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Natural Killer (NK) cells are large granular lymphocytes of the innate immune 

.. .. system that constitute the first line of defense against viral pathogens and cancer. Unlike 

cells of the adaptive immune response, NK cells do not recognize specific antigens 

expressed on MHC receptors, rather they recognize tumorgenic and virally infected cells 

through a complex balance of activating and inhibiting receptors expressed on both cell 

surfaces. Lectin-like transcript 1 (LLTl) is a receptor expressed on the surface of human 

NK cells. LLTl is expressed on numerous immune cells and subsequent functional 

analysis indicates that LLTl plays an activating role on NK cells by way of stimulating 

interferon-gamma (IFN-G) secretion. LLTl has also been shown to have a role on non-

immune cells, inhibiting the formation and function of osteoclasts. Additionally, the 

natural ligand of LLTl has been identified as NKR-PlA (CD161), an NK cell inhibitory 

receptor known to play an important role in immune regulation. We hypothesize that 

LLTl employs multiple signaling pathways to accomplish its activating functions on 

human NK cells, and may be associated with one of four known transmembrane 

accessory proteins associated with NK cell activating receptors. We activated LLTl on 

NK92 cells with target cells expressing its natural ligand CD161 and analyzed IFN-G 

production in the presence of pharmacological inhibitors specific for various signaling 



mechanisms. These results indicate that LLTl employs Src-PTK, p38 and ERK signaling 

pathways, but not PKC, PI3K or calcineurin. These results were followed up with 

phosphorylation analysis, which confirmed that the ERK signaling pathway is associated 

with LLTl IFN-G production. Finally, by analyzing IFN-G mRNA we found that LLTl 

activation is not associated with any detectable change in IFN-G mRNA levels, 

suggesting that LLTl stimulates NK IFN-G production by modulating post­

transcriptional or translational events. Identification of the signaling pathways associated 

with LLTl is of great medical significance as this may provide us with novel insights into 

activating NK cells to counter infection and cancer. 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

Mammalian Immune System 

~ .. .. The mammalian immune system is a highly adaptive gathering of cells, antibody 

and cellular products that collectively protect the host from foreign pathogens and 

cancerous cells. It is delineated into the innate immune response and the adaptive 

immune response. The innate immune response is characterized by phagocytic cells and 

NK cells capable of targeting pathogens and infected or cancerous cells without any prior 

exposure to foreign antigen. The adaptive immune response is characterized by potent 

antibody, CD4+ T cell and cytotoxic T lymphocyte (CTL) targeting of foreign antigens 

that have been previously presented to the immune system by antigen presenting cells. 

Repeated exposure to a foreign antigen results in a more potent immune response with 

each additional exposure. This is the more advanced system associated with higher orders 

of the animal kingdom. Through recombination of the genes associated with antigen 

receptors, the adaptive immune response is capable of recognizing theoretically every 

antigenic combination that could be generated. The innate immune response is not 

modulated by the presence of specific foreign antigen, but by ligation of various receptors 

on the cell surface. This lack of a pre-sensitization requirement enables the innate 

immune response to respond rapidly at the first sign of infection or tumor formation and 
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both directly target pathogens and infected cells as well as stimulate the adaptive immune 

system via secretion of cytokines (1 ). 

The cells of the immune system are commonly referred to as white blood cells, or 

leukocytes, differentiating them from red blood cells or platelets also present in whole 

blood. Leukocytes fall into two broad categories based upon visible morphology, 

granulocytes named for their granular appearance and agranulocytes named for their lack 

of visible granules. Granulocytes include neutrophils, eosinophils and basophils whereas 

the agranulocytes include lymphocytes, monocytes and macrophages. Granulocytes, 

monocytes/macrophages and NK cells largely potentiate the innate immune response 

while the adaptive immune response is mostly associated with B and T lymphocytes. 

Lymphocytes consist of three main cell types, B cells, T cells and NK cells. 

B lymphocytes originate in the bone marrow and develop via assistance from 

marrow stromal cells (2). B cells are characterized by the expression of an antigen 

receptor on their cell surface. Through a complicated process of immunoglobulin gene 

expression and rearrangement B cells express antigen-specific surface receptors and upon 

stimulation are capable of secreting a variety of immunoglobulins specific for their 

respective antigen. An individual B cell is capable of recognizing one specific antigen 

and the process of B cell maturation and gene rearrangement occurs in various peripheral 

lymphoid organs. The antigen receptor on B cells prior to their encountering their specific 

antigen is surface IgD and IgM. Mature B cells that have not yet encountered their 

specific antigen are termed nai've B cells and they will continue to circulate through 

peripheral blood and lymphoid organs until they encounter their specific antigen (3, 4). 
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When naive B cells encounter their specific antigen they become activated and will 

differentiate into either immunoglobulin secreting plasma cells or to memory B cells that 

can rapidly differentiate into plasma cells upon re-exposure to the same antigen. Note that 

immunoglobulin secreted by plasma cells will recognize the same antigen as the IgD and 

IgM receptor present on the naive B celVactivated plasma cell from which it came. 

T lymphocytes also develop from precursor cells found in bone marrow. T cell 

precursors migrate to the thymus where T cell maturation occurs and precursors 

differentiate into CD4 and CDS T cells. In addition to the CD4 and CDS molecules that 

give the cells their names, both CD4 and CDS T cells express an antigen specific T cell 

receptor (TCR) generated through a process of gene re-arrangement not unlike that 

associated with B cell antigen receptor development (5). TCRs complex with CD4 and 

CDS molecules on the surface of their respective cells and this antigen binding complex 

is capable of recognizing specific foreign antigen presented to it by Major 

Histocompatability Complex (MHC) receptors on antigen presenting cells (6). The CDS 

TCR complex recognizes antigen presented by MHC class I molecules, which are 

expressed on all nucleated cells, whereas the CD4 TCR complex recognizes antigen 

presented by the MHC class II molecule, expressed on antigen presenting cells (APC) 

(7). Traditional models of mammalian immunology state that MHC-11 receptors present 

antigens associated with extracellular pathogens derived from endosomes after their 

uptake by the three types of APCs, dendritic cells, macrophages and B cells (S, 9). 

Alternatively, MHC-1 receptors present antigens associated with intracellular pathogens, 

predominantly viruses and intracellular bacteria, degraded by proteosomes within the 
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cytoplasm (10, 11). The CD4 T cells stimulated by their specific antigen expressed on 

MHC-IT are termed helper T cells as their primary function is to further potentiate the 

immune response via cytokine secretion stimulating functions such as immunoglobulin 

production by plasma cells and activation of macrophages (12). The CDS T cells 

stimulated by their specific antigen expressed on MHC-1 are termed cytotoxic T 

lymphocytes (CTL), as their primary function is to kill any nucleated cell expressing in 

their MHC-1 receptors the antigen for which the CTL is specific, as said cell is likely 

infected with the pathogen from which the antigen is derived (13, 14). Many intracellular 

pathogens and tumors have evolved mechanisms to escape CTL killing by altering or 

downregulating the MHC-1 receptors of the host cell they infect so they are incapable of 

· activating CTLs (15-18). Such mechanisms include CMV downregulation of MHC-1 

expression by inhibiting transport of new MHC-1 molecules to the cell surface (19), HPV 

induced degradation of MHC-I within the golgi apparatus (20), melanoma mutation of 

beta-2-microglobulin resulting in complete loss of MHC-1 expression (21), and 

carcinoma downregulation of Transporter-associated with antigen-processing (TAP) 

resulting in decreased antigen presentation to MHC-1 (22). It is important to note that 

while such MHC-1 avoidance strategies do result in decreased CTL targeting and are in 

some instances associated with increased disease progression (23-26) in certain 

circumstances the loss of MHC-1 expression by tumors is associated with improved 

clinical outcome (27-29). This apparent contradiction is the result of natural killer cell 

killing of virally infected cells and tumors that, by altering MHC-1 expression to escape 
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CTL killing have now made themselves susceptible to NK cell killing (30). This 

phenomenon of natural cytotoxicity and NK cell function will be reviewed shortly. 

The CD4 T -helper immune response is generally categorized into the Th 1 

immune response that targets intracellular pathogens and the Th2 immune response that 

targets extracellular pathogens (31 ). The specificity of these two responses is mediated by 

the differing patterns of cytokine secretion exhibited by the two cell types. Thl cells 

secrete IL-2 and IFN-G that stimulate intracellular immune response effector cells 

including NK cells, CD8+ T cells, and macrophages whereas Th2 cells secrete IL-4, IL-5, 

IL-6, IL-9, IL-l 0 and IL-13 that stimulate IgE, IgA and IgG 1 production as well as mast 

cell and eosinophil growth (31, 32). 

While the MHC-1 and MHC-11 models of antigen presentation previously 

described are not incorrect, recent studies have demonstrated that in certain 

circumstances MHC-1 receptors are capable of presenting antigen phagocytosed from the 

extracellular space and degraded within endosomes, a source of antigen previously 

associated only with the MHC-11 antigen presentation pathway (33-36). Furthermore, a 

small proportion of T lymphocytes do not express the traditional TCR complex 

associated with the CD4 and CD8 molecules. These T cells are termed gamma-delta T 

cells and their gamma-delta-TCR complex is generated through a process of gene 

rearrangement similar to that of traditional T cells. However, the overall role of gamma­

delta T cells in immune function remains unclear (37). 
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Cytokines 

Cytokines are soluble proteins generated by various cell types that produce an 

effect on target cells expressing a specific cytokine receptor (38). Cytokines can exert 

their effects on the cell that secreted them (autocrine activity) or on other target cells 

adjacent to or distal from the secreting cell (paracrine activity), though due to their 

limited half life in the circulation most cytokines perform their actions within local tissue 

(38). Though the functional properties of cytokines, hormones and growth factors tend to 

overlap, cytokines generally refer to those factors that act influence the immune response 

by acting with leukocytes and growth factors refer to factors that act upon other non­

immune cells (38). 

Interferon-gamma (IFN-G) 

Interferon-gamma (IFN-G) is a cytokine of much importance to proper innate and 

adaptive immune function. IFN-G functions as a heterodimer and is produced by CDS+ T 

cells, Thl CD4+ T cells and NK cells. The specific receptor for IFN-G is expressed on all 

cell types save erythrocytes (39). IFN-G plays an important role in the early response to 

intracellular infection and consequently IFN-G is the major cytokine produced by NK 

cells upon their detection of infected or cancerous cells (40). As NK cells do not store 

pre-synthesized IFN-G protein for rapid secretion, NK cells must constitutively express a 

quantity of IFN-G mRNA to facilitate rapid translation of IFN-G upon stimulation (41-

43). NK cell release of IFN-G occurs within hours of detecting infection. While T cells 
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do not begin IFN-G secretion as quickly as NK cells, T cells become the predominant 

source of IFN-G iri the later stages of the immune response (40). The nature of NK cell 

IFN-G secretion clearly illustrates how NK cells function as the first line sentinels of the 

immune system. 

IFN-G directly inhibits viral replication and activates the innate and adaptive 

immune responses via multiple mechanisms (44). IFN-G upregulates both MHC-1 and 

MHC-11 antigen presentation pathways, induces na!ve CD4+ T cells to differentiate into 

Thl CD4+ T cells, and activates macrophages to increase phagocytosis, cytokine 

secretion and production of antimicrobials such as superoxide, nitric oxide and hydrogen 

peroxide (44, 45). An extensive body of evidence demonstrates the importance of IFN-G 

in proper immune function. The lack of NK cells or IFN-G is clearly linked with a loss of 

infection control (40, 46). Mice deficient in IFN-G mediated responses or lacking NK 

cells are highly susceptible to babesiosis compared to non-deficient mice (47). IFN-G 

inhibits the early promoter of CMV (48). IFN-G is a potent stimulator of nitric oxide 

which inhibits viral replication (49). IFN-G inhibits HIV replication during early 

infection (50). The importance of IFN-G to control of infection is plainly demonstrated 

when one considers all the various mechanisms that pathogens have evolved to 

counteract the effects of IFN-G. Inhibition of IFN-G production via neutralization of 

IFN-G stimulators is one such strategy. Ectromelia virus (EV) produces an IL-18 Binding 

Protein (IL18BP) which effectively sequesters a large amount of free IL-18, thereby 

preventing its ability to bind the natural IL-18 receptor and stimulate IFN-G production. 

Strains of EV deficient in IL18BP are more susceptible to control by the immune system 
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(51). Direct binding of circulating IFN-G before it is able to bind its natural receptor is 

another viral strategy to evade IFN-G. Several members of the poxvirus family, including 

vaccinia, coxpox and rabbitpox produce a soluble IFN-G receptor homologue which acts 

to physically bind IFN-G and prevent its interaction with authentic IFN-G receptor, 

thereby reducing the overall level of IFN-G activity. Several of these homologues are 

capable of recognizing IFN-G from multiple species such as human, rabbit and mouse, 

which underscores the importance of IFN-G to mammalian immunology (52, 53). 

Mycobacterium tuberculosis undermines the effects of IFN-G by inhibiting the 

production of IFN-G associated IFN regulatory factor 1 (IRF-1) via interfering with post­

transcriptional up-regulation, a function that is likely associated with elevated 

pathogenicity (54). 

Natural Killer (NK) cells 

Natural Killer cells are so termed because their initial discovery in both humans 

and mice centered around their ability to kill tumor cells without any prior exposure to 

the target (55-57). Though they have been traditionally classified with agranulocytes they 

contain granules in their cytoplasm and are also termed large granular lymphocytes 

(LGL) (58). NK cells comprise 5% to 20% of lymphocytes circulating in human blood 

and are phenotypically differentiated from other lymphocytes by their lack of slgD and 

CD3, and the presence ofCD16 and CD56 (59). CD16 is the immunoglobulin Fe receptor 

that mediates NK cell antibody dependent cellular cytotoxicity (ADCC) (60-62). The 

importance of NK cells to proper immune function, particularly against viral infections 
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and cancer has been demonstrated experimentally and through clinical observations. 

Multiple studies of human patients have associated NK cell dysfunction with Hodgkin's 

lymphoma (63), leukemia (64, 65), and elevated cancer rates (66). NK cell defects are 

also associated with impaired response to and inability to clear common viral pathogens 

such as human herpes virus and Epstein-Barr virus (EBV) (67, 68) In mouse models the 

depletion of NK cells with monoclonal antibodies results in enhanced growth of tumor 

cell lines despite intact antibody and cellular immune responses (69, 70). 

NK cells are capable of responding to signs of infection within hours of detection 

and constitute the first line of defense against tumors and viral pathogens (71). NK cells 

potentiate the immune response by exhibiting direct cytotoxicity against infected host 

cells and pathogens and by secreting cytokines that further activate the immune system 

(72). NK cells exhibit this protective effect by constitutively analyzing host cells and 

inducing apoptosis of any cell that exhibits signs of viral infection or cancer (73). NK 

cells can also directly target pathogens coated with host immunoglobulin by recognizing 

the Fe region in a process called antibody-dependent cellular cytotoxicity (ADCC) (74). 

Cell death is mediated by release of intracellular granules containing perforin and 

granzymes which directly impact the target cell and initiate apoptosis. NK cells analyze 

individual host cells through an interaction of surface receptors on the NK and target cell. 

Unlike T-lymphocytes, NK cells do not recognize a specific antigen but rather detect 

changes in the surface expression of various receptors which may be indicative of 

infection or cancer. Alteration or downregulation of MHC class I receptors is often a sign 

of infection that is recognized by NK cells and sufficient to stimulate killing of cells that 



. .. 

otherwise would escape targeting by MHC class I dependent cytotoxic T -cells. The 

ability of tumor cells to be killed by NK cells is inversely proportional to MHC class I 

receptor expression by the tumor cells and this has formed the basis for the "missing self 

hypothesis" describing the interactions between NK cells and their targets (75, 76). 

NK cells function to modulate the immune response via cytokine secretion, 

particularly IFN-G. Cryptococcus neoformans is a fungal pathogen cleared by NK cells 

via IFN-G mediated activation of macrophages rather than by direct cytotoxicity (77). 

The presence of high levels of IFN-G stimulate CD4+ T cells to differentiate into mature 

Thl effector cells, which mediate the immune response against intracellular pathogens 

( 44 ). In addition to their direct role in targeting pathogens and infected cells, through 

cytokine secretion NK cells play a direct role in stimulating and guiding the subsequent 

adaptive immune response. 

Inhibitory and stimulatory NK receptors 

NK cell activity is regulated by a complex balance between inhibitory and 

activating receptors on their cell surface. These receptors are associated with a very 

diverse population of ligands in addition to the traditional MHC class I ligands (78). 

Inhibitory receptor ligation counters the signals from ligated stimulatory receptors and it 

is in the absence of inhibitory signals that NK activation occurs. Multiple families of NK 

inhibitory and activating receptors exist, and some receptors such as 2B4/CD244 may 

function as an activating or inhibitory receptor under different conditions (79, 80). 

Activating receptors may regulate cytotoxicity, cytokine secretion or a combination of 
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both (81, 82). Early study of NK surface receptors indicated that expression of MHC-1 

receptors imparted target cells with immunity from NK cell cytotoxicity, and the absence 

of MHC-1 receptors was associated with susceptibility toNK cell cytotoxicity (76, 83). 

This theory suggested that NK cells must express a ligand or ligands for MHC-I that act 

to inhibit NK cells upon their ligation by MHC-I. Subsequent research identified multiple 

NK cell ligands for MHC-1 that act to inhibit NK cells, adding much credence to the 

missing-self hypothesis (84-86). The overall population of NK inhibiting receptors has 

recently been categorized into the 'inhibitory receptor superfamily' (IRS) (87, 88). 

As NK cells are not in a constitutively activated state, in addition to predicting the 

existence of NK inhibiting receptors the missing-self hypothesis suggested that NK cells 

must also express an activating receptor that is capable of initially detecting the presence 

of a target cell and activating the NK cell if appropriate (89). Multiple NK cell activating 

receptors have subsequently been identified since the missing-self hypothesis was first 

postulated. The NK cell activating receptors NKp30, NKp44 and NKp46 were among the 

first identified and have been designated as natural cytotoxicity receptors (NCR) (90-92). 

These NCRs play an important role in stimulating NK cell cytotoxicity as their blocking 

with monoclonal antibodies reduces cytotoxicity (93), and expression of higher levels of 

NCRs is associated with increased natural cytotoxicity (94). Note however that they are 

incapable of binding MHC-1 (95) and the precise identity of their ligands on target cells 

remains unclear (96-98). Additionally, the NK activating receptor NKG2D has also been 

identified (99). 
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Analysis of the amino acid sequences of the various NK activating and inhibiting 

receptors quickly shows an obvious difference between the two groups. Inhibitory 

receptors exhibit a long intracellular region containing common tyrosine motifs whereas 

activating receptors exhibit a short intracellular region that lack such tyrosine motifs 

(100, 101). In inhibitory receptors this is termed the immunoreceptor tyrosine-based 

inhibitory motif (ITIM). The associated tyrosine residues act to transmit the receptor 

inhibition signal by recruiting inhibitory phosphatases such as SHP-1, SHP-2 and SHIP-1 

(102-105). It is these various signaling molecules that direct the inhibition of NK cell 

activation (106). On the other hand, activating receptors do not exhibit any such tyrosine 

motifs in their intracellular regions. To transmit the intracellular activating signal, 

activating receptors associate with accessory proteins via interactions within their 

transmembrane regions. It is these accessory proteins that exhibit cytoplasmic tyrosine 

motifs, termed immunoreceptor tyrosine-based activatory motifs (IT AM) that function to 

relay the activating signal into the cell (93, 100). In addition to activating and inhibiting 

function, NK cell receptors can be categorized into two additional groups based upon 

structural characteristics. The immunoglobulin-like receptors contain Ig domains and the 

C-type lectin like receptors contain carbohydrate recognition-like domains (87, 107). 

C-type lectin receptors 

'C-type lectin', 'carbohydrate recognition domain' (CRD) and 'C-type 

lectin/lectin-like domain' (CTLD) all refer to calcium-dependent carbohydrate-binding 

eukaryotic proteins that contain a conserved amino acid motif associated with 
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carbohydrate binding (107). Despite the name, not all proteins containing the motif are 

calcium-dependent or capable of binding carbohydrates and the term CTLDcp is more 

accurately used to describe any protein containing the CRD or homologous amino acid 

motif (108, 109). CTLDcps have been classified into multiple groups based upon domain 

architecture, including a distinct group of non-calcium binding type-2 transmembrane 

proteins classified as 'CLTDcp Group V- NK cell receptors' (107, 110). 

