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 The SLAM family of receptors (CD244 (2B4), CD229 (Ly9), CS-1 (CRACC), CD48 

CD150 (SLAM), CD84, and Ly108 (NTB-A)), is implicated in regulating a variety of 

lymphocyte interactions involved in lineage development, tolerance, proliferation, apoptosis, 

effector function (including cytokine production and cytotoxicity), germinal center 

development and the production of long lived antibody secreting plasma cells. The function 

of the SLAM family of receptors is modulated through their association with adaptor 

proteins such as SAP and EAT.  This is particularly evident in the rare but fatal immune 

disorder XLP (X-linked lymphoproliferative disorder) due to a mutation in the adaptor SAP 

that results in aberrant function of SLAM receptors in particular that of CD244.  The SLAM 

family of receptors has also been implicated in other human diseases such as systemic lupus 

erythematosus (SLE) and rheumatoid arthritis.  In these cases, a gross disruption of SLAM 

family function is not observed but rather the disease states are associated with naturally 
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occurring population polymorphisms that results in either structural or regulatory changes 

that could subtly affect SLAM family function.  Therefore, the study of normal and 

pathologic function of these receptors in highly controlled and readily manipulated genetic 

models such as mice should reveal insights into how these receptors may contribute to 

disease in humans.   

 

 Genetic analysis of the a murine model of lupus has implicated polymorphisms in the 

SLAM family as causative for a breach in tolerance of both T and B cells leading to the 

production of self reactive antibodies.  Interestingly, analysis of common strains of 

laboratory mice revealed the existence of two stable haplotypes (b and z) of the SLAM 

family gene cluster. Given recent studies identifying polymorphisms in the SLAM family in 

humans, we have determined how polymorphisms in the SLAM family can affect 

lymphocyte function in mice to model how similar mechanisms may be involved in human 

pathologies. For these studies, we used mice congenic at the SLAM family locus (B6 –b 

haplotype and B6.Sle1b–z haplotype) to study two major questions: 1.) how do 

polymorphisms in CD244 affect NK function? And 2.) how do polymorphisms in Ly108 

affect T cell tolerance?  In the studies presented herein we demonstrate that CD244 functions 

largely as an inhibitory receptor in NK cells from B6 mice and as an activating receptor in 

B6.Sle1b mice.  We demonstrate that allelic polymorphisms contribute to this differential 

function by altering receptor isoform usage, cell surface densities, baseline phosphorylation 

levels and subsequent adaptor association and receptor downmodulation. 

 

We also demonstrate that differential isoform usage of the receptor, Ly108 in B6 and 

B6.Sle1b mice alters thymocyte differentiation and negative selection events leading to a 

break in tolerance of T cells in B6.Sle1b mice.  This is due to differential affects of the 

isoforms of Ly108 on thymocyte cell cycle progression and sensitivity to apoptosis.  These 

studies highlight how naturally occurring polymorphisms in SLAM family genes can 

profoundly affect receptor function and potentially result in pathologic outcomes in certain 

genetic contexts. 
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INTRODUCTION 

 

Currently, it is unclear how structural polymorphisms in murine CD244 

mediate opposing function, or why some groups consistently report an activating 

function for this receptor in B6 NK cells, while others predominantly observe 

inhibition. In addition, the regulatory role of the adaptor EAT-2 in B6 NK cells has 

not yet been defined. This dissertation will attempt to elucidate potential mechanisms 

for the activating and inhibitory function of CD244 in murine NK cells, as well as 

the influence of EAT-2 in these signaling pathways. Chapter three will address the 

potential mechanisms of opposing NK functions through the two alleles of CD244, 

while chapter four will investigate the role of EAT-2 in CD244-b-mediated signaling 

pathways. Furthermore, it remains to be determined how thymocyte development is 

differentially affected by the two Sle haplotypes, specifically with regard to the 

SLAM family receptor Ly108. Therefore, in chapter 5 we will also address the role 

of Ly108 in thymocyte development. 

 

CHAPTER 1: LITERATURE REVIEW 

 

I. GENERAL IMMUNOBIOLOGY    

 

The cellular and biochemical agents and processes that are collectively referred 

to as the immune system, have evolved to protect the host from deadly diseases 

caused by invasive pathogens, as well as self-derived tumor cells (1-5). These 

components are broadly divided into the two distinct categories of innate and 

adaptive immunity, based on: 1.) their range and specificity when detecting foreign 

invaders, 2.) the amount of time required to mount a response, and 3.) the ability to 

remember a particular microbe- and thus eliminate it more efficiently- during 
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successive encounters. And yet, despite these differences, innate and adaptive 

responses utilize analogous components to accomplish one of two goals. First, in an 

effort to prevent microbial entry, each group establishes physical and chemical 

barriers at all environmental interfaces, especially those which are highly vulnerable 

to opportunistic microorganisms. However, if these initial tactics fail, both systems 

employ circulating plasma proteins and specialized immune cells to detect, contain, 

and eventually eliminate any successful intruders. 

 

A. Adaptive Immune Responses 

Perhaps the more famous of the two branches, the adaptive immune system is 

comprised of B and T lymphocytes which express a diverse repertoire of B or T cell 

receptors (BCR, TCR) for pathogen detection. These receptors are encoded by gene 

segments that undergo somatic recombination during development to generate a 

unique arsenal of highly specific receptors which can discriminate between two 

similar structures, based on minor variations. Since this method can also result in the 

generation of receptors which recognize host proteins, adaptive immune responses 

are regulated by several self-tolerance mechanisms, which prevent self-reactivity by 

inactivating or eliminating self-reactive lymphocytes (6). The numerous autoimmune 

diseases that result from the impairment of these tolerance-inducing mechanisms 

highlight their important role in immune regulation. Consequently, the cells and 

pathways that control these complex processes are currently a major focus of many 

immunological research groups.  

 

Following receptor engagement, antigen-stimulated lymphocytes proliferate to 

expand their numbers, and then swiftly destroy or neutralize antigen-bearing 

microbes, through various effector mechanisms. Although most of these responding 

lymphocytes undergo apoptosis after the threat has been neutralized, a small number 

of cells will survive and migrate to various lymphoid or peripheral tissues, where 
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they can persist for months or years as memory B or T cells in a state of functional 

quiescence. Memory lymphocytes which are stimulated by previously encountered 

antigens can mount secondary immune responses which are more vigorous and 

effective, and require less time, compared to primary responses. Of course, the 

advantages afforded by adaptive responses are only useful to a host if it can survive 

the initial infection. Fortunately, the chances for survival are greatly improved by 

innate immune processes that are enacted during this lag period.   

