C.  At each time 

point, the remaining external antibody was stripped away with an acidic reagent and the 

internalized receptor was analyzed by flow cytometry.  The percent internalized was calculated 

as described in the methods.  Assays were performed in triplicate and reproduced in two 

independent experiments.  Statistical analysis was performed using ANOVA.   
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Determining the location of internalized KIR2DS molecules in the presence or absence of 

DAP12 expression 

 

The rate of immune receptor internalization as well as the ultimate localization of the receptor 

after internalization can modulate immune receptor signaling and function.  For instance, 

KIR2DL4 is internalized to and signals from early endosomes [146]. As we observed 

internalization of the KIR2DS molecules independent of exogenous DAP12, we sought to 

determine if the interaction with DAP12 affected the recruitment of the receptors to specific 

internal compartments.  To determine the location of KIR2DS after internalization, HEK293T 

cells were transfected with KIR2DS1 and DAP12 or empty vector along with either LAMP1-GFP 

or Rab5-GFP encoding vectors.  Although HEK293T cells are not an immune cell, KIR 

localization within these cells have been previously correlated with localization of KIR within 

transfected NK cell lines as well as primary cells [146].  After incubation with a conjugated 

KIR2DS1 specific antibody for two hours at either 4°C or 37°C, the cells were analyzed by 

confocal microscopy.  Samples probed with the antibody at 4°C exhibit clear membrane staining 

of KIR2DS1 (Figure 2.7A).  The images observed following incubation with the antibody at 

37°C revealed the internalized KIR2DS1 localized to LAMP1 associated lysosomal 

compartments independent of DAP12 expression (Figure 2.7B).  In the presence or absence of 

exogenous DAP12, recruitment to early endosomes, marked by Rab5, was not observed for 

KIR2DS1 (Figure 2.7C).  KIR2DS1 molecules were found to localize to LAMP1 compartments 

independent of antibody incubation as cells that were fixed, permeabilized, and probed for 

KIR2DS1 showed colocalization of the receptor with LAMP1 as well (data not shown).  While 
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the data support a role for DAP12 in anterograde transport of KIR2DS molecules to the cell 

surface, the confocal data suggest no impact of DAP12 on retrograde transport from the cell 

surface.  The lack of a role in internal recruitment is consistent with data showing the 

extracellular domains of KIR2DL4, and not the transmembrane region associated with adapter 

interactions, are responsible for its recruitment to early endosomes [20]. 
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Figure 2.7  Confocal microscopy shows internalized KIR2DS1 localizes to LAMP1-associated 

lysosomal compartments 

 

KIR2DS1 was transfected with EV or DAP12 along with vectors encoding either LAMP1-GFP or 

Rab5-GFP constructs into HEK293T cells.  The cells were probed with an APC-conjugated 

KIR2DS1 antibody for 2 hours at either 4°C (A) or 37°C (B, C) resulting in internalization of the 

receptor.  The merged images to the right show the overlay of the KIR2DS1 and LAMP1 (B) or 

RAB5 (C) images with the yellow representing observed colocalization of KIR2DS1 with 

LAMP1.  The image acquired after 4°C incubation was taken with a magnification of 100X 

while the remaining 37°C images were obtained with a 200X magnification.  The images 

represent results observed in ten fields of multiple independent experiments. 
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Evaluation of the impact of DAP12 on the impedance of KIR2DS degradation by the lysosome 

 

To further examine DAP12’s impact on KIR2DS stability and the localization to lysosomes, the 

amount of KIR2DS1 degraded in the presence or absence of exogenous DAP12 was determined.  

NKL cells were co-transfected with KIR2DS1 and either empty vector or DAP12.  Ten hours 

post-transfection, the transfectants were treated with cycloheximide for six hours.  Following 

cyclohexmide treatment, a significantly higher percentage of KIR2DS1 molecules were degraded 

in the absence of exogenous DAP12 (Figure 2.8).  These data support the previous results 

revealing a stabilizing impact of the interaction of DAP12 and KIR2DS molecules.  The data 

also show that KIR2DS molecules are degraded independent of DAP12 expression which 

supports the confocal data showing localization to lysosomes independent of DAP12 expression.  