Killer cell lectin-like receptors (KLR) 

Group V NK cell receptors- generally termed KLR- are mostly encoded within 

the 'NK gene complex' on human chromosome 12 and mouse chromosome 6 (111-113). 

Although KLRs generally fall into closely related gene groups such as NKG2, Ly49, 

NKR-P 1 and Clr, receptors within these groups do not always exhibit the same functional 

role (114, 115) . 

Lectin-like transcript 1 (LL Tl) 

LLT1 was identified by our laboratory through analysis of unidentified open 

reading frames in an NK cell eDNA library. DNA sequence analysis of LLT1 indicates 

that it is a KLR as it contains a CTLD, it is a type-2 transmembrane protein and genomic 

analysis shows LLT1 is located in the NK gene complex between the CTLDcps CD69 

and CD 161, both of which play a role in immune regulation ( 114, 116). Based upon this 

it was assumed that LLT1 would have a regulatory function in the immune system. A 

monoclonal antibody was developed by Dr. Mathew's laboratory and used to conduct 
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functional and expression assays on LLTI. LLT1 was found to be a potent stimulator of 

IFN-gamma secretion in NK cells. However, it was not found to have any effect on NK 

cytotoxicity. In addition to expression on NK cells, LLT1 was found to be present on B 

cells, T cells and monocytes/macrophages (117). Our knowledge of LLT1 has been 

j 
t ,. , . furthered by additional studies conducted by independent groups. Functional study of the 
. ,, 
l'· 
~: 

1 murine homologue of LLT1, Clr-b determined that it plays a role in novel, non-MHC-I 
;. 

'~ ,, 
+ ) 

based missing self recognition by inhibiting killing of target cells when binding to its 
·' " t 
~. 

ligand NKR-P1B/D (118, 119). In two separate studies the natural ligand of human LLT1 

'· •'. 
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t 
was identified as NKR-P1A (CD161) (120, 121). Both human LLT1 and murine Clr-b 
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were independently cloned from osteoblasts and their ligation was found to inhibit 

osteoclast formation and function (122, 123). Recently, human glioblastoma has been 

shown to increase LLT1 surface expression, presumably to inhibit NK cell killing by 

ligating the inhibitory CD161 receptor, thereby facilitating escape from the immune 

system (124). When considering these findings we predict that in addition to functional 

roles on non-immune cells, LLT1 plays a wider role in immune regulation than 

t .. 
l previously thought and warrants further study . 
I 

Intracellular signaling pathways 

The ability of cell surface receptors to convert external stimuli into cellular 

function is dependent upon a complex system of intracellular signaling mechanisms. 

Inhibitory NK cell receptors generally transmit inhibiting signals via immunoreceptor 

tyrosine-based inhibitory motifs (ITIM) present in their cytoplasmic tail. Activating NK 
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cell receptors frequently transmit activating signals via immunoreceptor tyrosine-based 

activation motifs (IT AM) present not within their cytoplasmic tails, but in the 

cytoplasmic domain of dimeric transmembrane accessory proteins noncovalently 

associated with the intracellular region of the activating receptor (125). Activating NK 

cell receptors employing this strategy typically express a short cytoplasmic tail lacking 

ITIMs or other tyrosine signaling motif and possess a basic residue within their 

transmembrane sequence for association with an aspartic acid residue present in 

transmembrane accessory proteins (116, 126-128). LLT1 exhibits all these properties. 

Presently, four transmembrane accessory proteins have been identified in NK cells, TCR-

zeta, FceRI-gamma, DAP10 and DAP12 (125). Preliminary evidence obtained by our 

laboratory indicates that LLT1 associates with the DAP10 transmembrane accessory 

protein. The signaling pathways downstream of IT AMs are very complex and have not 

been thoroughly elucidated. Generally, upon receptor ligation membrane bound Src 

family protein tyrosine kinases (Src-PTK) are recruited to the vicinity of the receptor 

complex where they phosphorylated the tyrosine residues present on the accessory 

protein IT AMs. These phosphorylated IT AMs subsequently phosphorylate spleen 

tyrosine kinase PTKs (Syk-PTK) which in tum may activate numerous downstream 

signaling mechanisms via phosphorylation including PI3K associated with the p38 

MAPK pathway, PLC-gamma associated with the PKC pathway, and Grb2 associated 

with the MEKIERK pathway. Note that phosphorylation is not required to activate all 

signaling mechanisms. Transcription factor NF-AT must be de-phosphorylated before it 

can stimulate transcription (125). In NK cells there is often a degree of redundancy in 
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signaling pathways, and different receptors can employ different pathways to affect the 

·~ 
same result (78, 125). 

~ 

:~ 
\ 

" ;..',., 

> 
I 
i~ Medical Significance 
! 

,, NK cells play an important role in control of various intracellular pathogens and 
~ · 
~ 

cancer. By determining the mechanisms associated with the function of NK cells, specific 
~ 
' i .. . .. 
·~ 

"' causes of immune dysfunction and targets for potential new therapies may be suggested. 
,, 
'! 
:~ 
... 
!· 

X-Linked Lymphoproliferative Disease (XLP) is a hereditary combined 
\ ~ 

.:. 

.{ immunodeficiency associated with fulminant EBV infection and lymphoma (129, 130). 
,~. 

J 
l 

:l 
Recent studies of signaling mechanisms of NK cell receptors identified a mutation in the 

~I; 
<~ 

¥ 
signaling protein SLAM-associated protein (SAP) associated with loss of receptor 

~ 
t function. These findings demonstrated the SAP mutation as the underlying genetic cause 
~ 
~ 
?. 
~ 
~ 
l .. 

of XLP (131-133). Recent findings have also demonstrated that Systemic Lupus 

Erythematosus (SLE) is associated with NK cell deficiency, possibly associated with NK 
. ~; 
:j 
:J 
·~~ 

cell inability to regulate antibody production via cytokine secretion (134). Additionally, 

SLE disease progression is associated with abnormally high levels of IFN-G mRNA 

expression and production compared to healthy control PBMC donors, suggesting 

dysfunction in IFN-G transcriptional or post-transcriptional regulation may be associated 

with SLE pathogenesis (135). This correlates with previous research indicating 

progressing SLE disease is associated with overexpression of the IFN-G gene and may be 

treated by modifying cellular suppression and post-transcriptional control of IFN-G 

(136). Additional examples of IFN-G dysfunction or pathogen subversion of IFN-G 
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function and associated disease states have already been discussed. The study of the 

mechanisms of NK cell activity have demonstrated the cause of multiple disease 

conditions, and suggested novel pathways for modulating the immune system in the hope 

of achieving better clinical outcomes. There is every reason to believe that the further 

study of NK cell function will continue to provide additional medical benefits in the 

future. Furthermore, LLTl has recently been shown to be up-regulated by glioblastoma to 

facilitate tumor escape from NK cytotoxicity, presumably via the inhibitory effects of 
f .. 

CD161 activation on the targeting NK cells (124). LLTI is expressed by osteoblasts and 

functions to inhibit the formation and function of osteoclasts (122). Identifying the 

signaling mechanisms associated with LLTI may enable us to counter the protective 

effect LLTI exerts on glioblastoma, thereby treating brain tumor patients with 

immunotherapy as opposed to radiation and surgical means. Conversely, knowledge of 

the signaling mechanisms of LLTI in relation to osteoblast function may enable us to up-

regulate their bone-formation activity to treat conditions associated with bone loss such 

as osteoporosis. 

Objectives 

This work focused on elucidating the intracellular signaling mechanisms of 

human LLTl on natural killer cells. To stimulate LLTI we developed an anti-LLTI 

monoclonal antibody using bacterial and mammalian expressed LLTl in addition to 

synthesized extracellular LL T 1 peptides. Furthermore, we generated soluble CD 161 and 

CD161 expressing target cells as an alternative LLTI activation strategy. Once we 
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established an effective LLTl activation strategy that stimulated NK IFN-G production 

we conducted various inhibition assays using specific pharmacological inhibitors to 

determine which signaling mechanisms are required for LLTl associated IFN-G 

production. These indicated that the p38 and ERK signaling pathways were required for 

LLTl induced IFN-G secretion. These results were followed up with phosphorylation 

assays that further confirmed the role of ERK in LLTl signaling. Finally, to evaluate the 

specific end mechanism of LLTl signaling in relation to IFN-G production we evaluated 

IFN-G mRNA levels in the presence and absence of LLTl stimulation. These assays 

indicated that LL T 1 stimulated IFN -G production is not associated with detectable 

changes in IFN-G mRNA levels and we conclude that LLTl stimulated IFN-G secretion 

is presumably associated with post-transcriptional regulation of IFN-G expression. 



t .. 

CHAPTER II 

GENERATION OF ANTI-LLTl MONOCLONAL ANTIBODY 

SUMMARY 

Monoclonal antibodies offer a highly efficacious means of studying the 

expression, distribution and function of surface receptors in vitro (137). Presently, there 

is no commercially available anti-LLTl monoclonal antibody capable of binding and 

activating the functional region of LLTI. Therefore, the generation of a functional 

monoclonal antibody would provide an excellent tool for the study of LLT 1 function. We 

designed various fusion proteins and synthetic peptides to act as immunogens for murine 

immunization and subsequent hybridoma generation. 
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INTRODUCTION 

'f. 
A monoclonal antibody is an antibody produced by a hybridoma that recognizes a 

\: 
~~ 
t 
.4' 
·l 

specific target. They are important immunological tools in that they are capable of both 
,. 
"' ~; 
.~ recognizing their target and in the case of many surface receptors capable of mimicking 

' 1. 
.+ ,, 
~ .. .. '/~ • 

the effect of the natural ligand of the targeted receptor. A hybridoma secreting 

i. 
t 
' ~-: : 

f 
monoclonal antibody is produced by the in vitro fusion of a splenocyte from an animal 

;, 

~· I t , 
,j"l 

~ 
immunized with the target of interest and an immortalized myeloma cell. The resulting 

~I 
~ 

hybridoma is an immortalized cell secreting the specific antibody produced by the 

I original splenocyte. The advantage of this system is the hybridoma acts as a permanent 
~ 

i 
~ 

source of the antibody of interest ( 138). 

f ,. 
~ 

t 

i e. 
;~ : 

Immunized mice are commonly used as a source of splenocytes, including this 

project. Animals to be immunized undergo multiple rounds of immunization with 

immunogen before spleen is removed and splenocytes are harvested. As the monoclonal 
~1 
* ~: antibody generated will recognize the immunogen with which the animal was 
ji 

t 
' j immunized, proper immunogen selection is essential to effective monoclonal antibody 
., 

" \' 
ij 

development. Prior to splenic harvesting, animal serum is often analyzed for presence of 

·~ 
t;-.-, polyclonal antibodies against immunogen to confirm the animal is responding to 
;; 
·,; 

immunizations. After splenocyte and myeloma fusion hybridomas undergo screening to 

identify clones that exhibit most desirable properties. These generally include ability to 

recognize immunogen in various conditions such as western blot, ELISA, and flow 
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cytometry, ability to bind target and stimulate function and the isotype of the secreted 

monoclonal antibody (137). 

For the study of LLTl a monoclonal antibody will be an indispensable tool. An 

anti-LLTl antibody is necessary for immunoprecipitation of LLTl, a prerequisite for 

identifying the ITAM containing accessory protein with which LLTl associates. In 

addition to rapidly identifying the presence of LLTl on the surface of various cell types, 

anti-LLTl will allow us to select LLTl+ or LLTl- cells for further study from a 

heterogeneous cell population via cell sorting. Additionally, a functional LLTl 

monoclonal antibody will provide us with a consistent method of stimulating LLTl on 

any cell type so that we may observe downstream effects including employed signaling 

pathways. 



MATERIALS AND METHODS 

Peptide immunogen selection and hybridoma generation: 

~ 
~ 
t 

Selection of peptides for immunization was accomplished by analyzing the 
~ ,; ,, 
I 

extracellular region of LLT1 with Invitrogen PeptideSelect Online Designer. By 
j· 

~ 
~ 
I' .. .. ,, 

analyzing hydrophillicity and structural availability of the amino acid sequence, peptides 

l1 
t 
!, 

of appropriate antigenic potential were selected and synthesized by UT Southwestern 

~· 
CA YLNDKGASSARHYTERK, SQRFCDSQDADLAQVESF, and 

r 

I 
I 
I 
~ 

I 
t· 
:~ 
~ 

Protein Chemistry Technology Center. Peptide sequences were 

YFSDDTKNWTSSQRFCDSQ. SCID mice were initially immunized with peptides and 

subsequently boosted with soluble pSec-LLT1ext mammalian expressed fusion protein. 

Our laboratory employed a similar immunization strategy to generate an anti-human CS 1 

monoclonal antibody for which a patent was subsequently awarded (139, 140). Spleens 

were removed via hemisplenectomy, splenocytes were harvested and fused with SP2/0 

~ 
~' cells. Immunizations and splenocyte harvest and fusion were conducted by Dr. Wayne 

Lai of UT Southwestern. Hybridoma clones were initially screened at UTSW based upon 

their ability to recognize LLT1 immunogen peptide bound to an ELISA plate. Polyclonal 

sera were analyzed in our laboratory via western blot and monoclonal antibody was 

analyzed in our laboratory via flow cytometry. Although I generated a pGex-LLTlext 

vector for bacterial fusion protein expression, this fusion protein proved to be highly 
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difficult to purify from bacterial lysate under all tested conditions. Consequently, only 

mammalian expressed pSec-LLTlext fusion protein was employed for immunizations . 

Generation ofpSec-LLTlext expression vector and fusion protein: 

Full length human LLTl was previously cloned into pCi-neo mammalian 

expression vector (Promega, Madison WI) by Dr. Stephen Mathew. PCR oligonucleotide 

primers were designed to amplify only the extracellular portion of LLTl while 

simultaneously inserting BamHI and Xhol restriction endonuclease sites. BamHI FP 5' 

TGT GGA TCC GTT GCT GCT TT A AGC GC 3' Xhol RP 5' CAC TCG AGC ATG 

TAT ATC TGA TT 3' These primers were synthesized (IDT, Coralville IA) and 

extracellular LLTl was amplified from pCi-neo-LLTl. PCR product was restriction 

digested with BamHI and Xhol, as was empty pSectag2/HygroB vector (Invitrogen, 

Carlsbad CA). Both digested PCR product and pSec vector were run on 1.2% agarose 

gel, imaged via ethidium bromide fluorescence and gel extracted using Qiaquick Gel 

Extraction Kit (Qiagen, Valencia CA). Digested PCR product was ligated into opened 

pSec vector using T4 DNA ligase (Promega, Madison WD (Figure 2.4). Ligation product 

was transformed into Invitrogen Subcloning Efficiency DH5alpha Competent Cells per 

manufacturer's instructions. Transformants were screened on LB plate with ampicillin, 

six clones were selected, grown overnight in 5 m1 LB broth and plasmid DNA was 

isolated via mini-prep. Plasmids were restriction digested using BamHI and Xhol (New 

England Biolabs, Beverly MA) and run on 1.2% agarose gel, imaged via ethidium 

bromide fluorescence to confirm correct LLT 1 insert was present. Multiple clones 
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exhibited single DNA insert of -450 base pairs, the correct size of the LLT1 extracellular 

region amplified by PCR. One clone with correct insert was selected and intact plasmid 

was sent for sequencing by Seqwright (Houston TX). Sequencing confirmed LLTl 

extracellular region was correctly inserted in frame with pSec vector. Sequence 

confirmed pSec-LLT1ext plasmid DNA was prepared via CsCl gradient maxi prep 

following standard protocols. CsCl prepared plasmid was used to transiently transfect 

mouse B16 melanoma cells. Transient transfection was carried out in Opti-MEM I 
-· • .. 
., 
:; reduced serum medium (Gibco, Invitrogen Corp) using FuGENE 6 Transfection Reagent 
/' 

i 
(Roche, Indianapolis IN) per manufacturer protocol. Translated pSec-LLT1ext fusion 

' ·~i 
·~ · '~ 
t 

protein was secreted into medium, harvested, centrifuged to remove cell debris and 

·~ 
;:. 

concentrated -40X using Ami con Ultra 1 OOOOMW centrifugal filter device (Millipore, 
' ·~ 

l .. Billerica MA). Prior to concentration, PMSF was added to 0.1 mM to prevent protease 
.. 
·~ 
i!' 
·.~ .. 
;; degradation. After concentration total protein was estimated using Coomassie Plus 
i 

.~; 

J 
i 

Protein Assay Reagent Kit and Albumin Standard (Pierce, Rockford IL). Protein was 

l 
~ subsequently analyzed via SDS-PAGE and western blot via standard protocols. pSec-
'I 
J 
1 LLT1ext fusion protein was stained for western blot using 1:2500 dilution of mouse anti 

c-myc tag monoclonal antibody (Serotec, Oxford UK), 1:10000 dilution of goat anti-

', 0 mouse HRP conjugate monoclonal antibody (KPL, Gaithersburg MD) and imaged using 

Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica MA). 



Generation ofpGex-LLTlext expression vector and fusion protein: 

Full length human LLTl was previously cloned into the pCi-neo mammalian 

expression vector (Promega, Madison WI) by Dr. Stephen Mathew. PCR oligonucleotide 

primers were designed to amplify only the extracellular portion of LL T 1 while 

simultaneously inserting BamHI and Xhol restriction endonuclease sites. BamHI FP 5' 

TGT GGA TCC GTT GCT GCT TTA AGC GC 3' Xhol RP 5' CAC TCG AGC ATG 

TAT ATC TGA TT 3' These primers were synthesized (IDT, Coralville lA) and 
.. . .. 

extracellular LLT1 was amplified from pCi-neo-LLTl. PCR product was ligated into a 

TA vector using pGEM-T Easy Vector system (Promega, Madison WI). Ligation product 

was transformed into Subcloning Efficiency DH5alpha Competent Cells (Invitrogen, 

Carlsbad CA) per manufacturer's instructions. Transformants were screened on LB plate 

with ampicillin, clones were selected, grown overnight in 5 ml LB broth and plasmid 

DNA was isolated via mini-prep. TA vector-LLTl DNA and pGex-4T-1 bacterial 

expression vector (GE Healthcare, Piscataway NJ) are restriction digested with BamHI 

and Xhol and run on 1.2% agarose gel and imaged via ethidium bromide fluorescence. 

Multiple clones exhibit single DNA insert of -450 base pairs, the correct size of the 

LLT1 extracellular region amplified by PCR. Both LLT1 DNA insert and opened pGex 

vector were gel extracted using Qiaquick Gel Extraction Kit (Qiagen, Valencia CA) and 

ligated together using T4 DNA ligase (Promega, Madison WI) (Figure 2.1). Following 

the same protocol used for pSec-LL T 1 ext, the ligation product was transformed into 

DH5alpha, screened on LB plates, restriction digested and analyzed via agarose gel and 

confirmed by sequencing. For expression of pGex-LLT1ext fusion protein, sequence 



l 

1 
j 

confirmed pGex-LLT1ext DNA was transformed into electrocompetent BL21 E. coli via 

electroporation. Ampicillin resistant colonies were screened by restriction digestion to 

confirm plasmid with correct insert was present. Translation of the pGex vector is under 

control of the lac operon. BL21 containing the correct pGex-LLT1ext plasmid was grown 

~ overnight, 37c with shaking. Overnight culture was added into 9X volume of LB with 20 
,. 

mM Glucose plus ampicillin. This was allowed to grow until OD600 0.5-0.8 ( -1 hour) 
.. 

before translation was induced with 1 mM IPTG. This was allowed to grow for 6 hours 
fO .. 

'·' 
until the cells were collected via centrifugation (5000G, 4c, 10 min) and washed once 

~ 

with PBS, pH 7.3. Cell pellets were resuspended in sonication buffer (PBS, pH 7.3 with 
·~ 
;~. 

~! 10% 25 mM Tris pH 8.0/lysozyme 10 mg/ml), 1:20 of the initial culture volume for a 
i .. 