 

B. Innate Immune Responses  

Commonly referred to as the “first line of defense against infection,” the 

innate immune system is aptly labeled, since it provides the outermost barrier of 

epithelia and antibiotic peptides, where microbes first encounter host defense 

mechanisms; in addition, once invading pathogens have been detected, innate 

leukocytes are able to respond immediately, making them the first cells to mount an 

attack. In contrast to the adaptive immune response, previous exposure to antigen is 

not a requirement for full effector function in these cells. Another distinguishing 

feature of innate responses is their specificity for structures shared by groups of 

related microbes. Germline-encoded surface receptors and plasma proteins recognize 

common microbial patterns, which are often essential to their survival, such as 

double-stranded RNA, unmethylated DNA sequences, lipopolysaccharides (LPS), 

and mannose-rich glycans.  

 

Neutrophils, mononuclear phagocytes, dendritic cells (DCs), and natural 

killer (NK) cells constitute the primary innate effector cells, which can eliminate 

microbes through various cell-specific mechanisms, including phagocytosis, 

cytotoxic granule production/release, and cytokine secretion. These cells mediate 

innate processes, such as inflammation, which entails the activation and recruitment 

of leukocytes to infected tissues, where they then work to contain and eliminate the 
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invading pathogens. In addition, innate immune components make an important 

contribution to adaptive responses by stimulating lymphocytes, as well as 

influencing the nature of their effector functions, through antigen presentation, 

cytokine secretion, and ligation of co-stimulatory receptors. Furthermore, innate 

effector mechanisms, such as phagocytosis of opsonized antigen, complement 

activation, and antibody-dependent cellular cytotoxicity (ADCC) are incorporated 

into many adaptive immune responses.  

 

Thus, protection against foreign invasion is accomplished by the distinct, yet 

interdependent, processes of the innate and adaptive immune responses. Together, 

these two systems contribute complementary functions to generate an immediate, but 

thorough response to a wide range of pathogens. 

 

II. NATURAL KILLER (NK) CELLS 

 

A. NK cells in innate immunity      

NK cells are bone marrow-derived lymphocytes which are predominantly 

found in the spleen and peripheral blood, where they typically constitute 2-5% and 

10-20% of lymphocytes, respectively (1, 5). While these cells are rarely present in 

the thymus and lymph nodes, minor NK populations have been detected in the liver, 

lung, and uterus. 

 

NK cells play an important role in innate immunity, utilizing a variety of germ-

line encoded surface receptors to identify cells that have been transformed, or 

infected with intracellular pathogens. These receptors can be classified according to 

their ability to initiate activating or inhibitory signaling cascades, and the variable 

expression of both types on individual NK cells allows them to distinguish between 

healthy and abnormal tissue (7-9). The recognition of aberrant cells is dependent on 
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the outcome after the combined activating signals are weighed against the combined 

inhibitory signals (10). Cells that have upregulated stress-induced ligands for 

activating receptors, and down-modulated MHC class I ligands for inhibitory 

receptors, are among those which are most frequently targeted by NK cells. Once 

activated, NK cells are able to respond immediately, and can eliminate the target cell 

using direct cytotoxicity via perforin/granzyme exocytosis and death-receptor 

signaling, or alternately, inflammatory cytokine secretion (11). 

 

Although NK cells are classically categorized as innate immune cells, they also 

share many common features with lymphocytes of the adaptive immune system. In 

terms of morphology, NK cells bear a striking resemblance to activated cytotoxic T 

cells, owing to their large size, and numerous cytoplasmic granules (12). Similarities 

also exist between NK and T cell effector functions, including cytotoxicity and their 

patterns of cytokine production. In addition, a large number of receptors originally 

assumed to be exclusively found on NK cells are also expressed on many CD8+ T 

cells, and γδTCR+ T cells. These observations have led to the idea that the two 

lineages may have coevolved, which suggests that NK cells represent a unique 

evolutionary link between the innate and adaptive immune systems (8).   

 

B. NK cell development 

The progression of a developing NK cell can be monitored by the sequential 

accumulation of cell surface markers and functional capabilities. All lymphocytes 

share a common lymphoid progenitor (CLP) in the bone marrow, which can produce 

NK, B, and T cells, but not cells of the myeloid lineage (13). The transition from 

hematopoietic stem cells (HSC) to CLPs requires the transcription factors (TF) 

Ikaros and PU.1, which mediate the increased expression of early receptors for 

cytokines and growth factors, such as IL-7 (14). A portion of these cells will then 

advance into the natural killer cell precursor (NKP) stage. At this point, these 
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developing cells are irreversibly committed to the NK cell lineage. One marker for 

NKPs is CD122, which functions as the β subunit of the IL-15 receptor (15, 16). The 

induction of CD122 is dependent upon key growth factors, such as IL-7, SCF, and 

flt3L, which are provided by bone marrow stromal cells (17, 18). IL-15 is a crucial 

cytokine for both developing and mature NK cells. In the bone marrow, IL-15 

induces an important expansion of immature NK cells, as well as the expression of 

various NK cell receptors. In the periphery, IL-15 is produced mainly by 

mononuclear phagocytes and dendritic cells in response to Toll-like receptor 

signaling, and can induce NK cell proliferation. 

 

C. NK cell receptors 

i. Overlapping NK subsets allow for diverse NK responses  

Circulating NK cells use a variety of surface receptors to scan the peripheral 

tissues for potential dangerous aberrant cells. Although NK cell receptor genes are 

not rearranged during development like other lymphocytes, these cells are still able 

to respond to a variety of targets by co-expressing a multitude of receptors in 

different combinations. The result is a collection of overlapping NK cell subsets, 

each with their own unique specificities.  