These data suggest that while DAP12 does not affect the location after internalization, the 

adapter molecule does retard the rate at which the receptors are trafficked to and degraded by the 

lysosomes. 
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Figure 2.8  DAP12 retards degradation of KIR2DS1 

 

 

NKL cells co-transfected with KIR2DS1 with either empty vector or DAP12 were treated with 

CHX 10 hours post-transfection for 6 hours.  The cells were fixed, permeablized and probed with 

a FITC conjugated V5 specific antibody targeting the C-terminal V5 tag on KIR2DS1.  Total 

expression levels for KIR2DS1 were obtained by flow cytometry at 10 hours without treatment 

and compared to expression levels following 6 hours of treatment with CHX.  The data are 

presented as percent degraded over the time period analyzed using the following equation: 100-

((MFI16hr/MFI10hr)*100).  The results are representative of two independent experiments 

performed in triplicate.  The results were analyzed using an unpaired Student’s t-test (P = 0.005). 
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2.3 DISCUSSION 

 

2.3.1 Potential impacts of DAP12 on KIR2DS function beyond signaling 

 

KIR2DS molecules are known to modify NK cell activity, but little is known regarding the 

biology of their processing and maturation.  In this study we hypothesized DAP12 would have an 

impact on KIR2DS function beyond signaling.  Immunoprecipitation data supports DAP12 

interactions with KIR2DS molecules early in the maturation process likely within the 

endoplasmic reticulum.  This early interaction allows for efficient transport of the receptor to the 

cell surface.  DAP12 was shown to significantly enhance stability of the receptors at the cell 

surface, but had no impact on the location of the receptors after internalization as the receptors 

localized to the lysosome independent of exogenous DAP12.  Our data provide novel insights in 

to the biological importance of the interaction between DAP12 and KIR2DS molecules as the 

data shows DAP12 has a major impact on efficient KIR2DS maturation and stability.   

 

The surface expression and stability differences observed for KIR2DS in the presence or absence 

of DAP12 described in this study may alter the capabilities of the receptor for recognizing its 

ligand and may also affect the strength of signal achieved following KIR2DS ligand binding.   

Differences in NK cell responses based on surface expression have previously been described for 

another activating NK cells receptor, NKp46  [147].  Surface density may prove to be even more 

important for receptors like KIR2DS which bind their ligand with a relatively low affinity.  

Although we observed KIR2DS surface expression in the absence of DAP12, it is likely the 

increased level of expression in the presence of the adapter molecule would provide greater 
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probability of interactions occurring between receptor and ligand.  The observed increase in 

receptor stability at the cell surface may also extend interaction time between the NK cell and its 

target.   

 

The observed changes in surface expression may also impact the ability of the KIR2DS 

molecules to dimerize which is known to strengthen signaling from immune receptors.   

Multimerization of the T-cell receptor (TCR)  allows for enhanced sensitivity of recognition of a 

HLA/peptide ligand and subsequent propagation of strong activating signals [148;149].  

Multimerization is also seen with NKG2D and may impact sensitivity of this receptor towards 

low abundance of ligand [150].  KIR molecules have the capability of dimerizing which 

enhances ligand binding [151;152].  It is possible the enhanced surface expression of KIR2DS in 

the presence of DAP12 demonstrated in this study allows for rapid and efficient dimerization of 

the activating receptors creating stronger affinities for their ligand and a more robust signaling 

upon ligand recognition.  In conditions where DAP12 expression is insufficient or absent, the 

diminished KIR2DS surface expression may result in inefficient dimerization and reduced 

strength of ligand interactions. 

 

Another major factor in determining strength of signaling from an immune receptor is the 

localization of the receptor after engagement of ligand.  T-cell receptors are rapidly internalized 

and degraded after being stimulated.  The internalization prevents superfluous secretion of 

inflammatory cytokines and over-stimulation of the cell which can lead to apoptosis [153].  B-

cell receptors (BCR) display two different behaviors.  The BCR can remain at the cell surface in 

order to maintain strong signaling or the receptor can be internalized and initiate signaling in 
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endocytic compartments [143].  Following ligand recognition by the NK cell receptor, 

KIR2DL4, the receptor internalizes to early endosomes where inflammatory signaling is 

initiated.  [18-20].  It is likely the stability differences at the cell surface observed for KIR2DS in 

the presence or absence of DAP12 will result in differences in signaling characteristics upon 

ligand binding.  Upon engagement of a ligand by KIR2DS in the absence of DAP12, the receptor 

will be rapidly internalized and degraded by the lysosome.  This postulation is consistent with 

the lack of cytotoxic activity observed after stimulation of KIR2DS2*003 which contains an 

amino acid change that disrupts the interaction with DAP12 [49].  It is possible that a partial 

signal may be induced by the receptor or an alternate adapter prior to internalization that may 

account for the enhanced inflammatory response observed in T-cells following co-stimulation of 