~ 20X reduction in volume (500 ml IPTG induced culture is resuspended in 25 ml 
·.:-· 
.. ,. 
'J . 
J sonication buffer). Cells were subsequently sonicated using appropriate settings for 
I 
), : 

~~ 
sonicator, volume of sample and cell type. Sonicated cells were mixed with an equal 

~ 
* 

volume of 6 M Guanidine HCl and incubated at room temperature for 30 min to facilitate 

t' 
J 

fusion protein solubility. Cells were subsequently centrifuged to collect supernatant 

' ·' ·' containing soluble pGex fusion protein. Supernatant was filtered through four layers of 

cheesecloth/kim wipes to remove cellular debris. PMSF was added to 0.1 mM to inhibit 

protease degradation of fusion protein. To purify pGex-LLT1ext fusion protein, 

supernatant was incubated with 1 ml 50% Glutathione Sepharose 4B (GE Healthcare, 

Piscataway NJ) for every 100 ml of sonicate at room temperature with gentle agitation for 

30 min. Mixture was then centrifuged 500G, 5 min and pellet was washed three times 

with PBS. After third wash the pellet was resuspended with 1 ml elution buffer (50 mM 
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Tris-HCL, 10 mM reduced glutathione, pH 8.0) for every 100 ml of sonicate and 
/! ,, 

·' i; incubated 10 min at room temperature with gentile agitation. Mixture was then 
'f 
? 
r 
~~ 
r, 

·~ 
centrifuged 500G, 5 min and the supernatant containing eluted fusion protein was 

:. 
;~ ..• 
' 

carefully decanted. Two additional elutions were conducted to ensure no additional 

'~ 
{ 
~ fusion protein remains bound to the Glutathione Sepharose. Eluted pGex-LLT1ext was 
"1 
( 
~· concentrated -40X using Amicon Ultra 30000MW centrifugal filter device (Millipore, 

t 
-~· Billerica MA). After concentration total protein was estimated using Coomassie Plus 
·i~ •• .. ,. 
I 

~ 
Protein Assay Reagent Kit and Albumin Standard (Pierce, Rockford IL). Protein was 

~; 
i 
•, 
;: 

I 
subsequently analyzed via SDS-PAGE and western blot per standard protocols. pGex-

" " ·~ .. 
·~ 
- ~ 

LLT1ext was stained for western blot using 1:4000 dilution of mouse anti-Glutathione-S-
~ ~ 

:' .~ l 
Transferase monoclonal antibody (Sigma, St. Louis MO), 1:10000 dilution of goat anti-

I 
l 
·i 
·~ \ • 

mouse HRP conjugate monoclonal antibody (KPL, Gaithersburg MD) and imaged using 

ij 
'!• 
·?. 

Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica MA). pGex-
,, 
_;, 

1 ' ·J 
LLT1ext fusion protein was estimated to be approximately 43 kDa based upon the amino 

(: 
:~ 
:i 

acid sequence of extracellular LLT1 and the associated Glutathione-S-Transferase. pGex-

4T -1 vector containing no insert was also transformed into BL21 to serve as a control for 

fusion protein expression and isolation. This empty pGex produced a fusion protein of 

approximately 29 kDa and consists mostly of Glutathione-S-Transferase. 

Isolation of PBMCs from Peripheral Blood.· 

PBMCs were isolated from the whole blood of healthy donors via ficoll gradient 

centrifugation using Histopaque 1077 (Sigma-Aldrich, St. Louis, MO). 
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Flow Cytometry: 

Freshly isolated PBMCs were analyzed by flow cytometry using a Beckman 

~ 
Coulter Cytomics FC 500 Flow Cytometer operated with CXP Analysis 2.1 software. 

>: 
f 
~: 
~ 
~ 

Briefly, PBMCs were harvested and counted by trypan blue exclusion assay. Fe receptors 
~. 
-.-: 

~ 
1 were blocked with 3 ug human Fe fragment (Rockland Immunochemicals, Gilbertsville, 
i.;: 

.r 
.i· PA) for every one million cells in PBS/1% BSA for 30 min on ice. Cells were washed 
~~ ~ -· .. 
~ 
J: 
~ 

i.~ 

with PBS/1% BSA and resuspended in wells on a 96-well, round bottom plate for 
;. 
;• 

~ 

~ 
staining with l.OX106 cells/well. To screen LLT1 monoclonal antibodies cells were 

~· 
~ 

resuspended in 100 ul hybridoma supernatant or supernatant from a non-specific 
~-

j 
~ 
fi ,, 

hybridoma to serve as an isotype control. To screen murine polyclonal LLT1 sera cells 

J were resuspended in 50 ul PBS/1% BSA with 4 ul of polyclonal sera or non-immune ., 
i ._, 

·~ 

• l 
··:. 
,.\ 

mouse sera to serve as an isotype control. After 40 min primary incubation on ice, cells 

were washed and resuspended with a FITC or PE conjugated goat anti-mouse IgG 

polyclonal secondary antibody. After 20 min incubation on ice, protected from light the 
.~· 

-~ ., . , cells were washed, transferred to flow cytometry tubes and analyzed via flow cytometry . 

Cl.7 anti-2B4 monoclonal antibody was used as a positive control reaction. 
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· RESULTS 

pGex-LLT 1 ext fusion protein generation: 

Following the protocols described above I was able to generate pGex-LLTlext 

fusion protein in BL21 transformed with my expression vector and induced with IPTG 

(Figure 2.2). However, I was not successful in obtaining soluble pGex-LLTlext in the 

supernatants, nor was I ever able to solubilize pGex-LLTlext from the precipitated 

bacterial debris pellet (Figure 2.3). Multiple lysis protocols were attempted, including 

lysozyme alone, sonication alone, and lysozyme with sonication. Additionally, I 

attempted to solubilize LLTl from the bacterial debris pellet post lysis using various 

sonication buffers containing combinations oftriton-X-100, guanidine HCL, and DTT. In 

no instance was I able to obtain pGex-LLTlext in soluble form. Alternatively, empty 

pGex fusion protein was readily isolated from lysed BL21 supernatant (Figure 2.3). I 

hypothesize that the lectin-like nature of LLTl is not conducive to existing in soluble 

form and was the cause of my inability to obtain soluble pGex-LLTlext. It was directly 

because of this failure that LLTl peptides and soluble pSec-LLTlext were generated and 

employed as immunogens. 

pSec-LLTl ext fusion protein generation: 

Following the protocols described above I was able to generate pSec-LLTlext 

fusion protein in B16 mouse melanoma cells transiently transfected with my expression 
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vector (Figure 2.5). As open reading frames cloned into the pSec vector are translated 

with anN-terminus Ig kappa chain secretion signal, pSec-LLTlext was readily secreted 

into the transfectant media with no need to lyse cells for harvesting. The presence of 

secreted pSec-LLTlext fusion protein was confirmed by western blotting (Figure 2.6). 

Peptide-based Monoclonal Antibody: 

As the data provided in Figure 2. 7 shows, none of the hybridomas generated from 

LLTl peptide-immunized mice were capable of binding LLTl on the surface of human 

PBMCs via flow cytometry. As a result of this, I initiated a second round of monoclonal 

antibody generation using only the mammalian expressed pSec-LLTlext fusion protein 

for initial immunization and subsequent boosting. 

Fusion Protein-based Monoclonal Antibody: 

The polyclonal sera of mice immunized five times with pSec-LLTlext fusion 

protein exhibited high specificity for immunogen LL T 1 fusion protein via ELISA and 

western blot analysis (not shown). Furthermore, when analyzed via flow cytometry 

polyclonal sera exhibited much greater MFI when binding LLTl expressing NK92 

compared to non-immune sera (Figure 2.8). Based upon this data, a mouse was selected 

for hybridoma generation. 
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Figure 2.1 pGex-LLT1ext Vector Map. The extracellular region of LLT1 is 

approximately 450 base pairs long. It was ligated into the pGex-4T-1 vector at the 

BamHI and Xhol restriction endonuclease cut sites . 
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Figure 2.2 pGex-LLTlext fusion protein. Schematic of pGex-LLTlext fusion protein 

indicating three main regions, N-terminal glutathione-S-transferase, thrombin recognition 

site and LLTI extracellular region 
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Figure 2.3 pGex-LLTlext SDS-PAGE. pGex-LLTlext and empty pGex were expressed 

in BL21. Bacterial cells were lysed via sonication, and supernatants and bacterial pellet 

were analyzed separately. Empty pGex fusion protein (predominantly GST) was 

observed in both supernatant and bacterial pellet lanes indicating soluble and insoluble 

fusion protein was present. pGex-LLTlext was observed only in the bacterial pellet lane. 

No soluble pGex-LLTlext was detected in supernatant and no attempts to solubilize 

pGex-LLTlext from the bacterial pellet were successful. 

35 



empty pGex pGex-LL T1 ext 
c 1!! 

~ 
.S9 .. .S9 .. .. ! ~ I 

'C ~ 'C ... 
II II §. 

~ §. ., ., --- - - -. ·- . 

= - -· -
~.1 kDa . ~~· •• 

I 37.2kDa .•. • c . • .... 
28.7kDa e~~pGex 

...... 
- k a 

19.7kDa ..... ....... .... 



Figure 2.4 pSec-LLTlext Vector Map. The extracellular region of LLTI is 

approximately 450 base pairs long. It was ligated into the Invitrogen pSecTag2/Hygro B 

vector at the BamHI and Xhol restriction endonuclease cut sites. 
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Figure 2.6 pSec-LLTlext Western Blot. pSec-LLTlext expression vector was transiently 

transfected into B16 mouse melanoma cells. pSec-LLTlext fusion protein was 

subsequently secreted into the supernatant which was concentrated and analyzed via 

western blot under native and reducing conditions. Blot was probed with mouse anti-c­

myc-HRP antibody. pSec-LLTlext fusion protein was observed under both native and 

reducing conditions. Recombinant c-myc protein served as a positive control. 
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Figure 2.7 Flow-cytometric analysis of peptide-derived LLTl monoclonal antibody. 

After preliminary ELISA screening, approximately forty LLTl hybridoma clones were 

selected for further screening by flow cytometry. Human PBMCs were isolated from 

peripheral blood and incubated with supernatant from the various hybridomas. A FITC-

tagged goat-anti-mouse IgG polyclonal secondary antibody was used to detect any anti-

LLTl antibody that successfully stained the surface of PBMCs. C1.7 anti-2B4 antibody 

was used as a positive control and appears similar to what a positive LLTl clone should 

look like. None of the anti-LLTl hybridomas exhibited specificity for the LLTl 

expressing PBMCs. 
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Figure 2.8. pSec-LLTlext derived polyclonal mouse LLTl antibody. Four (4) ul of 

mouse polyclonal sera from all three immunized mice were used to stain LLTl 

expressing NK92 cells for flow cytometric analysis. Murine non-immunized sera served 

as an isotype control. Anti-h2B4 C1.7 monoclonal antibody served as a positive control. 

All three LLTl immunized mice exhibited specificity for LLTl on NK92. A. C1.7 

stained cells. B. Mouse #1 anti-LLTl sera. C. Mouse #2 anti-LLTl sera. D. Mouse #3 

anti-LLTl sera. . .. 
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CHAPTER III 

FUNCTIONAL ANALYSIS OF LLTl ON HUMAN NK CELL LINE 

SUMMARY 

.. 
I evaluated the ability of the human NK cell line NK92 to function as a model of 

LLTl function on activated human NK cells. To accomplish this, I first confirmed the 

expression of LLTl on NK92 by flow cytometry. Secondly, I generated a CD161 

expressing target cell line and used it to interact with LLTl on the surface of NK92. This 

LLTl activation is associated with IFN-G production, but not associated with altered 

cytotoxicity indicating that LLTl is functional on NK92 in a manner similar to that 

observed on freshly isolated human NK cells. 
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INTRODUCTION 

The human NK cell line NK92 served as an in vitro model for activated human 

NK cells. Before I could select this cell line, I needed to confirm that LLTl is expressed 

on NK92. Prior to this, no group had published data indicating the presence or absence of 

LLTl on the surface of NK92. Using flow cytometric analysis I was able to confirm that 

LLTl is expressed on the surface of NK92. Additionally, before selecting NK92 as a 

functional model I needed to confirm that LLTl on NK92 functioned in a fashion similar 

to that already reported on freshly isolated human NK cells and the YT cell line. To 

accomplish this I stably transfected K562 target cells with the LLTl ligand CD161 and 

co-incubated these target cells with NK92. As predicted, surface expressed CD161 

interacted with LLTl and stimulated IFN-G secretion as our laboratory has previously 

observed with LLTl stimulation by monoclonal antibody on human NK cells and YT 

cells. As predicted, CD161 interaction with LLTl did not alter natural cytotoxicity as 

previous work with LLTl antibody by our laboratory indicated LLTl does not regulate 

NK cytotoxicity. By confirming that this NK92:K562-CD161 activation system was 

functional through LLTl I was able to subsequently proceed and use this model to 

evaluate the signaling pathways ofLLTl associated with IFN-G production. 
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MATERIALS AND METHODS 

Flow Cytometry: 

To evaluate the expression of LLT1 on the cell surface, NK92 cells were analyzed 

by flow cytometry using a Beckman Coulter Cytomics FC 500 Flow Cytometer operated 

with CXP Analysis 2.1 software. Briefly, cells were harvested and counted by trypan blue 

exclusion assay. Fe receptors were blocked with 3 ug of human Fe fragment (Rockland 

Immunochemicals, Gilbertsville, PA) for every one million cells in PBS/1% BSA for 30 

min on ice. Cells were washed with PBS/1% BSA and resuspended in wells on a 96-well, 

round bottom plate for staining with l.OX106 cells/well. To evaluate the presence of 

LLT1 on the cell surface, NK92 were resuspended in 50 ul PBS/1% BSA with 10 ug of 

4C7 mouse anti-human LLT1 monoclonal antibody (Abnova, Taipei, Taiwan). Note that 

although this commercially available anti-LLT1 clone is capable of recognizing human 

LLT1 by western blot and flow cytometry, I have determined that it is not capable of 

inducing LLT1 associated IFN-G production. This is presumably due to the fact that 4C7 

fails to recognize the region of LLT1 associated with CD161 interaction (141). After 40 

min primary incubation on ice, cells were washed and resuspended with a PE conjugated 

goat anti-mouse IgG polyclonal secondary antibody. After 20 min incubation on ice, 

protected from light, the cells were washed, transferred to flow cytometry tubes and 

analyzed via flow cytometry. Cl.7 anti-2B4 monoclonal antibody was used as a positive 

control reaction. 
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RT-PCR analysis of K562 CD161 Transcription: 

Untransfected K562 cells were harvested and used to generate eDNA to analyze 

the lack of CD161 transcription. Cells were resuspended in 200 ul RNAStat60 (Ambion, 

Austin TX) mixed with chloroform and centrifuged to separate total RNA from cellular 

debris. Precipitated total RNA was used as RT-PCR template to generate eDNA using 

Qiagen Ornniscript RT Kit (Qiagen, Valencia CA). CD161 PUB 75 FP 5'- CIT CCT 

CGG GAT GTC TGT CAG GGT TCA- 3' CD161 PUB 605 RP 5' ACA GTA CTC 

AGA A TA CAC AGA TGT CT - 3' Beta-actin primers were also used as a control. 

Beta-actin FP 5'- AAC GGC TCC GGC ATG TGC AA- 3' Beta-actin RP 5'- AGG 

ATC TTC ATG AGG TAG T- 3' PCR products were analyzed by electrophoresis on a 

1% agarose gel with ethidium bromide and visualized by UV fluorescence. Beta-actin 

PCR product was approximately 500 base pairs. Correct CD161 product size was 

approximately 500 base pairs. 

Generation of K562 and BW cell hCD161 and hUT I stable transfectants: 

Mouse BW cells were stably transfected with pCI-neo mammalian expression 

vector containing eDNA encoding full length human CD161 and human LLTl. pCI-neo­

LLTl vector was previously generated by Dr. Stephen Mathew. pCI-neo-CD161 was 

generated as follows. Primers were designed to amplify full length CD161 eDNA 

previously cloned into pGEMT -easy vector from NKTRP eDNA library while inserting 

Xhol and Xbal restriction sites at 5' and 3' ends, respectively. NKRPlA-TA -32 Xhol FP 
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5'- GGC CGC GGG AAC TCG AGT CGG AAT TCG CCA CCA TGG- 3' NKRP1A­

TA 704 Xbal RP 5' - CCG CGA A TT CAC TCT AGA TIC GGG ATC CTA TCA AG 

- 3' PCR product was cloned into pGEMT-easy vector and transformed into DH5alpha. 

Transformants were screened via blue/white colony method on LB plates with 

ampicillin!IPTG/X-gal. Several white colonies were selected and grown overnight in 5 ml 

LB broth with ampicillin. Plasmid DNA was isolated via mini-prep, restriction digested 

at Xhol and Xbal, run on 1.2% agarose gel and imaged via ethidium bromide 

fluorescence. Empty pCi-neo vector was prepared in the same fashion. Multiple clones 

exhibited a single DNA insert of -700 base pairs, the correct size of full length CD161 

amplified by PCR. Both CD 161 and opened pCi-neo vector were gel extracted using 

Qiaquick Gel Extraction Kit (Qiagen, Valencia CA) and ligated together using T4 DNA 

ligase (Promega, Madison WI) (Figure 3.2). As described above, the ligation product was 

transformed into DH5alpha, screened on LB plates, restriction digested and analyzed via 

agarose gel and confirmed by sequencing. Sequence confirmed pCi-neo-CD161 was 

purified via CsCl maxi prep, linearized and stably transfected into mouse BW cells via 

electroporation using a BioRad Gene Pulser II at 300 volts, 950 microfaradays. pCi-neo­

LLTI previously generated by Dr. Stephen Mathew was also stably transfected into 

mouse BW cells using the same protocol. Transfected BW cells were plated on multiple 

48-well tissue culture plates and grown in regular RPMI growth media containing I 000 

ug/ml 0418 (Mediatech, Herndon VA) for two weeks. After two weeks approximately 

twelve wells containing an individual cluster of viable cells were harvested and 

transferred to individual T25 flasks containing selective media with 400 ug/ml G418. To 
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confirm the presence of LLT1, whole cell RNA was isolated using RNAStat60 (Ambion, 

Austin TX) and analyzed via RT-PCR. The detection of PCR product of appropriate size 

was taken as confirmation that BW clones were stably transfected and expressing LLTl. 

CD 161 stable transfectant surface expression was confirmed via flow cytometry using 

mouse anti-human CD161 (Clone DX12; BD Biosciences, San Diego, CA). BW-pCi-neo 

stable transfectant cells were prepared and analyzed in the same manner to serve as a 

control. K562 cells were stably transfected with pCi-neo-CD161 using the same protocols 

described above. 

IFN-gamma release assay: 

2X105 NK cells were co-incubated with 2X105 BW or K562-CD161/-pCI-neo 

target cells in 1000 ul fresh alpha-MEM on a 24 well plate for 16 hours in tissue culture 

conditions. Cell-free supernatant was collected and IFN-gamma concentration was 

quantitated with a commercial ELISA kit per manufacturer's instructions (BD 

Biosciences, San Jose, CA). For a positive control 2X105 NK cells were pre-incubated for 

1 hour with 200 ng/ml C1.7 anti-2B4 antibody and subsequently incubated with 

untransfected K562 target cells for 16 hours. Alternatively, NK cells were incubated with 

50 ng/ml PMA and 1 uM ionomycin for 5 hours as a positive control. Assays were 

conducted in triplicate with all proper standards and controls. 
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Chromium release killing assay: 

K562-CD161/-pCI-neo target cells were labeled with chromium-51 by incubating 

one million cells with 2 MBq of Na251 Cr04 (NEN Research Products, Boston, MA) for 

90 min in standard tissue culture conditions. Labeled K562 target cells were incubated 

with an equal volume of NK92 cells under various conditions on a 96-well plate. After 4 

hours incubation in standard tissue culture conditions the cells were pelleted at 250g for 5 

min. 100 ul of supernatant was collected and radioactivity was measured. Percentage of 

specific lysis was calculated by the following equation: (a-ble-b) x 100, where a is the 

radioactivity of the supernatant of target cells mixed with effector cells, b is that in the 

supernatant of target cells incubated alone, and c is that in the supernatant after lysis of 

target cells with 1% Nonident P-40. In some reactions K562 target cells were pre-

incubated with DX12 anti-CD161 monoclonal antibody to block CD161 interaction with 

LLT1 on NK92. 