 

ii. Signal integration determines NK activation 

NK cell recognition of aberrant cells is dependent upon their ability to process 

incoming signals from both activating and inhibitory receptors. As a result of their 

complex co-expression patterns, NK signaling is a dynamic process, involving the 

simultaneous engagement of multiple receptors, which often dictate opposing 

actions. Consequently, NK cells must balance out the relative strength of these 

conflicting messages, and integrate them into a comprehensive signal, in order to 

accurately determine effector function (10). 
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iii. Activating and inhibitory NK cell receptors 

In an attempt to protect healthy cells from damage, inhibitory receptors 

dampen NK activity by binding both classical and nonclassical MHC class I 

molecules on host hematopoietic cells (8). With his “missing-self” hypothesis, Karre 

proposed that NK cells use inhibitory receptors to survey their environment for cells 

which have downregulated or altered MHC class I expression, as these events often 

accompany viral infections and tumorigenesis (19). Unfortunately, this requirement 

of self MHC expression to prevent NK-mediated killing, can have disastrous 

consequences for transplant patients. This is illustrated by a phenomenon known as 

hybrid resistance, whereby NK cells mediate the acute rejection of MHC 

mismatched bone marrow grafts (20, 21). 

 

Although the absence of inhibitory receptor ligation is a necessary step towards 

NK cell-mediated lysis, additional signals through activating receptors are also 

required for full NK cell function. Ligands of activating receptors include MHC class 

I and class I-like molecules, host-encoded “stress” molecules, as well as virally-

encoded and other non-self proteins. As an added measure against autoreactivity, the 

initiation of NK killing sometimes requires more than one activating signal to 

overcome the dominant nature of many inhibitory receptors.  

 

The “at least one” hypothesis attempts to explain how NK cells develop 

tolerance to other hematopoietic cells which express syngeneic MHC class I 

molecules (22). According to this hypothesis, developing NK cells are influenced by 

their environments to express at least one inhibitory receptor, which is specific for a 

self-MHC class I molecule. This process is assumed to involve direct interactions 

between immature NK cell receptors and MHC molecules on nearby cells, since 

these interactions are sufficient to downregulate the expression of other MHC-

binding receptors. 
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iv. NK cell signaling pathways 

Structural motifs found within the cytoplasmic domain of NK cell receptors 

determine whether these molecules will display inhibitory or activating functions. 

Most inhibitory receptors contain at least one immunoreceptor tyrosine-based 

inhibition motif (ITIM), which is characterized by the consensus sequence: 

(I/L/V/S)-x-Y-x-x-(L/V) (23, 24). Upon ligand binding, ITIMs are phosphorylated 

on their tyrosine residues by Src family kinases such as Lck and Fyn (8). 

Phosphorylated ITIMs can associate with the SH2 domains of three major 

phosphatases: SH2-containing protein-tyrosine phosphatase-1 (SHP-1), SHP-2, and 

the SH2-containing inositol polyphosphate 5-phosphatase (SHIP). These sequential 

interactions ultimately result in the recruitment of phosphatases to the 

immunological synapse, where they can antagonize activating signaling cascades 

through two major mechanisms. SHIP catalyzes the conversion of 

phosphatidylinositol-3,4,5-trisphosphate (PIP3) to phosphatidylinositol-3,4-

bisphosphate (PIP2), which contributes to the inhibition of Ca
2+

-dependent signaling 

pathways. SHP1 and SHP2 can negate activating signals by dephosphorylating key 

signaling intermediates, thereby reducing their activation status. However, the 

activity of SHP2 may prove to be more complex, in light of numerous reports that 

have implicated this phosphatase in some positive signaling pathways, such as the 

ras/mitogen-activated protein kinase (MAPK) pathway (25).  

 

The prototypical activating receptor, on the other hand, contains a very short, 

and generally non-functional, cytoplasmic tail. However, these molecules can 

associate with membrane-anchored adaptor proteins, which include: CD3δ, FcεRIγ, 

DAP12, and in mice, DAP10. These adaptors, with the exception of DAP10, contain 

one or more sequences termed immunoreceptor tyrosine-based activation motifs 

(ITAMs), with the sequence: (D/E)-x-x-Y-x-x-(L/I)-x6-8-Y-x-x-(L/I) (26). DAP10, in 

contrast, contains a YINM motif, which can mediate positive signals through 
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interactions with phosphatidylinositol-3-kinase (PI3K) and the adaptor Grb2 (27). 

Proximal signaling events through activating receptors are analogous to the 

inhibitory signals described above, except that phosphorylated ITAMs recruit 

tyrosine kinases, such as Syk and ZAP70, which perpetuate signaling cascades 

required for NK activation. The principal signaling intermediates that are commonly 

phosphorylated following receptor engagement include: SLP-76, the adaptor 3BP2, 

Shc, p85 PI3K, phospholipase C (PLC)-γ1/2, and the E3 ubiquitin ligase c-Cbl. In 

addition, the following molecules are also recruited or activated by various methods: 

Grb2, linker for the activation of T cells (LAT), intracellular Ca
2+

 levels, Vav-1/2, 

Rho, Ras, p38 MAPK and extracellular signal-regulated kinase (ERK). 

 

v. Structural classes of NK receptors 

In addition to their functional classification, NK cell receptors can also be 

categorized according to their structural similarities. This process divides receptors 

into the C-type lectin superfamily, or the immunoglobulin superfamily, based on the 

structures of their extracellular regions. The Ly49 and CD94/NKG2 families of NK 

receptors are the major groups belonging to the C-type lectin superfamily, while the 

immunoglobulin superfamily is comprised of subsets- such as the SLAM family- that 

contain one or more extracellular Ig-like domains.   

 

The murine natural killer cell gene complex (NKC) on chromosome 6 encodes 

two families of C-type lectin-like receptors that bind MHC class I (28). The first is 

the Ly49 gene family, which encodes type II transmembrane-anchored glycoproteins 

that are expressed as disulfide-linked homodimers. Within this family, at least 23 

separate genes, labeled Ly49A through W, have been identified in various mouse 

strains (29). NK cells display a variegated, overlapping pattern of expression for 

different Ly49 receptors. In addition, this highly polymorphic gene family is mostly 

expressed in a monoallelic fashion with each cell expressing anywhere from one to 
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five Ly49 genes. Ly49D, H, L, M, P, R, U and W are thought to be activating, while 

the remaining receptors are postulated to be inhibitory. Interestingly, Ly49H has 

recently been identified as the receptor which is responsible for murine 

cytomegalovirus (MCMV)-resistance in C57Bl/6 mice (30-32), through its ability to 

recognize the MCMV m157 glycoprotein (33). The question of why MCMV has 

maintained this ligand for an activating NK receptor in its genome was answered by 

the subsequent discovery that Ly49I could also recognize m157 (33). In contrast to 

the previous findings, Ly49I was shown to be an inhibitory receptor, which is 

expressed by the MCMV-susceptible mouse strain 129/J. 