CD3 and KIR2DS2 in the absence of DAP12 [154;155].  Conversely, when DAP12 is 

sufficiently expressed, the KIR2DS molecules are more stable at the cell surface, likely allowing 

for efficient recruitment of the receptors and signaling molecules to the immune synapse 

resulting in a cytotoxic and pro-inflammatory response.  The stabilization of the receptor by 

DAP12 may also aid in directing cytolytic granules toward the target cell.   As surface 

expression levels, receptor surface stability, and receptor localization all impact immune receptor 

function, the mechanisms revealed in this study may shed light on the impact of KIR2DS 

function and signaling capabilities in environments where DAP12 expression is compromised. 

 

2.3.2 Potential clinical relevance of observed results 

 

The data presented within this study provide detail to the biological impact of the interaction 

between KIR2DS and DAP12 and provide potential mechanisms whereby KIR2DS function 
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could be compromised when DAP12 expression is decreased in vivo.  The mechanisms described 

here may help explain functional and phenotypical observations made in the clinic when DAP12 

is absent or compromised.  Nasu-Hakola disease is a rare clinical syndrome where the impact of 

the loss of DAP12 can be observed on KIR2DS function.  These patients suffer from bone cysts 

and early onset presenile dementia and usually succumb to the disease during the fifth decade of 

life.  Patients diagnosed with this disease often carry loss-of-function mutations or deletions of 

DAP12 [156].  In accordance with the data presented within this dissertation, it is likely the 

surface expression levels and functional capabilities of the stimulatory KIR of these patients are 

greatly compromised.  Although the functions of stimulatory KIR are not well defined, the 

impact of the absence of DAP12 on KIR2DS1 may be hypothesized.  For instance, if NK cells 

from a Nasu-Hakola patient were compared to those of a genetically identical, healthy donor it is 

likely the receptor phenotyping of the NK cells as well as overall functional capabilities would 

be significantly altered.  Based on our defined mechanisms, the surface expression and level of 

stability at the cell surface of KIR2DS1 would be significantly lower on the NK cells of the 

Nasu-Hakola patient.  These phenotypical characteristics of KIR2DS1 could translate into 

functional alterations between these individuals as KIR2DS1 has been shown to be important for 

NK cell education.  Therefore without proper expression, more NK cells in the Nasu-Hakola 

patient may be hypo-responsive. Although the ligands for the other stimulatory KIR are not well 

understood, these patients may be more susceptible to infection or other diseases that are 

regularly cleared by NK cells through stimulation of these receptors.   
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Understanding the mechanisms described within this disseration is also important as culture 

conditions and clinical treatments using cytokine regiments are developed in order to enhance 

NK cell proliferation and activity.  Examples of cytokines used in the clinic for these purposes 

include IL-2, IL-15 and IL-21.  Results have shown that IL-21 alone can stimulate NK cells ex 

vivo but does not induce NK cell proliferation.  However, when IL-21 is added in conjunction 

with either IL-2 or IL-15, the proliferation of NK cells is increased three fold compared to 

culturing the cells with IL-2 or IL-15 alone [157].  While a conditioning regiment combining IL-

2 or IL-15 with IL-21 in order to maximize the number of NK cells may appear promising, these 

combinations have been shown to compromise DAP12 expression.  Protocols must account for 

this change in expression as it may greatly impact the function of all NK receptors that interact 

with DAP12.  Results such as these warrant further investigation of the transcriptional regulation 

of DAP12.  Currently very little is known regarding promoter characterization and associated 

transcription factors that impact DAP12 expression.  Further investigation of the promoter region 

will better aid in predicting what cytokine regiments are ideal for maximal NK cell function.  

This research focus may also reveal mechanisms by which DAP12 expression can be 

compromised in cytokine rich conditions in vivo, such as a tumor microenvironment.   

 

2.3.3 Further investigation of the biology of KIR2DS maturation 

 

This project has demonstrated new roles for DAP12 in KIR2DS function that extend beyond 

signaling.  As discussed in detail above, the data have defined a role in enhancing maturation and 

trafficking of these receptors to the cell surface.  Similar to many scientific projects, more 

questions seem to arise from these results compared to questions answered.  A summary of the 
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results as well as questions raised by the results are depicted (Figure 2.9).  The results and 

consequential new questions can be analyzed according to specific compartments within the cell.  