Statistical analysis: 

Statistical analysis was conducted using one-way ANOVA with Tukey's post-hoc test 

using GraphPad Prism statistical software, 95% confidence interval. A P-value of 0.05 or 

less was considered significant. 
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RESULTS 

NK92 LLTJ Surface Expression: 

Flow cytometric analysis of NK92 with the 4C7 anti-LLT1 monoclonal antibody 

confirmed LLT1 is expressed on the surface of NK92 cells (Figure 3.3). Furthermore, as 

demonstrated in the previous chapter, polyclonal sera from three mice immunized with . . .. 
soluble pSec-LLT1ext were all capable of binding the surface of NK92 (Figure 2.8). 

Based upon these findings, I concluded that LL T 1 is expressed on the surface of NK92 

cells. 

Generation of K562 and BW cell hCD161 stable transfectants: 

To activate LLT1 in a manner that stimulates IFN-G production I generated a 

CD161 mammalian expression vector and stably transfected it into the CD161 negative 

K562 and BW cell lines. K562 was shown to be CD161 negative by our RT-PCR data 

(Figure 3.1). BW does not express human CD161 as it is a murine cell line. After stable 

transfection the stable expression of pCI-neo-CD161 was initially evaluated via 

resistance to G418. Surface expression of CD161 was subsequently confirmed on various 

BW and K562-CD161 clones via flow cytometric analysis using DX12 anti-CD161 

monoclonal antibody (Figure 3.4 and Figure 3.5). Multiple clones of BW-CD161 and 

K562-CD 161 were obtained, each exhibiting different levels of CD 161 expression. 
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IFN-gamma release assay: 

By co-incubating NK92 and K562-CD161 target cells in a one-to-one ratio 

CD161 was able to stimulate greater IFN-G production in NK92 compared to K562-pCI­

neo transfectants and untransfected K562. I confirmed this IFN -G production was due to 

CD161 engagement of NK92 as blocking CD161 on K562 with DX12 anti-CD161 

monoclonal antibody (142) was capable of abrogating this additional IFN-G production 

(Figure 3.7). Furthermore, K562-CD161 clones expressing a greater number of CD161 . . .. 
receptors were associated with more IFN-G production than clones expressing less 

CD161 (Figure 3.6). BW-CD161 targets were not capable of significant stimulation of 

IFN:-G production when compared to BW -pCI-neo target cells (not shown). Based upon 

these results I subsequently proceeded to use the NK92:K562-CD161 co-incubation 

system to analyze LLTl stimulation in NK cells. 

Chromium release killing assay: 

Under no conditions was an altered level of natural cytotoxicity observed between 

CD161 expressing or lacking target cells (Figure 3.8). At all ratios of effector to target 

cells approximately the same level of target cells lysis was observed. Blocking CD161 

with DX12 anti-CD161 monoclonal antibody resulted in no significant change in 

observed cytotoxicity. These results are consistent with previously published data 

indicating that LLTl activation does not alter NK cell cytotoxicity (117). 
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Figure 3.1 PCR analysis of K562 eDNA. Amplification of K562 eDNA with primers 

specific for human CD 161 failed to produce specific bands of correct size, confirming 

K562 does not transcribe CD161. Beta-actin primers served as positive control and 

produced correct size -500 base pair bands. Lane 1 is beta-actin primers, lane 2 is no 

primer (PCR negative control), lane 3 is CD161 primers. 

. .. 

56 



1 2 3 

SOObp 

57 



Figure 3.2 pCi-neo-CD161 Vector Map. The full length eDNA of human CD161 is 740 

base pairs long. It was ligated into the Promega pCI-neo mammalian expression vector at 

the Xhol and Xbal restriction endonuclease cut sites. 

...... .. 
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Figure 3.3 LLTI expression on NK92. NK92 cells were analyzed via flow cytometry for 

surface expression of LLTI. 4C7 anti-LLTI monoclonal antibody was used to detect 

LLT. A non-specific primary antibody of the same mouse isotype was used as a control. 

4C7 anti-LLTI exhibited a greater MFI than the control, indicating LLTI is present on 

the cell surface. 

. . .. 
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Figure 3.4 BW-CD161 stable transfectants. G418 resistant clones of BW cells 

electroporated with pCI-neo-CD161 vector were analyzed by flow cytometry for human 

CD161 surface expression. DX12 anti-hCD161 monoclonal antibody was used to detect 

CD161. A non-specific primary antibody of the same mouse isotype was used as a 

control. DX12 antibody was associated with a greater MFI on multiple BW clones 

indicating CD161 is expressed on the surface of these cells. BW cells transfected with 

empty pCI-neo vector exhibited no MFI increase . 



•.:: 

j 
l 

l 
! 
i 

I 
) 

l 

I 

(Ft PI FIW oolls •Dllt2·PE 000ttn5 SII.LIIO : fl2 UCI· MIC 

FU UC1 

(Ft PI FIW -.llh 1'1 CDW1·Dllt2-PE-PI 011018771 a&.LIIO : FU UCI · MIC 

. . 
---- --·--BW-C01,S1 jsotype and BW-C0181 OX12 .. 

r ~ 
' ' . . 
' ' : : 
' ' ' . ' . ' . 
; ' ' ' ' ' . . 
' ' ' . ' . 
' ' ' ' ' ' o( : . . . . . ' ' . : ') 

' . : ' 



Figure 3.5 K562-CD161 stable transfectants. G418 resistant clones of K562 cells 

electroporated with pCI-neo-CD161 vector were analyzed by flow cytometry for human 

CD161 surface expression. DX12 anti-hCD161 monoclonal antibody was used to detect 

CD161. A non-specific primary antibody of the same mouse isotype was used as a 

control. DX12 antibody was associated with a greater MFI on multiple K562 clones 

indicating CD161 is expressed on the surface of these cells. Note that clone #12 exhibits 

a greater level of CD161 expression than clone #3. K562 transfected with empty pCI-neo 

vector exhibited no MFI increase (not shown). 
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Figure 3.6 NK92:K562-CD161 co-incubation. NK92 were incubated with an equal 

number of K562-CD161!-pCI-neo target cells overnight to evaluate IFN-G production. 

Both K562-CD161 clones were associated with greater IFN-G production than K562-

empty pCI-neo. Note that the clone previously shown to express a higher level of CD161, 

clone #12, was associated with a statistically greater level of IFN-G production than 

clone #3. Clone #12 was used for all subsequent K562-CD161 assays. Reactions were 

conducted in triplicate. Statistics analyzed by one-way ANOV A with Tukey' s post-hoc 

test, 95% confidence interval.**, p < 0.01; ***, p <0.001 
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Figure 3.7 NK92:K562-CD161 with DX12 blocking. To evaluate if the IFN-G 

production associated with K562-CD161 was due to the presence of CD161, NK92 were 

incubated with K562 target cells that had been pre-incubated with DX12 anti-CD161 

monoclonal antibody. Pre-incubating K562-CD161 with DX12 resulted in a significant 

reduction of IFN-G production. This is presumably due to DX12 binding CD161 and 
~~ 
'i, 
X preventing its physical interaction with its ligand on the surface of NK92. No statistically , 
i} 
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1 significant reduction in IFN-G production was associated with pre-incubating K562-pCI-
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Figure 3.8 LLTl interaction with CD161 does not alter cytotoxicity. I performed 

cytotoxicity assays to determine whether interaction of LLTl with CD161 plays any 

functional role in NK cell activation. NK92 cells were used as effectors against 

chromium labeled K562-CD1611-pCI-neo target cells. In some reactions, K562 target 

cells were blocked with DX12 anti-CD161 monoclonal antibody. K562-CD161 target 

cells were not associated with altered levels of killing compared to K562-pCI-neo targets 

and blocking CD161 was not associated with any altered levels of killing. These results 

suggest that LLTl activation by CD161 does not regulate NK cell cytotoxicity. Reactions 

were conducted in triplicate. 
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CHAPTER IV 

SIGNALING MECHANISMS OF LLTl ON HUMAN NK CELL LINE 

SUMMARY 

I evaluated the signaling mechanisms of LLTI using the NK92:K562-CD161 

activation system already established. NK92 effectors and K562 targets were co­

incubated in the presence and absence of various pharmacological inhibitors specific for 

various signaling pathways. IFN-G production was evaluated and a decrease in IFN-G 

production in the presence of a specific inhibitor was taken as evidence that the inhibited 

pathway is associated with LLTl signaling. My data indicate that the ERK and p38 

signaling pathways are associated with LLTI activation. Additionally, time point analysis 

indicates LLTI associated IFN-G secretion predominantly occurs after at least six hours 

ofLLTl stimulation. Furthermore, RT-PCR analysis indicates that LLTl activation is not 

associated with an increase or decrease in IFN-G mRNA expression in NK cells. 
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INTRODUCTION 

The signaling pathway mechanisms employed by LLTl have been elucidated by a 

series of LLTl activation reactions employing surface expressed CD161 on various target 

cells and the concomitant inhibition of individual signaling pathways using various 

pharmacological inhibitors. Surface expressed CD161 provides an in vitro mechanism for 

LLTl activation that is identical to natural conditions of stimulation. The human myeloid 

leukemia cell line K562 has been stably transfected with a mammalian expression vector 

containing full-length human CD161 eDNA and I have confirmed its ability to stimulate 

IFN-G production in NK92 (Figure 3.6 and Figure 3.7). Using these same conditions I 

co-incubated K562-CD161 and NK92 cells in the presence or absence of various 

pharmacological inhibitors. These inhibitors specifically block known signaling pathways 

and by analyzing alterations in IFN-gamma production in the presence and absence of 

these inhibitors the pathways employed by LLTl have been suggested. I have 

subsequently corroborated the results obtained by analyzing the phosphorylation status of 

the associated signaling proteins. 

The production of IFN-G was also analyzed over various time points to evaluate 

when the bulk of IFN-G associated with LLTl stimulation is secreted. Furthermore, the 

presence of IFN-G mRNA at various time points was analyzed to evaluate any possible 

alterations in transcription associated with LL T 1 stimulation. 
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MATERIALS AND METHODS 

Tissue culture: 

Cell lines were handled in sterile, bio-safety level 2 conditions using a positive 

pressure laminar flow tissue culture hood. NK92 cells were maintained using alpha-MEM 

(Hyclone, Logan, UT) with 25% defined Fetal Bovine Serum (Hyclone, Hyclone, Logan, 

UT) and where appropriate 30 U/ml recombinant human IL-2 (Calbiochem, La Jolla, 

CA). All other cells were maintained using 4+RPMI 1640 (GibcoBRL, Grand Island, 

NY; with 10 mM MEM non-essential amino acids, 10 mM HEPES, 100 mM Sodium 

Pyruvate, 2 mM glutamine and penicillin/streptomycin) with 10% FetalPlex Animal 

Serum Complex (Gemini Bio-Products, Sacramento CA) at 37c, 5% C02 in a water 

jacketed tissue culture C02 incubator. 

Pharmacological inhibitor incubations: 

NK92 cells were pre-incubated with functional concentrations of various 

pharmacological inhibitors for an appropriate period of time prior to initiation of IFN­

gamma release assay. Inhibitors, targeted pathways and concentrations are detailed in 

Table 4.1. A general overview of NK . activating signaling pathways with 

pharmacological inhibitor targets is provided in Figure 4.1. Inhibitors were dissolved in 

DMSO. To control for this, NK92 cells not incubated with inhibitors were incubated with 

an equal amount of DMSO. To minimize the effects of DMSO, inhibitors were pre-mixed 
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into a volume of media to which cells were subsequently added and the volume of 

DMSO added never exceeded 0.5% of the total media volume. 

IFN-gamma release assay: 

2X105 NK cells were co-incubated with 2X105 K562-CD1611-pCI-neo target cells 

in 1000 ul fresh alpha-MEM on a 24 well plate for 16 hours in tissue culture conditions. 

Cell-free supernatant was collected and IFN-gamma concentration was quantitated with a 
.... .. 

commercial ELISA kit per manufacturer's instructions (BD Biosciences, San Jose, CA). 

For a positive control2X105 NK cells were pre-incubated for 1 hour with 200 ng/ml Cl.7 

anti-2B4 antibody and subsequently incubated with untransfected K562 target cells for 16 

hours. Alternatively, NK cells were incubated with 50 ng/ml PMA and 1 uM ionomycin 

for 5 hours as a positive control. Assays were conducted in triplicate with all proper 

standards and controls. 

RT-PCR analysis of IFN-G mRNA levels: 

NK92 effector cells and K562 target cells from some IFN -G release assays were 

retained and used to generate eDNA to analyze IFN-G mRNA levels. Cells were 

resuspended in 200 ul RNAStat60 (Ambion, Austin TX) mixed with chloroform and 

centrifuged to separate total RNA from cellular debris. Precipitated total RNA was used 

as a template to generate eDNA using Qiagen Omniscript RT Kit (Qiagen, Valencia CA). 

eDNA was analyzed by PCR for IFN-G expression. GAPDH primers were also used as a 

control. hiFN-G 109 FP 5'- ATG AAA TAT ACA AGT TAT ATC TTG GCT TT- 3' 
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(143) hiFN-G 474 RP 5'- CGA ATA ATT AGT CAG CTT TIC GAA G- 3' (144) 

GAPDH FP 5'- ATG ACA TCA AGA AGG TGG TG- 3' GAPDH RP 5'- CAT ACC 

AGG AAA TGA GCT TG- 3' PCR products were analyzed by electrophoresis on a 1% 

agarose gel with ethidium bromide and visualized by UV fluorescence. IFN-G PCR 

product is approximately 370 base pairs. GAPDH PCR product is approximately 177 

base pairs. 

Statistical analysis: 

Statistical analysis was conducted using one-way ANOV A with Tukey' s post-hoc test 

using GraphPad Prism statistical software, 95% confidence interval. A P-value of 0.05 or 

less was considered significant. 
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Table 4.1 Inhibitors, targets, IC50s and working concentrations. IC50s are per 

manufacturer's data sheet. Working concentrations were selected based upon 

concentrations published as having been effective when used upon NK cells or PBMCs. 

INHIBITOR TARGET ICSO CONCENTRATION SOURCE 
Actinomycin D RNA 

20ug/ml 
(82) 

polymerase 
SB203580 p38 600nM 10-50uM (82, 145) 
PD98059 MAPK 2uM 50-H)() uM (82, 145) 

kinase 1 
(MEK1) 

Ascomycin calcineurin 10nM lOnM (146) 
PP2 Src-PTK 100nM lOuM (147) 

LY294002 PBK 1.4uM 25uM (148) 
Bisindoylmaleimide PKC 10nM 1uM (149) 

I 
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RESULTS 

IFN-G production with pharmacological inhibitors: 

As expected, inhibition of all cellular transcription using actinomycin D 

completely abrogated detectable IFN-G production (Figure 4.2). This may be due to the 

inhibition of transcription of IFN-G, or of various other gene products required for IFN-G 

secretion or of both. Inhibition of Src-PTK with PP2 significantly reduced IFN-G 

production (Figure 4.2). This was expected as Src-PTK acts to phosphorylate !TAMs on 

the accessory proteins associated with NK activating receptors, one of which LLTl is 

likely to associate with (125). Inhibition of PI3K using LY294002 failed to reduce IFN-G 

production, though a slightly significant increase in IFN-G production was observed in 

the presence and absence of LLTl activation (Figure 4.3). Inhibition of the PKC pathway 

using bisindoylmaleimide I failed to significantly reduce IFN-G production compared to 

the same reaction incubated with DMSO alone (Figure 4.4). Based upon published data I 

would expect to observe a 50% reduction in IFN-G production with lnM ascomycin, and 

maximal reduction with ascomycin concentrations of 5 nM and greater if calcineurin/NF­

AT were associated with LLTI stimulated IFN-G production (146). At lnM ascomycin, 

no statistically significant reduction in IFN-G production was noted (Figure 4.4). 

However, at 10 nM ascomycin a slightly significant reduction in IFN-G production was 

observed. Based upon these results, I cannot entirely rule out the possibility that 

calcineurin/NF-AT is associated with LLTl signaling. However, based upon the more 
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significant inhibition results associated with p38 and MEKJERK I chose to focus on these 

pathways for further study. When I inhibited the p38 MAPK pathway using SB203580 

IFN-G production was reduced to approximately the same level associated with DMSO 

alone (Figure 4.5). This was also observed when the MEKl pathway was inhibited using 

PD98059 (Figure 4.6). Furthermore, when CD161 was blocked with DX12 antibody in 

combination with these inhibitors the detected amount of IFN-G fell below the level 

associated with DMSO alone (Figures 4.5 and 4.6). It was this fact that suggested that 

both the p38 and MEKJERK pathways may be associated with CD161 induced IFN-G 

production. When p38 and MEKl were simultaneously inhibited detectable IFN-G fell to 

almost zero (Figure 4.7). 

IFN-G production over various time points: 

IFN-G production was assayed at time points from 1 to 18 hours to determine 

when LLTl stimulated IFN-G production becomes apparent. As Figure 4.8 clearly 

demonstrates the increase in IFN-G production associated with LLTl activation becomes 

most apparent between 6 and 12 hours after co-incubation begins. This suggests that IFN­

G secretion associated with LLTl stimulation is not associated with release of pre­

generated IFN-G but with de novo IFN-G production by NK cells. 

PCR analysis of IFN-G mRNA levels: 

NK92:K562 cells used for IFN-G timepoint analysis were retained and total 

mRNA was harvested. Levels of IFN-G mRNA were analyzed using RT-PCR. GAPDH 
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was amplified to confirm an equal amount of template was used from one reaction to the 

next. As shown in Figure 4.9, we were unable to detect any significant difference in IFN­

G mRNA over the various time points in either the presence or absence of LLTl 

stimulation by CD161. IFN-G mRNA detected came from NK92 as K562 does not 

produce IFN-G. This was confirmed by analyzing K562 eDNA alone for IFN-G mRNA 

(data not shown). 
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Figure 4.1 Overview of NK cell signaling pathways. An overview of possible signaling 

pathways associated with NK activating receptors such as LLT1 and their associated 

IT AM containing accessory proteins. Pharmacological inhibitors employed in this study 

are noted in red with their target proteins. Data adapted from MacFarlane et al. ( 125). 

81 



- ~ . .. 
PP2 

82 

-c--

l 
(c:atdneurt!} 

bisindolyl· 
malalmldel 

Jl' ~ 
( NF-AT) ascomycln 



Figure 4.2 Inhibition of Src-PTK and RNA polymerase inhibits LLT1 associated IFN-G 

production. To evaluate signaling pathways employed by LLT1, NK92 was co-incubated 

with K562-CD 161 target cells in presence of various pharmacological inhibitors and 

IFN-G production was measured. Inhibition of transcription with 20 ug/ml actinomycin D 

and Src-PTK with .10 uM PP2 was associated with complete abrogation of IFN-G 

production. These results indicate that LL T 1 dependent IFN -G production requires Src­

PTK and RNA polymerase. As a control, NK92 were co-incubated with K562 and anti-

2B4 monoclonal antibody C1.7 or isotype control antibody and IFN-G production was 

measured. The level of IFN-G production associated with LLT1 activation was similar to 

that observed upon activation of 2B4 with a monoclonal antibody. Values normalized as 

percent change from control without inhibitor. Reactions were conducted in triplicate. 

Statistics analyzed by one-way ANOVA with Tukey's post-hoc test, 95% confidence 

interval. ***, p <0.001 
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Figure 4.3 Inhibition of PI3K with L Y294002. To evaluate the role of the PI3K 

signaling pathways in LLTl signaling, NK92 was co-incubated with K562 target cells in 

presence of 25 uM L Y294002 and IFN-G production was measured. No significant 

decrease in IFN-G production was observed upon inhibition of PI3K with 25 uM 

LY294002, although a statistically significant increase in IFN-G production was 

observed (q=5.205). Inhibition of PI3K in the absence of LLTl stimulation was also 

associated with a slight increase in IFN-G production, though this was not statistically 

significant (q=1.396). These results suggest that while PI3K may affect IFN-G 

production, it likely is not playing a major role in LLTl stimulated IFN-G production. 

Q-values are given to illustrate relative levels of significance between various reactions. 