 

The second gene family, which is also expressed by the human NKC on 

chromosome 12, encodes the CD94 and NKG2 receptors, which bind the MHC class 

Ib molecule Qa-1b (34). While CD94 molecules are capable of homodimerizing, 

they can also form heterodimers with inhibitory NKG2A, or NKG2C and NKG2E, 

both of which are presumed to have activating functions. NKG2D is another nearby 

gene encoding a strongly activating receptor. Although its name places it in the 

family of NKG2 receptors, this assumed relationship is a result of chromosomal 

proximity, not structural homology. NKG2D is expressed as a homodimer, and binds 

a range of ligands that exhibit structural similarity to MHC class I molecules. While 

ULBP1, ULBP2 and MICB are the NKG2D ligands in humans (35), the mouse 

ligands include RAE-1, and H60 (36). These molecules are often termed „stress 

ligands,‟ because they are induced by infection, as well as oxidative and radiation 

stressors (37). Similar to Ly49H described above, NKG2D was also shown to be 

directly involved in the recognition of CMV-infected cells. Both mouse and human 

CMVs encode gene products that downregulate the NKG2D ligands listed above. 

These findings indicate that NKG2D plays an important role in NK-mediated 

responses to viral infections. 
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III. T CELLS 

 

A. T cells in adaptive immunity  

The group of adaptive immune cells collectively known as T lymphocytes 

represents a crucial and highly diversified component of the adaptive immune 

response. Many T cell subsets have been identified, with each providing a unique 

role in protection against disease. T lymphocytes are distinguished by their 

expression of T-cell receptors (TCR), which are composed of two Ig-domain 

containing polypeptide chains that associate at the cell surface (1). Although TCRs 

are predominantly found as heterodimers of α and β chains, a small population of T 

cells (~5%) express γ/δ TCRs. α/β T cells use these TCRs to recognize peptide 

antigens bound to major histocompatibility complex (MHC) molecules. CD8+ 

cytotoxic (CTL) and CD4+ helper (TH) T cells are two functionally distinct subsets 

of α/β T cells which bind peptide complexed with MHC class I and MHC class II 

molecules, respectively. CTLs recognize, and help eliminate, cells infected with 

intracellular pathogens, through perforin/granzyme secretion and the death receptor 

pathway. CD4+ helper T cells can be further divided into TH1 and TH2 subsets, both 

of which produce cytokines that direct and shape humoral immune responses. T 

helper cells are named for their ability to influence other immune processes, such as 

antibody class switch, and the activation of CTLs and macrophages, through 

cytokine-induced signals. T follicular helper (TFH) cells comprise yet another subset 

of T cells, which reside within GCs, and can be differentiated from other T-cell 

subsets by their upregulated expression of CXCR5, a receptor for the B lymphocyte 

chemoattractant, CXCL13 (38). These antigen-experienced CD4+ T cells can 

mediate antigen-specific activation of naïve or memory B cells, through CD40L 

expression, as well as IL-21 and IL-4 secretion. Furthermore, TFH cells are believed 

to play a major role in the regulation of class switch and plasma cell differentiation 

within the follicles of lymphoid tissues. 
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B. Thymocyte maturation in the thymus 

T cells are derived from hematopoietic stem cells in the bone marrow or fetal 

liver, which migrate to the thymus as progenitor T (pro-T) cells, to complete 

maturation. These pro-T cells enter the thymus as CD4-CD8- double negative (DN) 

cells that lack surface TCR and CD3, and contain TCR genes in germline 

configuration (39). T cell maturation involves an ordered series of events, which 

include proliferation, TCR gene rearrangement, and both positive and negative 

selection, based on the affinity of their TCRs for self-MHC+peptide. These events 

are mediated by direct interactions with thymic epithelial and dendritic cells, as well 

as through cytokines released by thymic stromal cells. Beginning at the cortico-

medullary junction, thymocytes travel through the cortex, and then transition into the 

medulla where they reach a fully mature state, before exiting into the periphery as 

naïve T cells. By progressing through these diverse thymic regions, developing 

thymocytes interact with specific cell types, which mediate various stages of 

development in a temporally coordinated manner.    

 

i. Rearrangement of the TCR locus 

As thymocytes progress through the cortex, distinct developmental stages can 

be distinguished by the expression of various molecules at the cell surface, including: 

CD4, CD8, TCRα TCRβ, CD44 and CD25 (40). CD4 and CD8 delineate the three 

major stages of: CD4-CD8- DN (~3% total thymocytes), CD4+CD8+ double 

positive (DP) (~80%), and either CD4+ (~12%) or CD8+ (~5%) single positive (SP). 

The earliest stage, DN, can be further divided into the four sequential sub-stages: 

DN1 (CD44+/CD25-), DN2 (CD44+/CD25+), DN3 (CD44-/CD25+), and DN4 

(CD44-/CD25-). The DN2 stage signifies the critical proliferation phase, in response 

to stromal cell-derived IL-7, which functions as a growth/survival hormone. The 

DN3 stage marks the initiation of TCR gene rearrangement at the β chain locus. 

Once the TCRβ chain has successfully rearranged, the protein is transported to the 
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cell surface, where it can associate with the invariant pre-TCR α (similar to TCRα), 

and CD3 signaling subunits to form the pre-TCR complex. Signals transduced 

through the pre-TCR have four major functions: the induction of survival and 

proliferation signals; the upregulation of CD4 and CD8; the initiation of TCRα chain 

rearrangement; and the inhibition of additional β chain rearrangements, through a 

process known as allelic exclusion (1). These DP thymocytes then continue with α 

chain rearrangement, eventually replacing the pre-TCR with the mature TCR.  