In order to follow the receptors as they are translated and begin to undergo post-translational 

modifications, the impact of the interaction between DAP12 and KIR2DS molecules within the 

ER can further be investigated.  The mechanism by which the interaction between these proteins 

is coordinated is unknown.  One hypothesis postulates the leader sequences of DAP12 and 

KIR2DS coordinate the translation of these proteins in order to enhance the probability of a 

successful interaction.  The null hypothesis would be that the leader peptide has no effect and the 

proteins randomly interact in the membrane of the endoplasmic reticulum following independent 

translation.  This hypothesis can be tested by creating mutant variants of the leader sequences of 

each transcript followed by transfection of NKL cells.  To initially determine potential impacts 

on the interaction between the molecules, changes in surface expression among the different 

mutants compared to wild type proteins can be analyzed in the presence or absence of exogenous 

DAP12.  If the leader sequence plays a role in initiating the interaction between DAP12 and 

KIR2DS, allelic polymorphisms as well as inter-locus polymorphisms amongst the different 

KIR2DS genes may impact the capability of a successful interaction with DAP12.  Consistent 

with this hypothesis, we have previously shown a polymorphism within the leader sequence of 

KIR2DS1 to have a potential impact on KIR2DS1 surface expression although it is not known if 

this observation was due to an altered interaction with DAP12.  This effect appeared to be cell 

type specific which suggests potential impacts of cell type specific chaperone proteins in 

processing of KIR2DS molecules which produces another interesting focus for future studies of 
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how interactions of KIR2DS with chaperone proteins in the ER as well as the Golgi apparatus 

are impacted by the interaction with DAP12.   

 

The hypothesis driving the above investigation is DAP12 alters the conformation of KIR2DS or 

recruits chaperone proteins that enhance the efficiency by which KIR2DS molecules are 

glycosylated in the ER and Golgi.  The interaction with DAP12 may also disrupt interactions 

with certain chaperones such as calreticulin which has been shown to mediate ER retention of 

KIR3DL1*004 [158].  In order to initially examine this hypothesis, NKL transfectants of 

KIR2DS with empty vector or DAP12 can be analyzed for differential interacting complexes.  

Proteomic analysis following immunoprecipitation of  KIR from whole cell lysates could be used 

to determine changes in interacting partners of KIR in the presence or absence of DAP12.  These 

potential investigations will further our knowledge of the molecular mechanisms required for 

efficient KIR2DS maturation and trafficking to the cell surface.   

 

As the data have demonstrated, KIR2DS surface expression is increased in the presence of 

DAP12, the impact of this enhancement may also be a target for further investigation.  The 

hypothesis driving these experiments is the enhanced surface expression achieved with DAP12 

correlates with enhanced stimulation of activating cascades as well as enhanced cytokine 

secretion and cytotoxic activity.  DAP12 also has an impact on stability of the receptors at the 

cell surface.  A hypothesis to be tested regarding this conclusion is that the increased stability of 

the receptor allows the receptor to accumulate more efficiently within the immune synapse and 

also allows for proper formation of signaling scaffolds within the cell upon recognition of ligand.  

The enhanced stability may also aid in directing cytolytic granules towards the target cells.  The 
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hypotheses described within this section aim to further investigate how molecular interactions 

impact KIR2DS biology and ultimately affect NK cell function.  Through understanding these 

mechanisms, one can extrapolate how the functions of NK cells may be altered when KIR2DS 

processing is compromised.   
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Figure 2.9 Overview of results and future directions 

 

A schematic summarizes the key observations of this study as well as questions for future 

investigation arising from the described mechanisms.  The data reveal several new roles for 

DAP12 in KIR2DS maturation, trafficking and surface stability.  The molecular impacts of the 

interaction between these proteins warrant further investigation as to how the interaction initially 

occurs in the ER and how this interaction drives a more efficient KIR2DS maturation and 

trafficking to the cell surface.  The functional effects of enhanced surface expression and 

increased surface stability in the presence of DAP12 also warrant future experimentation.  These 

further mechanistic analyses will provide further knowledge of the molecular impact of the 

interaction between DAP12 and KIR2DS.    
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