Reactions were conducted in triplicate. Statistics analyzed by one-way ANOV A with 

Tukey's post-hoc test, 95% confidence interval.*, p <0.05; ***, p <0.001 
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Figure 4.4 Inhibition of PKC and calcineurin/NF-AT pathways. To evaluate the role of 

the PKC and calcineurin/NF-AT signaling pathways in LLTI signaling, NK92 was co­

incubated with K562 target cells in the presence of bisindoylmaleimide I (Figure A) or 

ascomycin (Figure B) and IFN-G production was measured. No significant decrease in 

IFN-G production was observed upon inhibition of PKC with 1 uM bisindoylmaleimide 

I, suggesting that PKC is not playing a significant role in LLT1 mediated IFN-G 

production. Calcineurin/NF-AT activity was inhibited using 1 nM and 10 nM ascomycin, 

concentrations as these have been reported as producing half-maximal and maximal 

levels of IFN-G production in PBMCs, respectively (146). 1 nM ascomycin was not 

associated with any significant decrease in LLT1 associated IFN-G production (q=4.955), 

whereas 10 nM ascomycin was associated with a statistically significant decrease in 

LLT1 associated IFN-G production (q=l3.57). However, 10 nM ascomycin was also 

associated with a similar decrease in IFN-G production resulting from non-LLT1 

stimulating K562-pCI-neo target cells (q=16.99). These results suggest that the 

calcineurin/NF-AT pathway plays a role in non-LLTl associated IFN-G production 

related to NK92:K562-pCI-neo interaction. The current data does not enable us to rule 

out the possibility that the calcineurin/NF-AT pathway is associated with LLTl 

dependent IFN-G production. Q-values are given to illustrate relative levels of 

significance between various reactions. Reactions were conducted in triplicate. Statistics 

analyzed by one-way ANOVA with Tukey's post-hoc test, 95% confidence interval. 

***, p <0.001 

87 



ns 
q=1.42 

A) 20000 

18000 *** I I *** 
16000 q=30.14 q=27.41 

14000 

~ 12000 ns 
(;10000 q=4.154 

I I z 8000 !:!: .. ~ 

6000 

4000 

2000 

0 

*** ns 

B) 
q=13.57 q=4.955 

20000 

18000 

16000 

14000 

~ 12000 
c. 
(!) 10000 

I z 
8000 !:: 

6000 

4000 

2000 

0 
KSG-CD!et •101*1 ~ +101*1 ICI82opQ.nlo I<SioCOtet ~+111M I<SioCOtet +11'111 

~ ~ ~ ~ 



Figure 4.5 Inhibition of p38 with concomitant blocking of CD161. NK92 was co­

incubated with K562-CD161 target cells in presence of 50 uM SB203580 and IFN-G 

production was measured. Inhibition of p38 MAPK with 50 uM SB203580 significantly 

reduced IFN-G production to levels comparable to that associated with lack of LLTl 

activation (Figure A). K562-CD161 target cells were blocked with DX12 anti-CD161 

antibody and subsequently incubated with NK92 effector cells that had been pre­

incubated with SB203580 p38 inhibitor. This resulted in an even further reduction of 

IFN-G production than either method employed singly (Figure B). Together these data 

suggest that while p38 is associated with LLTl stimulated IFN-G production its 

inhibition alone was not capable of fully eliminating IFN-G production and that 

additional pathways may be in use. Q-values are given to illustrate relative levels of 

significance between various reactions. Reactions were conducted in triplicate. Statistics 

analyzed by one-way ANOVA with Tukey's post-hoc test, 95% confidence interval. 

***, p <0.001 
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Figure 4.6 Inhibition of MEKIERK pathway with concomitant blocking of CD161. 

NK92 was co-incubated with K562-CD161 target cells in presence of 100 uM PD98059 

and IFN-G production was measured. Inhibition of MEKIERK pathway with 100 uM 

PD98059 significantly reduced IFN-G production to levels comparable to that associated 

with lack of LLTl activation (Figure A). K562-CD161 target cells were blocked with 

DX12 anti-CD161 antibody and subsequently incubated with NK92 effector cells that 

had been pre-incubated with PD98059. This resulted in an even further reduction of IFN-

G production than either method employed singly (Figure B). Together these data suggest 

that while the MEKIERK pathway is associated with LLT1 stimulated IFN-G production 

its inhibition alone was not capable of fully eliminating IFN-G production and that 

additional pathways may be in use. Q-values are given to illustrate relative levels of 

significance between various reactions. Reactions were conducted in triplicate. Statistics 

analyzed by one-way ANOVA with Tukey's post-hoc test, 95% confidence interval. 

***, p <0.001 
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Figure 4.7 Simultaneous Inhibition of p38 and MEKl pathways. NK92 effector cells 

were pre-incubated with SB203580 and PD98059 inhibitors and then co-incubated with 

K562 target cells. This resulted in a statistically significant abrogation of IFN-G 

production suggesting that both the p38 and MEK 1 signaling pathways play a role in 

IFN-G production associated with CD16lligation ofNK92. Reactions were conducted in 

triplicate. Q-values are given to illustrate relative levels of significance between various 

reactions. Reactions were conducted in triplicate. Statistics analyzed by one-way 

ANOVA with Tukey's post-hoc test, 95% confidence interval.*, p <0.05; ***, p <0.001 
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Figure 4.8 IFN-G production over various time points. The standard NK92:K562-

CD161/-pCI-neo IFN-G production assay was conducted with samples being harvested at 

1, 2, 4, 6, 12 and 18 hours intervals. K562-CD161 samples are indicated by shaded bars, 

K562-pCI-neo control by open bars. The increase in IFN-G production associated with 

LL T 1 ligation becomes significant between 4 and 6 hours after ligation, and remains 

significant through 18 hours post-ligation. Reactions conducted in triplicate. Statistics 

analyzed using one-way ANOV A with Tukey' s multiple comparison test, 95% 

confidence interval. ***, p <0.001 
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Figure 4.9 LLTl activation is not associated with detectable alterations in IFN-G mRNA 

levels. NK92 was incubated overnight with K562-CD161 or K562-pCI-neo target cells. 

Cells were harvested at various time points and analyzed via RT-PCR. A, IFN-G mRNA 

expression was analyzed with GAPDH acting as a control. Visual analysis of PCR 

products indicates no difference in IFN-G mRNA levels at any time point regardless of 

LLTlligation. B, agarose gel underwent densitometry analysis to confirm visual results. 

The calibrated density of IFN-G mRNA divided by median calibrated density of GAPDH 

mRNA for NK92 incubated with K562-CD161 and K562-pCI-neo does not indicate any 

detectable increase or decrease in IFN-G mRNA expression associated with LLTl 

ligation and IFN-G production. Image is representative of multiple experiments. 
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CHAPTERV 

PHOSPHORYLATION OF SIGNALING MOLECULES INVOLVED 

IN LLTl ACTIVATION OF NK CELLS 

SUMMARY 

Activation of signaling pathways through ERK and p38 requires phosphorylation 

of these molecules. Therefore, I evaluated the phosphorylation status of the ERK and p38 

pathways to further confirm their role in LLTI signaling. While LLTl activation was 

clearly associated with an increase in ERK-phosphorylation, I was unable to detect a 

significant increase in p38-phosphorylation. This tends to confirm that the ERK pathway 

is employed for LLTI signaling, while the role of the p38 pathway is unclear. 

99 



. .. 

INTRODUCTION 

My previous work with pharmacological inhibitors suggested that the p38 MAPK 

and MEK/ERK signaling pathways are associated with CD161 stimulated IFN-G 

production by NK92. To provide additional confirmation to this hypothesis I analyzed the 

phosphorylation status of p38 and ERK before and after LLT1 was activated on the 

surface of NK92. Both p38 and ERK become phosphorylated upon their activation by 

upstream signaling events (125). As I presently have no alternate method for engaging 

LLT1 in a manner that stimulates its function I was required to use the K562-CD161 co­

incubation system to effect LLTl stimulation. Analyzing intracellular protein 

phosphorylation requires the lysis of the cells under study. Using this LLT1 activation 

system, there is no option to separate the activating K562 target cells from NK92 and lyse 

NK92 in a timely fashion. Therefore, to prevent the detection of intracellular proteins 

from K562 when the NK92:K562 cell mixture lysate was analyzed by SDS-PAGE all 

K562 target cells were fixed with paraformaldehyde prior to co-incubation with NK92. 

Published data demonstrates that fixing cells in this manner prevents the detection of 

intracellular protein by SDS-PAGE and western blot (150-152). As this was a slight 

deviation from my previous IFN-G secretion assay that employed unfixed K562 target 

cells I repeated the standard NK92:K562 IFN-G production assay using 

paraformaldehyde fixed K562 targets to confmn that paraformaldehyde fixation. does not 

abrogate the binding properties of surface expressed CD 161. 
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MATERIALS AND METHODS 

Parafonnaldehyde fu:ing: 

Following the protocol described by Djeu's Group, K562-CD161 and K562-pCI-

neo target cells were resuspended in 4% paraformaldehyde (Fisher Scientific, Pittsburgh, 

PA) and incubated on ice for 30 min. They were subsequently washed four times with ice 

cold PBS before being resuspended in an appropriate volume of media for the NK92 co-

incubation assay. This paraformaldehyde fixing prevents the detection of intracellular 

protein by SDS-PAGE and western blot (150-152). 

Phosphorylation assay and eel/lysis: 

To stimulate phosphorylation of LLTI downstream signals NK92 were co-

incubated with an equal number of fixed K562 target cells for 5 to 30 min. Once the 

incubation was complete the cell mixture was quickly centrifuged and resuspended in 

Cell Signaling IX Cell Lysis Buffer (Cell Signaling #9803) on ice for 5 min. Lysate was 

then centrifuged for 15 min at maximum speed at 4c to remove all cellular debris. Protein 

concentrations in supernatants were estimated via spectrophotometry using Bradford 

reagent to ensure equal loading on SDS-PAGE gels. All samples were run on SDS-PAGE 

under reducing conditions and transferred to PVDF membrane per standard protocols. To 

reduce background phosphorylation NK92 were incubated overnight in fresh media 

lacking ll...-2 prior to incubation with fiXed K562 targets. 
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Western blotting: 

Cell lysates transferred to PVDF membranes were evaluated by western blot. 

Membranes were blocked using 3% BSA in TBST for one hour. Primary antibody was 

diluted in 3% BSAffBST and incubated with membranes overnight at 4c with shaking. 

After washing three times with TBST membranes were probed with appropriate HRP 

linked secondary antibody for one hour in 3% BS.AffBST. After washing three times 

with TBST the membranes were then developed with Millipore Immobilon Western 

Chemiluminescent HRP Substrate (Millipore, Billerica MA) and imaged using a UVP 

Bioimaging Systems EpiChemi3 Darkroom operating LabWorks Ver 4.6 (UVP, Inc 

Upland, CA). Antibodies used from Cell Signaling Technology (Danvers, MA) were 

rabbit anti-phospho-p38 MAP kinase (Cell Signaling #9211) at 1:3000 dilution, rabbit 

anti-total-ERK (Cell Signaling #9102) at 1:1000 dilution and HRP linked anti-rabbit IgG 

secondary antibody (Cell Signaling #7074) at 1:20000 dilution. Santa Cruz 

Biotechnology mouse anti-phospho-ERK (Santa Cruz Biotechnology #SC-7383) at 

1:1000 dilution and HRP linked goat anti-mouse IgG secondary antibody (KPL, 

Gaithersburg MD) at 1:10000 dilution were also employed. Before membrane re-probing, 

to remove any remaining antibody PVDF membranes were stripped for 10-20 minutes 

using glycine stripping buffer (200 mM Glycine, 0.1% SDS, 1% Tween-20, pH 2.2) and 

re-subjected to the same western protocol using a different primary antibody. Antibodies 

specific for phosphorylated protein were always used prior to stripping as stripping may 

de-phosphorylate proteins. Abeam mouse anti-GAPDH (#AB9484; Abeam, Cambridge, 

MA) was used in a 1 :20000 dilution to ensure an equal amount of protein was loaded in 
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each lane. To avoid possible background contamination, phosphate sources such as PBS 

and powdered milk were avoided. 

IFN-gamma release assay: 

2Xl05 NK cells were co-incubated with 2X105 paraforrnaldehyde fixed K562-

CD1611-pCI-neo target cells in 1000 ul fresh alpha-MEM on a 24 well plate for 16 hours 

in tissue culture conditions. Cell-free supernatant was collected and IFN-gamma 

concentration was quantitated with a commercial ELISA kit per manufacturer's 

instructions (BD Biosciences, San Jose, CA). Assays were conducted in triplicate with all 

proper standards and controls. 

Statistical analysis: 

Statistical analysis was conducted using Student's T-test for two samples with unequal 

variance, 95% confidence interval. A double sided P value of 0.05 or less was considered 

significant. 
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RESULTS 

IFN-gamma release assay: 

As paraformaldehyde fixing of cells was expected to result in some degree of 

membrane associated protein crosslinking, I analyzed the ability of K562-CD161 fixed 

target cells to stimulate IFN -G production in NK92 cells in the same manner as I have 

previously demonstrated unfixed K562-CD161 cells are capable. My results show that, 

although the absolute level of IFN-G produced was less than that associated with unfixed 

K562 target cells, paraformaldehyde fixed K562-CD161 target cells were capable of 

stimulating a greater level of IFN-G production than fixed K562-pCI-neo cells (Figure 

5.1). Based upon these results, I am confident that phosphorylation data obtained using 

paraformaldehyde fixed K562 target cells may be accurately correlated to the previous 

IFN-G production data I have obtained using unfixed K562 target cells. 

Phosphorylation assay: 

My previous IFN-G production data suggested that the p38 and MEKIERK 

signaling pathways were associated with CD 161 stimulation of LLT 1. Therefore, I 

hypothesized that upon incubation of NK92 with CD161 expressing target cells I would 

observe increased phosphorylation of both p38 and ERK proteins compared to NK92 

incubated with CD161 lacking target cells. However, my western blot analysis was only 

capable of detecting an increase in phospho-ERK associated with K562-CD161 target 
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cells. Phospho-p38 was detected in both K562-CD161 and K562-pCI-neo reactions 

(Figure 5.2 and Figure 5.3). This does not entirely rule out the possibility that p38 is 

specifically associated with LLTl downstream signaling. The method of LLTl activation 

used herein requires CD161 expressed on the surface of K562 to activate LLTl. As 

phospho-p38 is detectable in NK92 incubated with K562 targets lacking CD161 it is 

possible that any p38 phosphorylation associated with LLTl activation by CD161 is 

masked by p38 phosphorylation associated with the general engagement of K562 by . . .. 
J NK92. 
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Figure 5.1 NK92:Fixed K562 IFN-G production assay. K562-CD161 target cells 

fixed with 4% paraformaldehyde were capable of stimulating greater IFN-G production 

than K562-pCI-neo target cells identically fixed. This was the same pattern previously 

observed using unfixed K562-CD1611-pCI-neo target cells. Both reactions conducted in 

triplicate, statistics analyzed by Student's T-test for two samples with unequal variance, 

95% confidence interval. **, p < 0.01 
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Figure 5.2 Phosphorylation of ERK pathway upon CD161 interaction with LLTl. An 

increase in phosphoryation of ERK was associated with the presence of CD 161 on K562 

target cells. Across all time points from 5 to 30 min additional phospho-ERK was 

observed in lanes of NK92 lysate incubated with K562-CD161 than in those incubated 

with K562-pCI-neo. No such association was observed with p38. Probing with GAPDH 

and total ERK antibodies confirmed equal loading of SDS-PAGE lanes. "K562-C" 

indicates K562-CD161, "K562-e" indicates K562-pCI-neo. Far right lane was NK92 
~ ,. .. 

incubated with PMA/ionomycin to serve as a positive control. Image is representative of 

multiple experiments. 
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Figure 5.3. Densitometry analysis of P-ERK/total ERK Western Blot. The density of the 

western blot shown in Figure 5.2 was analyzed using the same UVP system used to 

capture the image. Densities of phospho-ERK for K562-CD161 and K562-pCI-neo at 

various time points were divided by the median density of their associated total ERK and 

normalized to their value at 0 minutes. K562-CD161 (represented by shaded squares) was 

associated with an increase in ERK phosphorylation compared to K562-pCI-neo 

(represented by shaded triangles) over 30 minutes. Image is representative of multiple 

experiments. 
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CHAPTER VI 

DISCUSSION 

Previously, our lab has cloned the LLT1 receptor from a human NK cell eDNA 

library and shown that it is expressed by B cells, T cells, monocytes and NK cells. 

Additionally, our lab has demonstrated that LLT1 is a potent activator of IFN-G 

production on human NK cells (116, 117). In this study I have endeavored to develop 

additional methods to study the LLT1 receptor and employ these tools to identify the 

signaling pathways associated with LLTl. To study the mechanisms of LLT1 signaling I 

developed a novel model of LLT1 activation using NK92 and K562 cells stably 

transfected with the LL T 1 natural ligand, CD 161. I have demonstrated for the first time 

that LLT1 is expressed on the NK92 cell line, and that LLTl is functional on NK92 in a 

manner identical to that observed on freshly isolated human NK cells and on the NK cell 

line YT. Using this LLT1:CD161 functional model I have demonstrated that LLT1 

stimulated IFN-G production is associated with the ERK signaling pathway and possibly 

the p38 pathway as well. Furthermore, IFN-G secretion associated with LLTl is 

detectable as little as six hours after ligation, and this IFN-G production is not associated 

with altered IFN-G mRNA levels. 

For a thorough analysis of the expression and function of a surface receptor a 

monoclonal antibody is a highly desirable tool. I employed multiple strategies to generate 
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a monoclonal antibody against LLTI. Initial efforts to generate large quantities of LLTl 

immunogen focused on harvesting pGex-LLTiext fusion protein from BL21 bacterial 

cells transformed with my custom designed bacterial expression vector. While I was able 

to generate and detect pGex-LLTlext fusion protein all my efforts to separate and purify 

this protein from the quantity of associated bacterial proteins were unsuccessful. This was 

likely due to the difficulties associated with solubilizing lectins (153, 154). An alternative 

source of immunogens initially was synthetic LLTl peptides selected from theoretically 

well exposed regions of the extracellular region and mammalian expressed pSec-LLTlext 

fusion protein for subsequent boostings. While these immunogens were capable of 

producing polyclonal sera against LLTl none of the dozens of anti-LLT1 monoclonal 

hybridomas analyzed were specific for LLTl. As an alternative strategy I repeated the 

process of immunization using only mammalian expressed pSec-LLTlext for all 

immunizations. Mammalian expressed LLTI is theoretically the optimal immunogen as it 

should exhibit post-translational modifications such as glycosylation, phosphorylation 

and folding patterns similar to those observed naturally on LLT1, as opposed to bacterial 

expressed protein or synthetic peptide which are lacking these features. Preliminary 

analysis of polyclonal anti-LLT1 generated using mammalian pSec-LLT1ext indicates it 

is highly specific for the LLTl receptor. 

Rapid production of IFN-G is a critical. role of NK cells responding to infection. 

Previously, our lab has identified the LLT1 receptor and demonstrated that its ligation 

with L9.7 anti-LLTl monoclonal antibody stimulates IFN-G production by human NK 

cells (116, 117). LLTl is a member of the C-type lectin like superfamily with its gene in 
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the NK gene complex on human chromosome 12 (116). NK cell activating receptors 

within this superfamily generally have short cytoplasmic domains that lack an ITAM or 

ITIM motif (127). LLTI exhibits these properties. Additionally, the cytoplasmic domain 

of LL T 1 lacks novel tyrosine motifs that are be associated with other signaling pathways 

such as those found on CD244 (2B4) and CD150 (155, 156). A basic residue present 

within the transmembrane domain of LLT1 suggests that LLT1 associates with an ITAM 

containing accessory protein such as DAPIO, DAP12, TCR-zeta or FceRI-gamma (125, 

126). As these accessory protein ITAMs are presumed to be phosphorylated by Src-PTK 

recruited to lipid rafts for that purpose (125), and my data indicated PP2 inhibition of Src­

PTK abrogated LLTl induced IFN-G production, it is likely that LLT1 associates with 

one of these four known activating accessory proteins and depends upon its ITAM to 

transmit regulatory signals into the cell. 