 

ii. Thymocyte selection 

Once DP thymocytes have successfully rearranged a functional TCR, these 

receptors must be tested, to ensure that the mature T cells are MHC-restricted, as 

well as self-tolerant. The process of positive selection requires cells that express 

TCRs which can recognize self peptides bound to MHC class I or II complexes with 

low to moderate affinity. These cells are subsequently selected to survive by signals 

generated through the TCR. Thymocytes which are unable to recognize self-MHC 

are incapable of receiving these crucial survival signals, and therefore, die by 

neglect. Negative selection, in contrast, is the process through which all thymocytes 

which bind self-MHC with high affinity are deleted through the induction of 

apoptosis. Thymocytes which survive both rounds of selection undergo the final step 

of maturation, and transition into CD8+ or CD4+ SP T cells. These mature T cells 

can then exit the thymus and scan the periphery, or migrate to lymphoid organs.     

 

IV. THE SLAM FAMILY OF RECEPTORS 

 

A. General characteristics of SLAM family proteins 

The SLAM family is a subset of structurally and functionally related immune 

receptors within the immunoglobulin (Ig) superfamily that participate in the 

regulation of immune responses. The family is comprised of: CD244 (2B4), CD229 
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(Ly9), CS-1 (CRACC), CD48 (not always included), CD150 (SLAM), CD84, and 

Ly108 (NTB-A), which have been detected, in various combinations, on a broad 

range of hematopoietic cell lineages (fig. 1.1). Signals transduced through SLAM 

members influence both innate and adaptive immune responses, predominantly via 

mechanisms that modulate lymphocyte functions, including: cytotoxicity and 

cytokine secretion in T and NK cells (41-46), antibody secretion and class switch 

(47-50), the differentiation of effector and memory cell populations (51), and 

lymphocyte development (52-54). More recent studies, however, have also defined a 

few regulatory roles for this family in some myeloid cell responses, including 

bactericidal activity through ROS generation in neutrophils, as well as cytokine 

secretion in macrophages and dendritic cells (55-57).  

 

SLAM family receptors are type I transmembrane proteins, which also belong 

to a larger group within the Ig superfamily family, known as the CD2 subset, based 

on their similar structures. With the exception of the SLAM family member Ly9, the 

extracellular regions of CD2-related receptors are characterized by an N-terminal 

variable (V) immunoglobulin (Ig)-like domain, followed by a constant two (C2) Ig 

domain. In the case of Ly9, this conserved pattern has been duplicated, resulting in 

an extracellular sequence that encodes four Ig-like folds. These domains, which form 

the ligand-binding site, are homologous to the variable (V) and constant (C) Ig 

domains of both receptors and co-receptors found on the surface of lymphocytes. In 

addition, the Ig-like domains of various CD2 receptors can bind one another in a 

manner resembling interactions between the V and H Ig domains of T cell co-

receptors and their ligands. These characteristics of Ig-like domains underlie the 

ligand specificity of CD2-related receptors, each of which either interact with other 

CD2 family members (for example, CD244:CD48), or else serve as self-ligands 

(referred to as homotypic ligand-receptor interactions).    
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Receptors of the SLAM family can be distinguished from other CD2 members 

by their cytoplasmic tails, which contain between two and four immunoreceptor 

tyrosine-based switch motifs (ITSMs). Defined by the consensus sequence, T-(V/I)-

x-Y-x-x-(V/I), ITSMs are frequently phosphorylated by the kinases Fyn or Lck, in 

response to receptor engagement. Phosphorylated ITSMs can then be recognized and 

bound by SH2-domain containing molecules, including the SAP family of adaptors, 

3BP2, the inhibitory C-terminal src kinase (Csk) (58), and the phosphatases SHP-1 

(59), SHP-2 (60), and SHIP (61, 62). Early in vitro and overexpression studies noted 

that SAP could compete with many of these molecules, and essentially prevent their 

associations with various SLAM family members (60-65). These observations 

influenced the decision to name these unique sequences ITSMs. The term „switch 

motif‟ refers to their apparent ability to mediate both activating and inhibitory 

signals, based on the differential binding of SAP and inhibitory SH2-domain proteins 

(66). Although adaptors may still contribute to phosphatase inhibition through 

competitive binding to ITSMs, this idea has been somewhat overshadowed by more 

recent studies, which identified a more active role for SAP in the regulation of signal 

transduction through SLAM-related receptors. Following receptor engagement, SAP 

recruits and activates Fyn kinase, which subsequently leads to receptor 

phosphorylation and the binding of downstream signaling proteins (67-69). 

 

B. The role of SLAM family members in disease 

i. XLP 

X-linked lymphoproliferative (XLP), or Duncan‟s disease, is a rare immune 

disorder which has been linked to the dysregulation of various SLAM family 

receptors (63, 64, 70-73). In most cases, clinical symptoms of XLP manifest during 

childhood, and are triggered by Epstein-Barr virus infection (74). Unable to properly 

contain the virus during acute infection, patients display an uncontrolled expansion 

of lymphocytes and monocytes known as fulminant infectious mononucleosis (FIM), 
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which results in severe splenomegaly and lymphadenopathy. The onset of FIM is 

fatal in approximately 90% of XLP cases, where the primary cause of death is 

hepatic necrosis and bone marrow failure resulting from extensive tissue destruction 

(75). The minority of patients who survive FIM often display 

dysgammaglobulinemia, and approximately half eventually develop B- or T-cell 

lymphomas. 

 

Unfortunately, EBV infection is unavoidable for most XLP sufferers, since as 

many as 90% of normal adults in the US are estimated to have been infected with the 

virus (76). When healthy individuals are infected during childhood, EBV typically 

causes mild flu-like symptoms or none at all. In contrast, those who first encounter 

the virus as adolescents or adults have been shown to develop infectious 

mononucleosis (IM) 35-69% of the time (77). During a normal immune response to 

EBV, a lytic infection is first initiated in oropharyngeal epithelial cells. Newly 

released virions then target circulating, mature B cells, gaining entry via CD21 

(complement receptor) and MHC class II (78). These B cells respond to EBV 

infection by upregulating CD48 (79), allowing for their removal by nearby NK cells 

that express the activating receptor CD244, for which CD48 is a ligand. In addition, 

EBV infection triggers B cells to proliferate, resulting in a small percent that undergo 

cell transformation (80). As a result, an antigen-specific cytotoxic CD8+ T cell 

response ensues, which also helps to limit the proliferation of infected B cells (81). 