Our present data consistently demonstrated that LLTI activation on NK92 by its 

ligand, CD161, strongly stimulated IFN-G production. To our knowledge, this is the first 

study to report the expression and function of LLTl on NK92 and confirms that CD161 

interaction with LLTl stimulated IFN-G production. My findings demonstrate that 

NK92 can serve as an effective model of LLTl function on human NK cells. These 

results obtained using NK92 to model LLTl function correlate with IFN-G production 

our lab previously observed when LLTl on the YT cell line and freshly isolated NK cells 

was crosslinked with a functional monoclonal antibody, L9.7. However, LLTl activation 

never been associated with an increase or decrease in natural cytotoxicity (117). These 

results illustrate the duality of NK activation pathways. Activating NK receptors are 
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known to exhibit multiple functions. KIR2DIA ligation stimulates IFN-G production in 

resting NK cells and stimulates both IFN-G and cytotoxicity in activated cells (81). CD16 

and 2B4 are capable of stimulating cytotoxicity in resting NK cells, but not IFN-G 

production (157). However, 2B4 is capable of stimulating cytotoxicity and IFN-G 

production in the activated NK cell line YT (158). Inhibition of either the p38 or ERK 

pathways abrogates 2B4 associated cytotoxicity, whereas only the p38 pathway is 

associated with 2B4 induced IFN-G production (82, 159). Furthermore, IFN-G 

production stimulated by KIR2DlA is p38 dependent, whereas that stimulated by IL-2 is 

ERK dependent (81). These findings suggest there are different pathways associated with 

NK cell activation that overlap and exhibit varying degrees of multiplicity. With this in 

mind I endeavored to determine the signaling pathways associated with LLT1, a receptor 

heretofore associated exclusively with IFN-G production. My inhibition strategy 

indicates that successful LLTl signaling requires Src-PTK, p38 and ERK pathways with 

the latter two possibly working in tandem. Inhibition of PKC, PI3K and calcineurin 

exhibited no affect upon LLTl stimulated IFN-G production. While my phosphorylation 

assay confirmed the importance of the ERK pathway to LLT1 signaling, the lack of 

positive phosphorylation data associated with p38 does not completely rule out its 

importance to LLT1 function. One possibility is the current phosphorylation assay may 

not be sufficiently sensitive to detect an increase in p38 phosphorylation upon LLTl 

stimulation. With these results in mind I have proposed a potential LLTl signaling 

pathway depicted in Figure 6.1. 
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IFN-G plays an important role in the early response to intracellular infection and 

consequently IFN-G is the major cytokine produced by NK cells upon their detection of 

infected or cancerous cells (44). As NK cells do not store pre-synthesized IFN-G protein 

for rapid secretion, NK cells must constitutively express a quantity of IFN-G mRNA to 

facilitate rapid translation of IFN-G upon stimulation (41-43). NK cells are capable of 

secreting detectable levels of IFN-G within 5 hours of detecting the presence of infection 

(40). Time point analysis of LLT1 stimulated IFN-G production indicates statistically 

significant levels of IFN-G are detectable between 6 and 12 hours after LLT1 ligation. 

This suggests that LLT1 has a role in the synthesis of de novo IFN-G protein during 

infection. The known ligand of LL T 1 is CD 161, a receptor expressed on subsets of CDS+ 

T cells, CD4+ T cells and NK cells (142). I suggest that upon the arrival of NK cells at 

the site of infection, LLT1 is activated by CD161 expressed on cells already present, 

thereby signaling LLT1 to initiate IFN-G production. A recent study has shown an 

increased frequency of CD4+CD161+ T cells in cancer patients (160). Alternatively, a 

recent study indicates that overall CD161 PBL expression, and specifically CD161 

expression on CD16+ NK cells is significantly less in patients with metastatic melanoma 

(161). Furthermore, CD56+CD161+ NK cells in HN exposed-uninfected individuals 

exhibit significantly higher levels of CD161 expression than HN infected and HN 

unexposed individuals, though the frequency of CD 161 + NK cells remains the same in 

all three groups (162), and significantly fewer CD161+ CD3+ T cells are detected in HN 

positive patients than in healthy controls, regardless of HAART treatment (163). It is 

unclear if these alterations in CD161 expression are due to pathogenic alteration of the 
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immune system, the immune response to the pathogen or a combination of both. LLTl 

stimulated IFN-G production likely serves as an additional mechanism by which the 

immune system can respond to infection under the appropriate conditions. 

RT-PCR analysis of IFN-G mRNA over various time points was unable to detect 

any alteration of IFN-G mRNA levels in association with LLT1 activation. As LLT1 has 

been clearly demonstrated to stimulate IFN-G secretion, and IFN-G is not stored by cells 

but secreted immediately after synthesis (39), this evidence suggests LLT1 stimulates 

IFN-G production via some process of post-transcriptional or translational modification. 

There is precedence for such a model of immune cell cytokine production. CD28 is a 

stimulator of IL-2 production in T cells. CD28 mediates IL-2 production by activating the 

NF90 AU-binding protein, which binds an AU-rich element (ARE) in the 3' UTR of IL-2 

mRNA, thereby stabilizing the mRNA allowing the rate of translation to increase (164). 

Human IFN-G is also known to be subject to post-transcriptional control. IL-12 + IL-2-

induced NK92 IFN-G production is stimulated not by increased transcription but via 

post-transcriptional regulation of IFN-G mRNA trafficking, whereby IFN-G mRNA 

sequestered within the nucleus is transported to the cytoplasm where it then undergoes 

translation (165). Multiple AREs are found in the 3' UTR of IFN-G mRNA and they are 

associated with post-transcriptional regulation. The importance of these AREs is 

demonstrated by the fact that they have been highly conserved through evolution and are 

present in numerous species (166). Replacing these AREs with non-A+ U-rich elements 

result in significantly higher levels of IFN-G expression, suggesting the presence of 

AREs are associated with IFN-G mRNA degradation (166). Conversely, splicing of the 
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IFN-G 3' UTR to a beta-globulin gene construct results in a significant decrease in the 

half-life of the associated mRNA compared to the native un-spliced beta-globulin mRNA 

when p38 MAPK is not stimulated. This instability is reversible upon p38 MAPK 

stimulation (167). 3' poly-A tails protect mRNA from degradation, and AREs appear to 

drive mRNA degradation by activating de-adenylation with mRNA degradation by 

subsequent 3' ->5' exonuclease activity (168, 169). The precise mechanisms by which 

AREs mediate mRNA stability and degradation remain unclear but may be mediated by 

various mRNA binding proteins (169-171). ARE binding protein (ABP), such as HuR, 

are associated with mRNA stabilization, whereas other ABPs, such as tritetraprolin (TIP) 

and AU-binding factor 1 (AUF1), are associated with mRNA decay (169, 171). 

Stimulation of p38 MAPK and its downstream target MAPK-activated protein kinase 2 

(MK2) reverses IFN-G ARE associated mRNA degradation and leads to increased 

protein expression (167). Work with knockout mice indicates MK2 plays a key role in 

post-transcriptional and translational regulation of multiple cytokines including TNF-a, 

IL-6, and IFN-G (172, 173), with MK2 double knockout mice exhibiting high 

susceptibility to intracellular bacterial infection, presumably due to impaired TNF-a and 

IFN-G production (174). MK2 presumably exerts its regulatory effect by activating 

mRNA binding proteins such as TIP and HuR rather than directly interacting with 

mRNA itself (175). 

AREs are not exclusively associated with mRNA stabilization and decay as 

mechanisms of post-transcriptional control. TNF-a mRNA undergoes ARE dependent 

nuclear export and subsequent translation upon ERK stimulation (176). Furthermore, the 
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ABP TIA-1 is associated with inhibition of TNF-a translation (177), possibly driven by 

the same mechanism of de-adenylation associated with mRNA degradation (169). 

Although the exact mechanisms of 3' UTR ARE associated post-transcriptional 

regulation remain under investigation, multiple studies suggest they provide a potent 

method for tightly controlling the expression of various cytokines, including lFN-G, via 

multiple mechanisms of post-transcriptional and translational regulation (170, 178). The 

complex nature of these mechanisms are illustrated by a study demonstrating that TGF-b 

down-regulates IL-18 dependent lFN~G production by inducing mRNA degradation 

whereas it has no effect on IL-2 dependent IFN-G production (179). I hypothesize that 

LLT1 signaling regulates some form of lFN-G post-transcriptional regulation such as 

those described here, and future research should focus on identifying the specific 

mechanisms associated with this regulation. Potential mechanisms of LLT1 post­

transcriptional control of lFN-G are depicted in Figure 6.2. However, the absence of 

detectable changes in mRNA levels after LLT1 ligation does not entirely rule out the 

possibility that LLT1 modulates lFN-G transcription. Actinomycin D dependent 

inhibition of RNA polymerase was associated with abrogation of lFN-G production 

(Figure 4.2). The RT-PCR analysis of lFN-G mRNA employed here can only suggest 

approximate mRNA levels. It may not necessarily be sensitive enough to detect some 

changes in lFN-G mRNA levels. Furthermore, RT-PCR does not directly evaluate the 

actual transcription of a given gene. Future investigations should analyze the actual 

transcription of IFN-G upon LLTl ligation using techniques such as nuclear run-on and 

dot blot hybridization. 

119 



.. 

Our research has demonstrated a likely mechanism for LLTl intracellular 

signaling pathways stimulating IFN-G production. Future research will focus on the 

precise mechanisms of LLTl IFN-G post-transcriptional regulation, the precise identity 

of the LLTl associated accessory protein, and the role of the p38 MAPK signaling 

pathway with LLTl signaling. Our current method of LLTl ligation, using CD161 

expressing K562 target cells has worked well to this point for stimulating IFN-G 

production. However, K562-CD161 is a cumbersome method of LLTl ligation better 

suited for overnight ligation protocols requiring K562 co-incubation. The process of 

K562 target cell fixation requires a significantly greater number of cells than are required 

for the actual NK92 co-incubation as a number of cells are lost during the process of 

fixation and subsequent washing. To analyze the nature of DNA and RNA binding 

proteins upon LLTl activation, cell lysate must undergo ultrasonic pulsing to shear 

nucleic acids freeing any bound proteins. Such a harsh protocol will also be expected to 

lyse any cells remaining including paraformaldehyde fixed K562 targets, potentially 

contaminating the NK cell lysate with their DNA and RNA binding proteins. 

Additionally, K562-CD161 is not sufficient for LLTl immunoprecipitation, only an anti­

LLTl antibody is suited for that protocol. Furthermore, analyzing IFN-G mRNA before 

and after LLTl activation will require RNA isolation under various conditions from both 

the cytoplasm and the nucleus. To avoid contamination with K562 RNA, LLTl must be 

ligated by an anti-LLTl monoclonal antibody previously demonstrated to stimulate IFN­

G secretion. We suggest that a functional anti-LLTl monoclonal antibody must be 
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developed before any additional study of LLTl signaling is attempted. Our laboratory is 

presently in the later stages of screening anti-LLTl hybridomas. 
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Figure 6.1. Probable signaling mechanisms employed by LLTl. Our inhibitor and 

phosphorylation assays both indicate that the MEK/ERK signaling pathways are 

employed by LLTl to stimulate IFN-G production. Inhibition of p38 MAPK abrogated 

IFN-G production, suggesting that it may be associated with LLTl downstream 

signaling. However, lack of IFN-G abrogation by PI3K inhibition indicates that p38 

MAPK would likely be stimulated through Ras activation of Rae rather than via 

PI3K/Vav activation of Rae. The absence of modified IFN-G mRNA levels upon LLTl 

ligation indicates that post-transcriptional regulation is the final target of LLTl signaling 

rather than transcription itself. 
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Figure 6.2. Possible mechanisms of IFN-G post-transcriptional regulation. Various 

mechanisms of cytokine post-transcriptional regulation have been suggested in recent 

years. A summary of mechanisms associated with IFN-G regulation is depicted below. 

As LLTl activation is not associated with detectable changes in IFN- levels we suggest 

that LLTl employs some mechanism of post-transcriptional regulation to stimulate IFN-

G production. Future LLTl research should evaluate these mechanisms in relation to 

LLTl activation. 
~ . .. 
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LIST OF ABBREVIATIONS 

NK, natural killer 

IFN, interferon 

IFN-G, interferon-gamma 

Ig, Immunoglobulin 
~ , . .. 

LLTl, Lectin-like transcript 1 

TCR, T -cell antigen receptor 

MHC, major histocompatibility complex 

APC, antigen presenting cell 

ADCC, antibody dependent cell-mediated cytotoxicity 

DC, dendritic cell 

PBMC, peripheral blood mononuclear cell 

KIR, killer-cell immunoglobulin-like receptor 

ITIM, immunoreceptor tyrosine-based inhibitory motif 

IT AM, immunoreceptor tyrosine activation motif 

SHP, SH2-domain-containing protein tyrosine phosphatase 

SHIP, SH2-domain containing inositol polyph(Jsphate 5' phosphatase 

NCR, natural cytotoxicity receptor 

PI3K, phophatidylinositol 3-kinase 

PTK, protein tyrosine kinases 
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PKC, protein kinase C 

MAPK, mitogen-activated protein kinase 
'j 

' MEK, mitogen-activated protein kinase kinase 

Grb2, growth factor receptor-bound protein 2 

SOS, son of sevenless 

TGF, transforming growth factor 

TNF, tumor necrosis factor 

ERK, extracellular signal-regulated kinase 

XLP, X-link:ed lymphoproliferative disease 

EBV, Epstein-Barr Virus 

IL, interleukin 

NF-AT, nuclear factor of activated T cells 

ARE, adenine + uridine rich element 

UTR, un-translated region 

TTP, tritetraprolin 

AUFl, AU-binding factor 1 

MK2, MAPK-activated protein kinase 2 

IPTG, isopropyl beta-D-1-thiogalactopyranoside 

PE, phycoerythrin 

FITC, fluorescein isothiocyanate 

PMSF, phenylmethylsulphonyl fluoride 

PBL, peripheral blood lymphocyte 
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BSA, bovine serum albumin 

TBST, tris-buffered saline + Tween 20 

HRP, horseradish peroxidase 

ELISA, enzyme-linked immunosorbent assay 

MEM, minimum-essential medium 

ext, extracellular domain 

HAART, highly active anti-retroviral therapy 

BP, base pairs 

GST, glutathione S-transferase 

128 



" 
' :< 

'· 
·•,L . . .. 

REFERENCES 

1. Paul, W. E. 2003. Fundamental immunology. Lippincott Williams & Wilkins, 

Philadelphia. 

2. Rosenberg, N., and P. W. Kincade. 1994. B-lineage differentiation in normal and 

transformed cells and the microenvironment that supports it. Curr Opin Immunol 

6:203-211. 

3. Hozumi, N., and S. Tonegawa. 1976. Evidence for somatic rearrangement of 

immunoglobulin genes coding for variable and constant regions. Proc Natl Acad 

Sci US A 73:3628-3632. 

4. Fanning, L. J., A.M. Connor, and G. E. Wu. 1996. Development of the 

immunoglobulin repertoire. Clin Immunol Immunopatho/79:1-14. 

5. Davis, M. M., and P. J. Bjorkman. 1988. T-cell antigen receptor genes and T-cell 

recognition. Nature 334:395-402. 

6. Davis, M. M., J. J. Boniface, Z. Reich, D. Lyons, J. Hampl, B. Arden, andY. 

Chien. 1998. Ligand recognition by alpha beta T cell receptors. Annu Rev 

Immuno/16:523-544. 

129 



7. Zamoyska, R. 1998. CD4 and CD8: modulators ofT-cell receptor recognition of 

antigen and of immune responses? Curr Opin Immunol10:82-81. 

8. Pieters, J. 2000. MHC class II-restricted antigen processing and presentation. Adv 

Immunol15:159-208 . 
.. ~ 

9. Bryant, P., and H. Ploegh. 2004. Class II MHC peptide loading by the 

professionals. Curr Opin Immunol16:96-102. 

10. Germain, R.N. 1994. MHC-dependent antigen processing and peptide 

presentation: providing ligands forT lymphocyte activation. Cell76:287-299. 

11. Paulsson, K. M. 2004. Evolutionary and functional perspectives of the major 

histocompatibility complex class I antigen-processing machinery. Cell Mol Life 

Sci 61:2446-2460. 

12. Abbas, A. K., K. M. Murphy, and A. Sher. 1996. Functional diversity of helper T 

lymphocytes. Nature 383:787-793. 

13. Kagi, D., B. Ledermann, K. Burki, R. -M. Zinkemagel, and H. Hengartner. 1996. 

Molecular mechanisms of lymphocyte-mediated cytotoxicity and their role in 

immunological protection and pathogenesis in vivo. Annual review of 

immunology 14:207-232. 

130 



14. Accapezzato, D., V. Francavilla, A. Propato, M. Paroli, and V. Barnaba. 2003. 

Mechanisms inducing or controlling CD8+ T cell responses against self- or non-

self-antigens. Ann NY Acad Sci 987:99-106. 

15. Bubenik, J. 2004. MHC class I down-regulation: tumour escape from immune 

surveillance? (review). Int J Oncol25:487-491. 

·' 
' 
I' 

\ 16. Hewitt, E. W., and G. E. Dugan. 2004. Virus subversion of protective immunity. 

Curr Allergy Asthma Rep 4:365-370. 

17. Tortorella, D., B. E. Gewurz, M. H. Furman, D. J. Schust, and H. L. Ploegh. 2000. 

Viral subversion of the immune system. Annual review of immunology 18:861-

926. 

18. Pawelec, G. 2004. Tumour escape: antitumour effectors too much of a good 

thing? Cancer Immunol Immunother 53:262-274. 

19. Lin, A., H. Xu, and W. Yan. 2007. Modulation ofHLA expression in human 

cytomegalovirus immune evasion. Cell Mollmmuno/4:91-98. 

20. Kanodia, S., L. M. Fahey, and W. M. Kast. 2007. Mechanisms used by human 

papillomaviruses to escape the host immune response. Curr Cancer Drug Targets 

7:79-89. 

131 



21. Paschen, A., R. M. Mendez, P. Jimenez, A. Sucker, F. Ruiz-Cabello, M. Song, F. 

Garrido, and D. Schadendorf. 2003. Complete loss ofHLA class I antigen 

expression on melanoma cells: a result of successive mutational events. Int J 

Cancer 103:759-767. 

22. Seliger, B., D. Atkins, M. Bock, U. Ritz, S. Ferrone, C. Huber, and S. Storkel. 

2003. Characterization of human lymphocyte antigen class I antigen-processing 

machinery defects in renal cell carcinoma lesions with special emphasis on 

transporter-associated with antigen-processing down-regulation. Clin Cancer Res 

9:1721-1727. 

23. Amiot, L., M. Onno, T. Lamy, C. Dauriac, P. Y. Le Prise, R. Fauchet, and B. 

Drenou. 1998. Loss of HLA molecules in B lymphomas is associated with an 

aggressive clinical course. Br J Haemato/100:655-663. 

24. Aptsiauri, N., T. Cabrera, R. Mendez, A. Garcia-Lora, F. Ruiz-Cabello, and F. 

Garrido. 2007. Role of altered expression of HLA class I molecules in cancer 

progression. Adv Exp Med Bio/601:123-131. 

25. Chang, C. C., M. Campoli, and S. Ferrone. 2003. HLA class I defects in 

malignant lesions: what have we learned? Keio J Med 52:220-229. 

132 



26. Kageshita, T., S. Hirai, T. Ono, D. J. Hicklin, and S. Ferrone. 1999. Down-

regulation of HLA class I antigen-processing molecules in malignant melanoma: 

association with disease progression. Am J Patho/154:145-154. 

i· 

f 
~· 

' t 27. Menon, A. G., C. M. Janssen-van Rhijn, H. Morreau, H. Putter, R. A. Tollenaar, 
1 

~; C. J. van de Velde, G. J. Fleuren, and P. J. Kuppen. 2004. Immune system and 

':~ 
\· 
~~. 

prognosis in colorectal cancer: a detailed immunohistochemical analysis. Lab 

• .. 
-':~ 
) Invest 84:493-501. 

~· 
•. 
j 

·~ 
~ 
,~ . 28. Menon, A. G., H. Morreau, R. A. Tollenaar, E. Alphenaar, M. Van Puijenbroek, 

;.! 
) 
>, 

\ H. Putter, C. M. Janssen-Van Rhijn, C. J. Van De Velde, G. J. Fleuren, and P. J. 
A~ • 

Kuppen. 2002. Down-regulation of HLA-A expression correlates with a better 

prognosis in colorectal cancer patients. Lab Invest 82:1725-1733. 

29. Ramnath, N., D. Tan, Q. Li, B. L. Rylander, P. Bogner, L. Ryes, and S. Ferrone. 

2006. Is downregulation of MHC class I antigen expression in human non-small 

cell lung cancer associated with prolonged survival? Cancer Immunol 

Immunother 55:891-899. 

30. Yokoyama, W. M. 1995. Natural killer cell receptors. Current opinion in 

immunology 7:110-120. 

133 



31. Mosmann, T. R., and S. Sad. 1996. The expanding universe ofT-cell subsets: 

Th1, Th2 and more. Immunology today 17:138-146. 

32. Mosmann, T. R., and R. L. Coffman. 1989. TH1 and TH2 cells: different patterns 

of lymphokine secretion lead to different functional properties. Annual review of 

immunology 7:145-173. 

33. Campbell, D. J., T. Serwold, and N. Shastri. 2000. Bacterial proteins can be 

processed by macrophages in a transporter associated with antigen processing-

independent, cysteine protease-dependent manner for presentation by MHC class 

I molecules. J Immuno/164:168-115. 

34. Chefalo, P. J., and C. V. Harding. 2001. Processing of exogenous antigens for 

presentation by class I MHC molecules involves post-Golgi peptide exchange 

influenced by peptide-MHC complex stability and acidic pH. J Immunol 

167:1274-1282. 

35. Chen, L., and M. Jondal. 2004. Endolysosomal processing of exogenous antigen 

into major histocompatibility complex class !-binding peptides. Scand J Immunol 

59:545-552. 

134 



36. Stomi, T., and M. F. Bachmann. 2004. Loading of MHC class I and II 

presentation pathways by exogenous antigens: a quantitative in vivo comparison. 

J Immunol172:6129-6135. 

37. Tonegawa, S., A. Berns, M. Bonneville, A. Farr, I. Ishida, K.lto, S. Itohara, C. A. 

Janeway, Jr., 0. Kanagawa, M. Katsuki, and et al. 1989. Diversity, development, 

ligands, and probable functions of gamma delta T cells. Cold Spring Harb Symp 
... . 

Quant Biol54 Pt 1:31-44. 

38. Leonard, W. J. 2003. Type I Cytokines and Interferons and Their Receptors. In 

Fundamental Immunology. W. E. Paul, ed. Lippincott Williams & Wilkins, 

Philadelphia. 701-747. 

39. Farrar, M.A., and R. D. Schreiber. 1993. The molecular cell biology of 

interferon-gamma and its receptor. Annual review of immunology 11:571-611. 

40. Yokoyama, W. M. 2004. Innate natural killer cell responses to infection. In The 

Innate Immune Response to Infection. S. E. Kaufmann, Medzhitov, R., and 

Gordon, S., ed. American Society for Microbiology Press, Philadelphia, PA. 133-

155. 

135 



. . .. 

41. Kim, S., K. Iizuka, H. S. Kang, A. Dokun, A. R. French, S. Greco, and W. M. 

Yokoyama. 2002. In vivo developmental stages in murine natural killer cell 

maturation. Nature immunology 3:523-528. 

42. Matsuda, J. L., 0. V. Naidenko, L. Gapin, T. Nakayama, M. Taniguchi, C. R. 

Wang, Y. Koezuka, and M. Kronenberg. 2000. Tracking the response of natural 

killer T cells to a glycolipid antigen using CD1d tetramers. The Journal of 

experimental medicine 192:741-754. 

43. Stetson, D. B., M. Mohrs, R. L. Reinhardt, J. L. Baron, Z. E. Wang, L. Gapin, M. 

Kronenberg, and R. M. Locksley. 2003. Constitutive cytokine mRNAs mark 

natural killer (NK) and NK T cells poised for rapid effector function. The Journal 

of experimental medicine 198:1069-1076. 

44. Schoenborn, J. R., and C. B. Wilson. 2007. Regulation of interferon-gamma 

during innate and adaptive immune responses. Advances in immunology 96:41-

101. 

45. Boehm, U., T. Klamp, M. Groot, and J. C. Howard. 1997. Cellular responses to 

interferon-gamma. Annual review of immunology 15:749-795. 

136 



46. Dunn, P. L., and R. J. North. 1991. Early gamma interferon production by natural 

killer cells is important in defense against murine listeriosis. Infection and 

immunity 59:2892-2900. 

47. Aguilar-Delfin, 1., P. J. Wettstein, and D. H. Persing. 2003. Resistance to acute 

babesiosis is associated with interleukin-12- and gamma interferon-mediated 

responses and requires macrophages and natural killer cells. Infection and 

immunity 71:2002-2008. 

48. Harms, J. S., and G. A. Splitter. 1995. Interferon-gamma inhibits transgene 

expression driven by SV 40 or CMV promoters but augments expression driven by 

the mammalian MHC I promoter. Human gene therapy 6:1291-1297. 

49. Karupiah, G., Q. W. Xie, R. M. Buller, C. Nathan, C. Duarte, and J. D. 

MacMick.ing. 1993. Inhibition of viral replication by interferon-gamma-induced 

nitric oxide synthase. Science (New York, N.Y261:1445-1448. 

50. Poli, G., P. Biswas, and A. S. Fauci. 1994. Interferons in the pathogenesis and 

treatment of human immunodeficiency virus infection. Antiviral research 24:221-

233. 

51. Born, T. L., L.A. Morrison, D. J. Esteban, T. VandenBos, L. G. Thebeau, N. 

Chen, M. K. Spriggs, J. E. Sims, and R. M. Buller. 2000. A poxvirus protein that 

137 



binds to and inactivates IL-18, and inhibits NK cell response. J Immunol 

164:3246-3254. 

52. Mossman, K., C. Upton, R. M. Buller, and G. McFadden. 1995. Species 

specificity of ectromelia virus and vaccinia virus interferon-gamma binding 

proteins. Virology 208:762-769. 

53. Mossman, K., C. Upton, and G. McFadden. 1995. The myxoma virus-soluble 

interferon-gamma receptor homolog, M-T7, inhibits interferon-gamma in a 

species-specific manner. The Journal of biological chemistry 270:3031-3038. 

54. Qiao, Y., S. Prabhakar, A. Canova, Y. Hoshino, M. Weiden, and R. Pine. 2004. 

Posttranscriptional inhibition of gene expression by Mycobacterium tuberculosis 

offsets transcriptional synergism with IFN-gamma and posttranscriptional up­

regulation by IFN-gamma. J Immunol 172:2935-2943. 

55. Takasugi, M., M. R. Mickey, and P. I. Terasaki. 1973. Reactivity oflymphocytes 

from normal persons on cultured tumor cells. Cancer Res 33:2898-2902. 

56. Nunn, M. E., R. B. Herberman, and H. T. Holden. 1977. Natural cell-mediated 

cytotoxicity in mice against non-lymphoid tumor cells and some normal cells. Int 

J Cancer 20:381-387. 

138 



. . .. 

57. Herberman, R. B., M. E. Nunn, and D. H. Lavrin. 1975. Natural cytotoxic 

reactivity of mouse lymphoid cells against syngeneic acid allogeneic tumors. I. 

Distribution of reactivity and specificity. Int J Cancer 16:216-229. 

58. Saksela, E., T. Timonen, A. Ranki, and P. Hayry. 1979. Morphological and 

functional characterization of isolated effector cells responsible for human natural 

killer activity to fetal fibroblasts and to cultured cell line targets. Immunol Rev 

44:71-123. 

59. Trinchieri, G. 1989. Biology of natural killer cells. Adv Immunol47:187-376. 

60. Lanier, L. L., A.M. Le, C. I. Civin, M. R. Loken, and J. H. Phillips. 1986. The 

relationship of CD 16 (Leu-11) and Leu-19 (NKH -1) antigen expression on human 

peripheral blood NK cells and cytotoxic T lymphocytes. J Immunol136:4480-

4486. 

61. Lanier, L. L., A.M. Le, J. H. Phillips, N. L. Warner, and G. F. Babcock. 1983. 

Subpopulations of human natural killer cells defined by expression of the Leu-7 

(HNK-1) and Leu-11 (NK-15) antigens. J Immunol131:1789-1796. 

62. Perussia, B., S. Starr, S. Abraham, V. Fanning, and G. Trinchieri. 1983. Human 

natural killer cells analyzed by B73.1, a monoclonal antibody blocking Fe 

139 



. , ... 

receptor functions. I. Characterization of the lymphocyte subset reactive with 

B73.1. J Immunoll30:2133-2141. 

63. Komiyama, A., H. Kawai, S. Yamada, M. Kato, M. Yanagisawa, Y. Miyagawa, 

and T. Akabane. 1987. A killing defect of natural killer cells with the absence of 

natural killer cytotoxic factors in a child with Hodgkin's disease. Blood 69:1686-

1690 . 

64. Foa, R., M. T. Fierro, D. Raspadori, M. Bonferroni, S. Cardona, A. Guarini, A. G. 

Tos, P. F. di Celie, A. Cesano, and L. Matera. 1990. Lymphokine-activated killer 

(LAK) cell activity in BandT chronic lymphoid leukemia: defective LAK 

generation and reduced susceptibility of the leukemic cells to allogeneic and 

autologous LAK effectors. Blood 76: 1349-1354. 

65. Foa, R., M. T. Fierro, A. Cesano, A. Guarini, M. Bonferroni, D. Raspadori, R. 

Miniero, F. Lauria, and F. Gavosto. 1991. Defective lymphokine-activated killer 

cell generation and activity in acute leukemia patients with active disease. Blood 

78:1041-1046. 

66. Montelli, T. C., M. T. Peracoli, R. C. Gabarra, A.M. Soares, and C. S. Kurokawa. 

2001. Familial cancer: depressed NK -cell cytotoxicity in healthy and cancer 

affected members. Arq Neuropsiquiatr 59:6-10. 

140 



67. Biron, C. A., K. S. Byron, and J. L. Sullivan. 1989. Severe herpesvirus infections 

in an adolescent without natural killer cells. N Engl J Med 320:1731-1735. 

68. Joncas, J., Y. Monczak, F. Ghibu, C. Alfieri, A. Bonin, G. Ahronheim, and G. 

Rivard. 1989. Brief report: killer cell defect and persistent immunological 

abnormalities in two patients with chronic active Epstein-Barr virus infection. J 

Med Viro/28: 110-117. 

69. Seaman, W. E., M. Sleisenger, E. Eriksson, and G. C. Koo. 1987. Depletion of 

natural killer cells in mice by monoclonal antibody to NK-1.1. Reduction in host 

defense against malignancy without loss of cellular or humoral immunity. J 

Immuno/138:4539-4544. 

70. Kawase, I., D. L. Urdal, C. G. Brooks, and C. S. Henney. 1982. Selective 

depletion ofNK cell activity in vivo and its effect on the growth ofNK-sensitive 

and NK-resistant tumor cell variants. Int J Cancer 29:567-574. 

71. French, A. R., and W. M. Yokoyama. 2003. Natural killer cells and viral 

infections. Curr Opin Immunol 15:45-51. 

72. Bancroft, G. J. 1993. The role of natural killer cells in innate resistance to 

infection. Curr Opin Immuno/5:503-510. 

141 



i' . .. 

73. Moretta, L., C. Bottino, D. Pende, M. C. Mingari, R. Biassoni, and A. Moretta. 

2002. Human natural killer cells: their origin, receptors and function. Eur J 

Immunol32:1205-1211. 

74. Metzger, H. 1990. Fe receptors and the action of antibodies. American Society 

for Microbiology, Washington, D.C. 

75. Ljunggren, H. G., and K. Karre. 1990. In search of the 'missing self: MHC 

molecules and NK cell recognition. Immunol Today 11:237-244. 

76. Karre, K., H. G. Ljunggren, G. Piontek, and R. Kiessling. 1986. Selective 

rejection of H-2-deficient lymphoma variants suggests alternative immune 

defence strategy. Nature 319:675-678. 

77. Kawakami, K., Y. Koguchi, M. H. Qureshi, S. Yara, Y. Kinjo, K. Uezu, and A. 

Saito. 2000. NK cells eliminate Cryptococcus neoformans by potentiating the 

fungicidal activity of macrophages rather than by directly killing them upon 

stimulation with IL-12 and IL-18. Microbiology and immunology 44:1043-1050. 

78. Stewart, C. A., E. Vivier, and M. Colonna. 2006. Strategies of natural killer cell 

recognition and signaling. Curr Top Microbiol lmmunol298:1-21. 

142 



79. Lee, K. M., M. E. McNerney, S. E. Stepp, P. A. Mathew, J.D. Schatzle, M. 

Bennett, and V. Kumar. 2004. 2B4 acts as a non-major histocompatibility 

complex binding inhibitory receptor on mouse natural killer cells. J Exp Med 

199:1245-1254. 

80. Lee, K. M., S. Bhawan, T. Majima, H. Wei, M. I. Nishimura, H. Yagita, and V. 

Kumar. 2003. Cutting edge: the NK cell receptor 2B4 augments antigen-specific 

T cell cytotoxicity through CD48 ligation on neighboring T cells. J Immunol 

170:4881-4885. 

81. Rajagopalan, S., J. Fu, and E. 0. Long. 2001. Cutting edge: induction of IFN­

gamma production but not cytotoxicity by the killer cell Ig-like receptor 

KIR2DlA (CD158d) in resting NK cells. J /mmunol167:1877-1881. 

82. Chuang, S. S., P.R. Kumaresan, and P. A. Mathew. 2001. 2B4 (CD244)-mediated 

activation of cytotoxicity and IFN-gamma release in human NK cells involves 

distinct pathways. J Immunol167:6210-6216. 

83. Moretta, L., R. Biassoni, C. Bottino, C. Cantoni, D. Pende, M. C. Mingari, and A. 

Moretta. 2002. Human NK cells and their receptors. Microbes Infect 4:1539-1544. 

143 



' I 
·I 

i 

84. Karlhofer, F. M., R. K. Ribaudo, and W. M. Yokoyama. 1992. MHC class I 

alloantigen specificity of Ly-49+ IL-2-activated natural killer cells. Nature 

358:66-70. 

85. Long, E. 0. 1999. Regulation of immune responses through inhibitory receptors. 

Annual review of immunology 17:875-904. 

86. Moretta, A., M. Vitale, C. Bottino, A. M. Orengo, L. Morelli, R. Augugliaro, M. 

Barbaresi, E. Ciccone, and L. Moretta. 1993. P58 molecules as putative receptors 

for major histocompatibility complex (MHC) class I molecules in human natural 

killer (NK) cells. Anti-p58 antibodies reconstitute lysis of MHC class !-protected 

cells in NK clones displaying different specificities. The Journal of experimental 

medicine 178:597-604. 

87. Lanier, L. L. 1998. NK cell receptors. Annual review of immunology 16:359-393. 

88. Scharenberg, A.M. 1999. The inhibitory receptor superfamily: potential 

relevance to atopy. Curr Opin Immunol11:621-625. 

89. Karre, K. 2002. NK cells, MHC class I molecules and the missing self. Scand J 

Immunol55:221-228. 

144 



90. Pessino, A., S. Sivori, C. Bottino, A. Malaspina, L. Morelli, L. Moretta, R. 

Biassoni, and A. Moretta. 1998. Molecular cloning of NKp46: a novel member of 

the immunoglobulin superfamily involved in triggering of natural cytotoxicity. 

The Journal of experimental medicine 188:953-960. 

91. Vitale, M., C. Bottino, S. Sivori, L. Sanseverino, R. Castriconi, E. Marcenaro, R. 

Augugliaro, L. Moretta, and A. Moretta. 1998. NKp44, a novel triggering surface 

molecule specifically expressed by activated natural killer cells, is involved in 

non-major histocompatibility complex-restricted tumor cell lysis. The Journal of 

experimental medicine 187:2065-2072. 

92. Pende, D., S. Parolini, A. Pessino, S. Sivori, R. Augugliaro, L. Morelli, E. 

Marcenaro, L. Accame, A. Malaspina, R. Biassoni, C. Bottino, L. Moretta, and A. 

Moretta. 1999. Identification and molecular characterization of NKp30, a novel 

triggering receptor involved in natural cytotoxicity mediated by human natural 

killer cells. The Journal of experimental medicine 190:1505-1516. 

93. Moretta, L., and A. Moretta. 2004. Unravelling natural killer cell function: 

triggering and inhibitory human NK receptors. The EMBO journal23:255-259. 

94. Sivori, S., S. Parolini, M. Falco, E. Marcenaro, R. Biassoni, C. Bottino, L. 

Moretta, and A. Moretta. 2000. 2B4 functions as a co-receptor in human NK cell 

activation. Eur J lmmunol 30:787-793. 

145 



95. Cantoni, C., C. Bottino, M. Vitale, A. Pessino, R. Augugliaro, A. Malaspina, S. 

Parolini, L. Moretta, A. Moretta, and R. Biassoni. 1999. NKp44, a triggering 

receptor involved in tumor cell lysis by activated human natural killer cells, is a 

novel member of the immunoglobulin superfamily. The Journal of experimental 

medicine 189:787-796. 

96. Cagnano, E., 0. Hershkovitz, A. Zilka, A. Bar-llan, A. Golder, N. Sion-Vardy, A. 

Bogdanov-Berezovsky, 0. Mandelboim, D. Benharroch, and A. Porgador. 2007. 

Expression of Ligands to NKp46 in Benign and Malignant Melanocytes. The 

Journal of investigative dermatology. 

97. Vieillard, V., J. L. Strominger, and P. Debre. 2005. NK cytotoxicity against CD4+ 

T cells during HIV -1 infection: a gp41 peptide induces the expression of an 

NKp44 ligand. Proceedings of the National Academy of Sciences of the United 

States of America 102:10981-10986. 

98. Warren, H. S., A. L. Jones, C. Freeman, J. Bettadapura, and C. R. Parish. 2005. 

Evidence that the cellular ligand for the human NK cell activation receptor 

NKp30 is not a heparan sulfate glycosaminoglycan. J /mmunol175:207-212. 

99. Cerwenka, A., and L. L. Lanier. 2003. NKG2D ligands: unconventional MHC 

class I-like molecules exploited by viruses and cancer. Tissue Antigens 61 :335-

343. 

146 



... ~ 

100. Humphrey, M. B., L. L. Lanier, and M. C. Nakamura. 2005. Role of IT AM­

containing adapter proteins and their receptors in the immune system and bone. 

Immunol Rev 208:50-65. 

101. Ravetch, J. V., and L. L. Lanier. 2000. Immune inhibitory receptors. Science 

(New York, N.Y290:84-89. 

102. Yusa, S., T. L. Catina, and K. S. Campbell. 2004. KIR2DL5 can inhibit human 

NK cell activation via recruitment of Src homology region 2-containing protein 

tyrosine phosphatase-2 (SHP-2). J Immunol172:7385-7392. 

103. Wang, J. W., J. M. Howson, T. Ghansah, C. Desponts, J. M. Ninos, S. L. May, K. 

H. Nguyen, N. Toyama-Sorimachi, and W. G. Kerr. 2002. Influence of SHIP on 

the NK repertoire and allogeneic bone marrow transplantation. Science (New 

York, N.Y 295:2094-2097. 

104. Burshtyn, D. N., W. Yang, T. Yi, and E. 0. Long. 1997. A novel phosphotyrosine 

motif with a critical amino acid at position -2 for the SH2 domain-mediated 

activation of the tyrosine phosphatase SHP-1. The Journal of biological chemistry 

272: 13066-13072. 

147 



. .. 

105. Ono, M., H. Okada, S. Bolland, S. Yanagi, T. Kurosaki, and J. V. Ravetch. 1997. 

Deletion of SHIP or SHP-1 reveals two distinct pathways for inhibitory signaling. 

Cell90:293-301. 

106. Long, E. 0., D. F. Barber, D. N. Burshtyn, M. Faure, M. Peterson, S. 

Rajagopalan, V. Renard, M. Sandusky, C. C. Stebbins, N. Wagtmann, and C. 

Watzl. 2001. Inhibition of natural killer cell activation signals by killer cell 

immunoglobulin-like receptors (CD158). Immunol Rev 181:223-233. 

107. Zelensky, A. N., and J. E. Gready. 2005. The C-type lectin-like domain 

superfamily. Febs J 272:6179-6217. 

108. Weis, W. 1., M. E. Taylor, and K. Drickamer. 1998. The C-type lectin superfamily 

in the immune system. Immunol Rev 163:19-34. 

109. Drickamer, K. 1999. C-type lectin-like domains. Curr Opin Struct Bio/9:585-

590. 

110. Drickamer, K. 1993. Evolution ofCa(2+)-dependent animallectins. Prog Nucleic 

Acid Res Mol Bio/45:207-232. 