At this point, the virus establishes latency in many infected cells in order to evade 

these T- and NK-mediated responses. EBV latency can be divided into three distinct 

stages, which are equivalent to various B cell differentiation states (82). Type III 

latency (the first stage) corresponds to naïve B cells, while type II latency occurs in 

activated GC B cells, and type I latency, the final stage, establishes in memory B 

cells. EBV typically persists for years in type I latency within the IgD-CD27+ (class-

switched) memory B-cell compartment (83). 
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In contrast to the above, XLP patients mount a dysregulated immune response 

to EBV, which involves an uncontrolled polyclonal expansion of B cells, T cells, 

macrophages, and monocytes (81). Although XLP patients show elevated levels of 

CD8+ T cells and NK cells in the peripheral blood, these increases are concurrent 

with reduced frequencies of EBV-specific CD8+ T cells, and impaired NK- and T-

cell mediated cytotoxicity (84-86). Of note, defective signals through two SLAM 

family members- CD244 and Ly108- are thought to contribute to the diminished 

killing exhibited by both cell types (45, 59, 87, 88). The consequence of these 

impaired NK and CD8+ T cell functions in XLP patients is ineffective lysis of 

infected B cells (70, 85, 89-91). Uninhibited, these B cells continue to expand, 

providing a constant stimulus for T cells. These activated T cells may be responsible 

for the elevated levels of TH1-type cytokines that are often observed in XLP patients 

suffering from FIM. As evidence for this idea, previous studies have observed 

altered cell counts and impaired cytokine secretion by XLP CD4+ T cells (92). In 

addition to a reduction in overall CD4+ T cell numbers, memory T cell subsets are 

further skewed, resulting in expanded populations of memory TH1 cells, in 

conjunction with diminished populations of memory TH2 cells. One consequence of 

this increased IFNγ secretion is the recruitment of macrophages and monocytes 

which can perpetuate the ongoing inflammatory response, and contribute to 

widespread tissue damage. 

 

In addition, other immune abnormalities have been documented in XLP 

patients, including abrogated NKT cell development (52), and defective primary and 

secondary humoral responses to EBV-specific antigens (93). Before and after EBV 

infection, patients display memory B cell deficiencies (92, 94), and impaired class 

switch, as evidenced by dysgammaglobulinemia (↑IgM, ↓IgG, ↓IgA) (90). Since 

XLP patients have a severely reduced population of conventional class-switched 

memory B cells, latent EBV virus persists within a small population of 
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IgM+IgD+CD27+ nonswitched memory B cells in these individuals (83). While 

arguments favoring an intrinsic B-cell defect in XLP have been made, it seems likely 

that T cells are at least partially responsible for the impaired humoral responses. 

Supporting this idea, XLP patients have been reported to exhibit reduced IL-10 

production (95), decreased expression of inducible costimulator (ICOS) (95), and 

diminished frequencies of Th2-type memory cells (92). This evidence suggests that 

CD4+ T cells in XLP patients may be unable to differentiate into effector T helper 

cells, which are necessary to aid B cells in the process of class-switch. 

 

A major breakthrough for XLP research was the identification of SAP as the 

mutant gene responsible for XLP. This gene, which is mutated in 97% of XLP 

families (96), was initially discovered by three independent groups. Through 

positional cloning, two of these groups mapped SAP to the XLP disease locus at 

Xq25 (97, 98). Meanwhile, parallel studies in search of SLAM-binding proteins, 

identified SAP in a yeast two-hybrid screen as a molecule which was constitutively 

bound to the cytoplasmic tail of this receptor (63). Of the 50 distinct SAP mutations 

that have been described, most are gene deletions of varying sizes, or else nonsense, 

splice-site, or missense mutations that adversely affect the expression or function of 

SAP (96, 99). Following this discovery, SAP knockout (KO) mice were generated by 

multiple labs, in an effort to determine the immune cells and functions that are 

influenced by SAP. A few of these results will be briefly discussed in Section V. 

 

ii. SLE 

Systemic Lupus Erythematosus (SLE) is a chronic autoimmune disease, 

characterized by pathogenic autoantibodies which cause inflammation and tissue 

damage, predominantly in the skin, joints, kidneys, blood cells, and nervous system. 

Recent studies have found that SLE affects an average of 52 out of every 100,000 

people in the US, while other countries have reported disease prevalence rates 
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ranging from 26 to 91 cases per 100,000 people (100). In addition to a significant 9:1 

gender bias towards women, SLE incidence rates are four times higher in individuals 

of non-Caucasian descent (101), giving evidence for both environmental and genetic 

contributions to disease susceptibility. With a multitude of factors influencing 

disease, a range of clinical symptoms of varying severity have been observed, 

including: malar rash, arthritis, photosensitivity, thrombocytopenia, serosit is, and 

kidney disease (102). However, the most common symptom and hallmark of SLE is 

high titers of antinuclear antibodies (ANA). Some patients may also present with 

anti-phospholipid antibodies, with poor prognosis, but these are also associated with 

anti-phospholipid disorder (103). While some ANAs are present in other 

autoimmune disorders, ANAs specific for double-stranded DNA and the Sm protein, 

in contrast, are virtually exclusive to SLE patients, and are often used as diagnostic 

tools to screen for disease (102).  

 

Thus far, past efforts to elucidate the genetic components that trigger and 

facilitate lupus have utilized murine-based linkage studies (in numerous mouse 

models) to identify at least 31 disease susceptibility loci (104). Three of these loci, 

termed Sle1, Sle2, and Sle3, were uncovered with the spontaneous lupus-prone 

NZM2410 strain, which is frequently used since both males and females develop 

highly penetrant SLE at an early age (105). The NZM2410 is one of many inbred 

strains that were derived from a series of (NZB x NZW) intercrosses. (106). Each 

strain within this New Zealand mixed collection displayed human SLE-like 

autoimmune phenotypes that varied in penetrance and expressivity, although these 

characteristics were highest in the NZM2410. By transferring each of the Sle 

susceptibility intervals onto the C57BL/6 background to create congenic strains, the 

Wakeland lab was able to determine that Sle1 is responsible for loss of tolerance to 

nuclear antigens, especially H2A/H2B/DNA subnucleosomes (107). Additionally, 

they determined that Sle2 affects B cells by lowering their activation threshold (108), 
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while Sle3 interferes with the regulation of AICD in CD4+ T cells (109). Although 

these genetic segments are not sufficient to impair lymphocyte function or induce 

renal disease when expressed individually in B6 mice, combinations of two or more 

loci can mediate severe humoral autoimmunity and fatal glomerulonephritis (GN), 

but only when these combinations include Sle1 (110). Support for the idea that Sle1 

plays a critical role in disease progression was supplied by concurrent linkage studies 

in human populations, which identified SLE susceptibility loci that were syntenic 

with this locus (111, 112).   