148 



111. Yabe, T., C. McSherry, F. H. Bach, P. Fisch, R. P. Schall, P.M. Sondel, and J.P. 

Houchins. 1993. A multigene family on human chromosome 12 encodes natural 

killer-celllectins. Immunogenetics 37:455-460. 

112. Sobanov, Y., A. Bemreiter, S. Derdak, D. Mechtcheriakova, B. Schweighofer, M. 

Duchler, F. Kalthoff, and E. Hofer. 2001. A novel cluster of lectin-like receptor 

genes expressed in monocytic, dendritic and endothelial cells maps close to the . .. 

NK receptor genes in the human NK gene complex. Eur J Immunol 31 :3493-

3503. 

113. Brown, M.G., A. A. Scalzo, K. Matsumoto, and W. M. Yokoyama. 1997. The 

natural killer gene complex: a genetic basis for understanding natural killer cell 

function and innate immunity. Immunol Rev 155:53-65. 

114. Yokoyama, W. M., and B. F. Plougastel. 2003. Immune functions encoded by the 

',i 
·~ natural killer gene complex. Nat Rev Immunol3:304-316. 
:' 

' 

115. Plougastel, B. F., and W. M. Yokoyama. 2006. Extending missing-self? 

Functional interactions between lectin-like NKrp1 receptors on NK cells with 

lectin-like ligands. Curr Top Microbiol Immunol298:77-89. 

149 



116. Boles, K. S., R. Barten, P.R. Kumaresan, J. Trowsdale, and P. A. Mathew. 1999. 

Cloning of a new lectin-like receptor expressed on human NK cells. 

Immunogenetics 50: 1-7. . 

117. Mathew, P. A., S. S. Chuang, S. V. Vaidya, P.R. Kumaresan, K. S. Boles, and H. 

T. Pham. 2004. The LLTl receptor induces IFN-gamma production by human 

natural killer cells. Mol Immunol 40: 1157-1163. . .. 

118. Plougastel, B., C. Dubbelde, and W. M. Yokoyama. 2001. Cloning of Clr, a new 

family of lectin-like genes localized between mouse Nkrpla and Cd69. 

Immunogenetics 53:209-214. 

119. Carlyle, J. R., A.M. Jamieson, S. Gasser, C. S. Clingan, H. Arase, and D. H. 

Raulet. 2004. Missing self-recognition of Ocil/Clr-b by inhibitory NKR-Pl 

natural killer cell receptors. Proc Natl Acad Sci US A 101:3527-3532. 

120. Aldemir, H., V. Prod'homme, M. J. Dumaurier, C. Retiere, G. Poupon, J. 

Cazareth, F. Bihl, and V. M. Braud. 2005. Cutting edge: lectin-like transcript 1 is 

a ligand for the CD161 receptor. J Immunol175:7791-7795. 

121. Rosen, D. B., J. Bettadapura, M. Alsharifi, P. A. Mathew, H. S. Warren, and L. L. 

Lanier. 2005. Cutting edge: lectin-like transcript-! is a ligand for the inhibitory 

human NKR-PlA receptor. J Immunol175:7796-7799. 

150 



122. Hu, Y. S., H. Zhou, D. Myers, J. M. Quinn, G. J. Atkins, C. Ly, C. Gange, V. 

Kartsogiannis, J. Elliott, P. Kostakis, A. C. Zannettino, B. Cromer, W. J. 

McKinstry, D. M. Findlay, M. T. Gillespie, and K. W. Ng. 2004. Isolation of a 

human homolog of osteoclast inhibitory lectin that inhibits the formation and 

function of osteoclasts. J Bone Miner Res 19:89-99. 

123. Zhou, H., V. Kartsogiannis, Y. S. Hu, J. Elliott, J. M. Quinn, W. J. McKinstry, M. 

T. Gillespie, and K. W. Ng. 2001. A novel osteoblast-derived C-type lectin that 

inhibits osteoclast formation. J Biol Chern 276:14916-14923. 

124. Roth, P., M. Mittelbronn, W. Wick, R. Meyermann, M. Tatagiba, and M. Weller. 

2007. Malignant glioma cells counteract antitumor immune responses through 

expression of lectin-like transcript-!. Cancer research 67:3540-3544. 

125. MacFarlane, A. W. t., and K. S. Campbell. 2006. Signal transduction in natural 

killer cells. Curr Top Microbiollmmunol298:23-57. 

126. Lanier, L. L. 2000. Turning on natural killer cells. The Journal of experimental 

medicine 191:1259-1262. 

127. Long, E. 0., and N. Wagtmann. 1997. Natural killer cell receptors. Curr Opin 

Immunol9:344-350. 

151 



.. . .. 

128. Lanier, L. L., and A. B. Bakker. 2000. The IT AM-bearing transmembrane adaptor 

DAP12 in lymphoid and myeloid cell function. Immunology today 21:611-614. 

129. Purtilo, D. T., C. K. Cassel, J.P. Yang, and R. Harper. 1975. X-linked recessive 

progressive combined variable immunodeficiency (Duncan's disease). Lancet 

1:935-940. 

130. McNerney, M. E., and V. Kumar. 2006. The CD2 family of natural killer cell 

receptors. Current topics in microbiology and immunology 298:91-120. 

131. Coffey, A. J., R. A. Brooksbank, 0. Brandau, T. Oohashi, G. R. Howell, J. M. 

Bye, A. P. Cahn, J. Durham, P. Heath, P. Wray, R. Pavitt, J. Wilkinson, M. 

Leversha, E. Huckle, C. J. Shaw-Smith, A. Dunham, S. Rhodes, V. Schuster, G. 

Porta, L. Yin, P. Serafini, B. Sylla, M. Zollo, B. Franco, A. Bolino, M. Seri, A. 

Lanyi, J. R. Davis, D. Webster, A. Harris, G. Lenoir, G. de St Basile, A. Jones, B. 

H. Behloradsky, H. Achatz, J. Murken, R. Fassler, J. Sumegi, G. Romeo, M. 

Vaudin, M. T. Ross, A. Meindl, and D. R. Bentley. 1998. Host response to EBV 

infection in X-linked lymphoproliferative disease results from mutations in an 

SH2-domain encoding gene. Nature genetics 20:129-135. 

132. Nichols, K. E., D.P. Harkin, S. Levitz, M. Krainer, K. A. Kolquist, C. Genovese, 

A. Bernard, M. Ferguson, L. Zuo, E. Snyder, A. J. Buckler, C. Wise, J. Ashley, 

M. Lovett, M. B. Valentine, A. T. Look, W. Gerald, D. E. Housman, and D. A. 

152 



Haber. 1998. Inactivating mutations in an SH2 domain-encoding gene in X-linked 

lymphoproliferative syndrome. Proceedings of the National Academy of Sciences 

of the United States of America 95:13765-13770. 

~ 
~· f. 
i 
l 

133. Sayos, J., C. Wu, M. Morra, N. Wang, X. Zhang, D. Allen, S. van Schaik, L. 
:~ 

~ 
t: Notarangelo, R. Geha, M.G. Roncarolo, H. Oettgen, J. E. De Vries, G. Aversa, 

-~ , .. and C. Terhorst. 1998. The X-linked lymphoproliferative-disease gene product 
~ -- .. 

\ 
' SAP regulates signals induced through the co-receptor SLAM. Nature 395:462-
' 

469 . 
. ~r 
"'): 

·i· 
l 

i 134. Green, M. R., A. S. Kennell, M. J. Larche, M. H. Seifert, D. A. Isenberg, and M. 
-,f 
.4 . . 
i 
t 
~ 

R. Salaman. 2005. Natural killer cell activity in families of patients with systemic 

lupus erythematosus: demonstration of a killing defect in patients. Clinical and 

experimental immunology 141:165-173. 

135. Lit, L. C., C. K. Wong, E. K. Li, L. S. Tam, C. W. Lam, andY. M. Lo. 2007. 

Elevated gene expression of Th1ffh2 associated transcription factors is correlated 

with disease activity in patients with systemic lupus erythematosus. The Journal 

of rheumatology 34:89-96. 

136. Gerez, L., T. Shkolnik, 0. Hirschmann, M. Lorber, G. Arad, and R. Kaempfer. 

1997. Hyperinducible expression of the interferon-gamma (IFN-gamma) gene and 

153 



its suppression in systemic lupus erythematosus (SLE). Clinical and experimental 

immunology 109:296-303. 

137. Harlow, E., and D. Lane. 1988. Antibodies: a laboratory manual. Cold Spring 

Harbor Laboratory, Cold Spring Harbor, NY. 

138. Berzofsky, J. A., Ira J. Berkower, Suzanne L. Epstein. 2003. Antigen-Antibody 

Interactions and Monoclonal Antibodies. In Fundamental immunology. W. E. 

Paul, ed. Lippincott Williams & Wilkins, Philadelphia. 69-105. 

139. Boles, K. S., and P. A. Mathew. 2001. Molecular cloning of CSl, a novel human 

natural killer cell receptor belonging to the CD2 subset of the immunoglobulin 

superfamily. Immunogenetics 52:302-307. 

140. Kumaresan, P.R., W. C. Lai, S. S. Chuang, M. Bennett, and P. A. Mathew. 2002. 

CS 1, a novel member of the CD2 family, is homophilic and regulates NK cell 

function. Mol Immunol 39:1-8. 

141. Rosen, D. B. a. L. L. L. 2007. CLEC2D monoclonal antibody (MOl), clone 4C7 

Customer Feedback. Abnova Corporation, Taipei, Taiwan. 

154 



' '; 
·~ ,. 

142. Lanier, L. L., C. Chang, and J. H. Phillips. 1994. Human NKR-P1A. A disulfide-

linked homodimer of the C-type lectin superfamily expressed by a subset of NK 

and T lymphocytes. J Immunol153:2417-2428. 

143. Ramshaw, A. L., D. E. Roskell, and D. V. Parums. 1994. Cytokine gene 

expression in aortic adventitial inflammation associated with advanced 

atherosclerosis (chronic periaortitis). J Clin Pathol47:721-727. 

144. Lagutin, 0. V., V. N. Dobrovolsky, T.V. Vinogradova, B. N. Kyndiakov, Y. M. 

Khodarovich, N. Jenkins, D. James, N. Markham, and 0. A. Larionov. 1999. 

Efficient human IFN-gamma expression in the mammary gland of transgenic 

mice. J Interferon Cytokine Res 19:137-144. 

145. Grund, E. M., D. D. Spyropou1os, D. K. Watson, and R. C. Muise-Helmericks. 

2005. Interleukins 2 and 15 regulate Ets1 expression via ERKl/2 and MNK1 in 

human natural killer cells. The Journal of biological chemistry 280:4772-4778. 

146. Mollison, K. W., T. A. Fey, D. M. Gauvin, R. M. Kolano, M. P. Sheets, M. L. 

Smith, M. Pong, N. M. Nikolaidis, B. C. Lane, J. M. Trevillyan, J. Cannon, K. 

Marsh, G. W. Carter, Y. S. Or, Y. W. Chen, G. C. Hsieh, and J. R. Luly. 1999. A 

macrolactam inhibitor of T helper type 1 and T helper type 2 cytokine 

biosynthesis for topical treatment of inflammatory skin diseases. The Journal of 

investigative dermatology 112:729-738. 

155 



147. Tassi, I., and M. Colonna. 2005. The cytotoxicity receptor CRACC (CS-1) 

recruits EAT -2 and activates the PI3K and phospholipase Cgamrna signaling 

pathways in human NK cells. J Immunol 175:7996-8002. 

148. Jiang, K., B. Zhong, C. Ritchey, D. L. Gilvary, E. Hong-Geller, S. Wei, and J. Y. 

Djeu. 2003. Regulation of Akt-dependent cell survival by Syk and Rae. Blood 

101:236-244. 

149. Chuang, S. S., J. K. Lee, and P. A. Mathew. 2003. Protein kinase Cis involved in 

2B4 (CD244)-mediated cytotoxicity and AP-1 activation in natural killer cells. 

Immunology 109:432-439. 

150. Jiang, K., B. Zhong, D. L. Gilvary, B. C. Corliss, E. Vivier, E. Hong-Geller, S. 

Wei, and J. Y. Djeu. 2002. Syk regulation of phosphoinositide 3-kinase-

dependent NK cell function. J Immunol168:3155-3164. 

151. Wei, S., A.M. Gamero, J. H. Liu, A. A. Daulton, N. I. Valkov, J. A. Trapani, A. 

C. Lamer, M. J. Weber, and J. Y. Djeu. 1998. Control oflytic function by 

mitogen-activated protein kinase/extracellular regulatory kinase 2 (ER.IQ) in a 

human natural killer cell line: identification of perforin and granzyme B 

mobilization by functional ERK2. The Journal of experimental medicine 

187:1753-1765. 

156 



152. Wei, S., D. L. Gilvary, B. C. Corliss, S. Sebti, J. Sun, D. B. Straus, P. J. Leibson, 

J. A. Trapani, A. D. Hamilton, M. J. Weber, and J. Y. Djeu. 2000. Direct tumor 

lysis by NK cells uses a Ras-independent mitogen-activated protein kinase signal 

pathway. J /mmuno/165:3811-3819. 

,, 
'.! 
~ 

153. Rudolph, R., and H. Lilie. 1996. In vitro folding of inclusion body proteins. Faseb 

J 10:49-56 . 
.. 

:~ 

154. Vohra, R. S., J. E. Murphy, J. H. Walker, S. Homer-Vanniasinkam, and S. 

Ponnambalam. 2007. Functional refolding of a recombinant C-type lectin-like 

domain containing intramolecular disulfide bonds. Protein expression and 

purification 52:415-421. 

155. Boles, K. S., H. Nakajima, M. Colonna, S. S. Chuang, S. E. Stepp, M. Bennett, V. 

Kumar, and P. A. Mathew. 1999. Molecular characterization of a novel human 

natural killer cell receptor homologous to mouse 2B4. Tissue Antigens 54:27-34. 

156. Cocks, B. G., C. C. Chang, J. M. Carballido, H. Yssel, J. E. de Vries, and G. 

Aversa. 1995. A novel receptor involved in T-cell activation. Nature 376:260-

263. 

157 



157. Watzl, C., C. C. Stebbins, and E. 0. Long. 2000. NK cell inhibitory receptors 

prevent tyrosine phosphorylation of the activation receptor 2B4 (CD244). J 

Immuno/165:3545-3548. 

158. Chuang, S. S., M. H. Kim, L. A. Johnson, P. Albertsson, R. P. Kitson, U. 

Nannmark, R. H. Goldfarb, and P. A. Mathew. 2000. 2B4 stimulation of YT cells 

induces natural killer cell cytolytic function and invasiveness. Immunology 
- ~ -- .. 

100:378-383. 

159. Johnson, L.A., R. H. Goldfarb, and P. A. Mathew. 2000. Regulation of IFN-

gamma production following 2B4 activation in human NK cells. In vivo (Athens, 

Greece) 14:625-629. 

160. lliopoulou, E. G., M. V. Karamouzis, I. Missitzis, A. Ardavanis, N. N. Sotiriadou, 

C. N. Baxevanis, G. Rigatos, M. Papamichail, and S. A. Perez. 2006. Increased 

frequency of CD4+ cells expressing CD161 in cancer patients. Clin Cancer Res 

12:6901-6909. 

161. Konjevic, G., K. Mirjacic Martinovic, A. Vuletic, V. Jovic, V. Jurisic, N. 

Babovic, and I. Spuzic. 2007. Low expression ofCD161 and NKG2D activating 

NK receptor is associated with impaired NK cell cytotoxicity in metastatic 

melanoma patients. Clinical & experimental metastasis 24: 1-11. 

158 



.. 

162. Ravet, S., D. Scott-Algara, E. Bonnet, H. K. Tran, T. Tran, N. Nguyen, L. X. 

Truong, I. Theodorou, F. Barre-Sinoussi, G. Pancino, and P. Paul. 2007. 

Distinctive NK-cell receptor repertoires sustain high-level constitutive NK-cell 

activation in HIV -exposed uninfected individuals. Blood 109:4296-4305. 

163. Jacobs, R., K. Weber, K. Wendt, H. Heiken, and R. E. Schmidt. 2004. Altered 

coexpression of lectin -like receptors CD94 and CD 161 on NK and T cells in HIV 

patients. Journal of clinical immunology 24:281-286. 

164. Pei, Y., P. Zhu, Y. Dang, J. Wu, X. Yang, B. Wan, J. 0. Liu, Q. Yi, and L. Yu. 

2008. Nuclear Export of NF90 to Stabilize IL-2 mRNA Is Mediated by AKT­

Dependent Phosphorylation at Ser647 in Response to CD28 Costimulation. J 

Immunol180:222-229. 

165. Hodge, D. L., A. Martinez, J. G. Julias, L. S. Taylor, and H. A. Young. 2002. 

Regulation of nuclear gamma interferon gene expression by interleukin 12 (IL-12) 

and IL-2 represents a novel form of posttranscriptional control. Molecular and 

cellular biology 22:1742-1753. 

166. Khabar, K. S., and H. A. Young. 2007. Post-transcriptional control ofthe 

interferon system. Biochimie 89:761-769. 

159 



.. .. 

167. Mavropoulos, A., G. Sully, A. P. Cope, and A. R. Clark. 2005. Stabilization of 

IFN-gamma mRNA by MAPK p38 in ~-12- and ~-IS-stimulated human NK 

cells. Blood 105:282-288. 

168. Chen, C. Y., R. Gherzi, S. E. Ong, E. L. Chan, R. Raijmakers, G. J. Pruijn, G. 

Stoecklin, C. Moroni, M. Mann, and M. Karin. 2001. AU binding proteins recruit 

the exosome to degrade ARE-containing mRNAs. Cell107:451-464. 

169. Kracht, M., and J. Saklatvala. 2002. Transcriptional and post-transcriptional 

control of gene expression in inflammation. Cytokine 20:91-106. 

170. Brewer, G. 2001. Misregulated posttranscriptional checkpoints: inflammation and 

tumorigenesis. The Journal of experimental medicine 193:Fl-4. 

171. Wilson, G. M., and G. Brewer. 1999. The search for trans-acting factors 

controlling messenger RNA decay. Progress in nucleic acid research and 

molecular biology 62:257-291. 

172. Kotlyarov, A., and M. Gaestel. 2002. Is MK2 (mitogen-activated protein kinase­

activated protein kinase 2) the key for understanding post-transcriptional 

regulation of gene expression? Biochemical Society transactions 30:959-963. 

160 



173. Kotlyarov, A., Y. Yannoni, S. Fritz, K. Laass, J. B. Telliez, D. Pitman, L. L. Lin, 

and M. Gaestel. 2002. Distinct cellular functions of MK2. Molecular and cellular 

biology 22:4827-4835. 

174. Lehner, M.D., F. Schwoebel, A. Kotlyarov, M. Leist, M. Gaestel, and T. 

Hartung. 2002. Mitogen-activated protein kinase-activated protein kinase 2-

deficient mice show increased susceptibility to Listeria monocytogenes infection. 

J Immunol168:4661-4613. 

175. Gaestel, M. 2006. MAPKAP kinases - MKs - two's company, three's a crowd. 

Nature reviews 7:120-130. 

176. Dumitru, C. D., J.D. Ceci, C. Tsatsanis, D. Kontoyiannis, K. Stamatakis, J. H. 

Lin, C. Patriotis, N. A. Jenkins, N. G. Copeland, G. Kollias, and P. N. Tsichlis. 

2000. TNF-alpha induction by LPS is regulated posttranscriptionally via a 

Tpl2/ERK-dependent pathway. Cell103: 1071-1083. 

177. Piecyk, M., S. Wax, A. R. Beck, N. Kedersha, M. Gupta, B. Maritim, S. Chen, C. 

Gueydan, V. Kruys, M. Streuli, and P. Anderson. 2000. TIA-1 is a translational 

silencer that selectively regulates the expression of TNF-alpha. The EMBO 

journal19:4154-4163. 

161 



178. Young, H. A., and J. H. Bream. 2007. IFN-gamma: recent advances in 

understanding regulation of expression, biological functions, and clinical 

applications. Current topics in microbiology and immunology 316:97-117. 

179. Hayashi, H., Y. Inoue, H. Tsutsui, H. Okamura, K. Nakanishi, and K. Onozaki. 

2003. TGFbeta down-regulates IFN-gamma production in IL-18 treated NK cell 

line LNK5E6. Biochemical and biophysical research communications 300:980-

985. 