 

Through the use of fine mapping analysis, a cluster of four distinct loci were 

eventually found to exist within the Sle1 interval, and were thus termed Sle1a-d 

(113). Although all of these loci were capable of mediating a loss in tolerance to 

nuclear antigens, ANA titer and penetrance were highest for Sle1b. In addition, 

B6.Sle1b mice showed other traits that had originally been observed in B6.Sle1 

congenics, including upregulated expression of B7-2 on B cells and CD69 on T cells 

(114). After mapping the location of Sle1b and performing a sequence analysis, 

Wandstrat et al. revealed the SLAM family of receptors to be among the 24 genes 

contained within this locus (fig. 1.2) (115). Further characterization uncovered 

transcriptional and structural polymorphisms in the genes coding for CD244, CD229 

(Ly9), Cs1, CD48, CD84, and Ly108, as well as 6 other genes, which are 

predominantly involved in metabolic and cellular processes. As a consequence of 

these polymorphisms, four SLAM family receptors exhibit altered mRNA expression 

in splenic lymphocytes from B6 and B6.Sle1b mice. Specifically, B cells from 

B6.Sle1b mice upregulate the expression of Cd84 and Ly108, while B6.Sle1b T cells 

downregulate Cs1, Cd48, and Ly108 expression. In addition, Cd229, Cd84, and Cd48 

contain a total of seven non-synonymous mutations in exons encoding their ligand 

binding domains. One especially noteworthy effect is unique to Ly108 expression. 

The Ly108 transcript undergoes alternative splicing to generate two isoforms, Ly108-
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1, and Ly108-2, which encode identical extracellular domains, but distinctive 

cytoplasmic domains (116). Although both isoforms are expressed in B6 and 

B6.Sle1b lymphocytes, Ly108-2 is preferentially expressed in B6, while Ly108-1 is 

preferentially expressed in B6.Sle1b cells, resulting in a five-fold difference in the 

two isoforms. In addition to being the only genes with known immunological 

functions, these numerous polymorphisms make the SLAM family of receptors 

strong candidates for mediating autoimmunity in B6.Sle1b mice. This theory is 

further supported by reports linking polymorphisms of SLAM family receptors to 

SLE susceptibility in human populations (117).  

 

Additional studies determined that Sle1b
z
 polymorphisms render developing B 

cells less sensitive to BCR crosslinking (54). As a result, anergy induction and 

receptor editing were severely reduced, enabling a greater number of autoreactive B 

cells to escape negative selection. Altered Ly108 isoform usage is the most likely 

explanation for many of these phenotypes, as shown by cell lines transfected with the 

lupus-associated isoform, Ly108-1, which exhibit decreased apoptosis and Ca
2+

 flux, 

compared to those expressing Ly108-2 (54). These results, and other unpublished 

results (Chan et al., 2008.), indicate that Ly108 polymorphisms are responsible for 

the loss of tolerance in humoral immunity.  

 

Although autoreactive B cells are unquestionably central to SLE pathology, T 

cells can further complicate and intensify disease, as indicated by reports that IgG 

autoantibody production requires both B and T cells (118). These results were not 

unexpected, since CD4 T cells specific for histone proteins had previously been 

detected in ANA+ mice (107). More recently, the Wakeland lab tested whether the 

TCR repertoire could influence humoral autoimmunity in B6.Sle1b mice by 

analyzing IgG ANA in aged B6.Sle1b-OTII mice. They found that when lupus-prone 

T cells express a transgenic TCR, both the titer and penetrance of IgG autoantibodies 
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are reduced, compared to B6.Sle1b mice, further demonstrating that autoreactive T 

cells are essential to disease progression.  

 

C. The Sle1b locus 

As described above, the seven members of the SLAM family are located 

within the Sle1b interval, which maps to 1q23 in humans, and a syntenic region of 

chromosome 1 in mice (fig. 1.2) (115). After functional polymorphisms were 

demonstrated in lymphocytes from B6 and B6.Sle1b congenics, further 

investigations with more than 30 additional mouse strains revealed that the Sle1b 

interval occurs as two stable haplotypes (referred to as b and z) among standard 

inbred strains. The b haplotype primarily exists in B6-derived strains, while the more 

prevalent z haplotype can be found within most other common strains. This was 

unexpected, since it showed that the interval responsible for mediating ANA 

production in the NZM2410 model of lupus was also present in nonautoimmune 

strains. When analogous congenics were derived from nonautoimmune Sle1b
z
-

containing strains, these mice also displayed highly penetrant ANA titers (115, 119), 

indicating that the breach in tolerance, and ensuant autoimmunity, only occur when 

the z haplotype is expressed on a B6 background. Thus, epigenetic interactions 

between Sle1b
z
 and B6 genes play an important role in the generation of autoimmune 

phenotypes.  

 

V. SAP FAMILY OF ADAPTORS 

 

A. Overview  

SLAM family receptor function is regulated by a group of three related 

proteins, known collectively as the SAP (for SLAM associated protein) family of 

adaptors. Aside from their founding member, SAP, this group also includes Ewing‟s 

sarcoma-associated transcript-2 (EAT-2A), and EAT-2-related transducer (ERT, or 
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EAT-2B) (81, 120). Each of these 15-kDa adaptors is characterized by a relatively 

simple structure, consisting of a single Src homology-2 (SH2) domain, followed by a 

short carboxyl-terminal tail of 25-30 amino acids. The crystal structures of these 

adaptors demonstrate a characteristic SH2 fold (121), which includes a central beta-

sheet with alpha-helices packed against either side (122, 123).  

 

SAP, EAT-2A, and EAT-2B use these SH2 domains to bind ITSM sequences 

within the cytoplasmic domains of SLAM family members. Signal transduction 

through SLAM family receptors is a rapid process that involves multiple signaling 

intermediates, whose enzymatic or recruiting activity is carefully controlled by the 

addition and/or removal of key phosphate groups. SAP-related adaptors can dictate 

effector function by recruiting or blocking additional signaling molecules which 

contain kinase or phosphatase activity. In NK and T cells, SAP-mediated recruitment 

of the Fyn kinase to SLAM-related receptors has been shown to stimulate activating 

signals, resulting in increased target lysis. Alternately, phosphatases such as SHP1/2 

and SHIP may act to block these signals, possibly resulting in inhibition of effector 

function. 

 

SAP family adaptors are expressed almost exclusively in immune cells. Most 

leukocytes express only one SAP-related adaptor, with NK cells serving as the 

exception, since they express both SAP and EAT-2. SAP has been detected in T and 

NK cells (with the exception of immature NK cells), NKT cells, eosinophils, 

platelets, and germinal center (GC) B cells (50, 52, 63, 97, 98, 124-127). EAT-2, on 

the other hand, is expressed in NK cells, murine B cells, macrophages (CD11b+), 

platelets and DCs (122, 128). SAP levels are tightly regulated in T cells, where 

adaptor expression is dependent upon the developmental progression and activation 

status of a given cell. While SAP expression increases in human T cells following 

anti-CD3 mAb stimulation (70, 124, 129), these levels decrease dramatically in 
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murine T cells subjected to similar conditions (130, 131). SAP expression also 

increases in both human and murine NK cells in response to growth cytokines (132). 

During thymocyte development, SAP mRNA is expressed at low levels in DN cells, 

and peaks at the DP stage, before dropping back to moderate levels in SP cells (130). 

This transient upregulation of SAP in thymocytes could signify a distinct role for the 

adaptor in the DNDP or DPSP transitions.  

 

B. Binding characteristics of SAP and EAT-2 

A combination of in vivo and in vitro studies have indicated that both SAP and 

EAT-2 can associate with specific ITSMs in the cytoplasmic tails of: CD150 (63, 

123, 133), CD244 (60, 130, 134), Ly9 (72, 122), and CD84 (72, 122). In addition, 

EAT-2, but not SAP, has been shown to associate with CRACC (CD319), in mouse 

and human immune cells (135, 136). Although both SAP and EAT-2 can bind motifs 

that conform to the ITSM consensus sequence of: T-(V/I)-x-Y-x-x-(V/I), Poy et al. 

(123) have demonstrated that these adaptors exhibit unique preferences for specific 

amino acids at various positions within this motif. Using GST-adaptor fusion 

proteins to screen a degenerate phosphopeptide library, this group found that while 

EAT-2 selects for valine in the pY+3 position (C-terminal to pY), SAP selects for 

valine as well as isoleucine in this position. Furthermore, SAP appears to bind most 

hydrophobic amino acids equally well in the pY-1 position (N-terminal to pY), with 

no significant preference among them. In contrast, EAT-2 shows more specificity at 

this position, and selects for particular hydrophobic residues, including isoleucine, 

valine, phenylalanine, and tyrosine.    

 

Unlike most SH2 domain-containing molecules, SAP is distinctive in its ability 

to associate with ITSMs in a phospho-independent manner (63). The SAP-SLAM 

crystal structure reveals that these molecules interact with a “three-pronged” 

modality, whereby SAP contacts the tyrosine of ITSMs, as well as C-term residues at 
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the pY+3 position and N-term residues at the pY-1 and pY-2 positions (63, 123, 

137). Canonical SH2 domains, in contrast, generally bind ITSMs with a “two-

pronged” modality, involving only the tyrosine and C-term residues (138). These 

differences may account for the unique binding selectivity of SAP. 

 

The SH2 domains of SAP and EAT-2 show 47% sequence homology in mice 

(42% in humans), and furthermore, these adaptors show similar ITSM-binding 

specificity (97, 122, 123). However, because contradictory results have emerged 

from previous studies that attempted to determine whether EAT-2 can bind non-

phosphorylated tyrosine-based motifs, a more complete characterization of EAT-2 

interactions likely requires further investigation (122, 123). Although in vitro 

binding assays demonstrated that EAT-2-GST fusion proteins also bind SLAM 

phosphopeptides in a phospho-independent manner (123), in vivo studies in 

transfected cells concluded that EAT-2 can only bind phosphorylated tails of SLAM 

family members (122). 

 

C. SAP 

As described above, early investigations found that SAP can block other SH2-

domain containing proteins from binding SLAM-related receptors. Since SAP lacks 

any intrinsic catalytic activity, the adaptor was predicted to carry out its function- 

activating or inhibitory- by negatively interfering with other signaling pathways. 

However, a different mechanism was later identified by studies showing that SAP 

can recruit and activate Fyn kinase to SLAM, resulting in increased receptor 

phosphorylation and downstream signaling (67). SAP contains two distinct binding 

surfaces within its SH2 domain, which enable it to simultaneously bind SLAM and 

Fyn kinase, thereby functioning as an adaptor protein. This interaction is dependent 

on R78 of SAP, which directly interacts with the SH3 domain of Fyn kinase (68, 69).  
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In response to ligand or Ab-mediated receptor engagement, SAP can recruit 

Fyn kinase to SLAM, as well as to 2B4 and Ly9 (65, 67-69). Since SAP was 

assumed to be constitutively bound to SLAM, regardless of receptor phosphorylation 

status, the question soon arose concerning how SAP/Fyn-mediated signaling through 

SLAM is regulated. Evidence for one explanation suggests that the association 

between SAP and Fyn is inducible, and is dependent on a conformational change 

induced in SAP when SLAM is engaged with ligand (139). Upon phosphorylation, 

SLAM ITSMs recruit SHIP, which then binds the adaptor proteins Dok1, Dok2, and 

Shc (67).Tyrosine-phosphorylated Dok2 proteins, in turn, bind the SH2 domain of 

Ras GTPase activating protein (RasGAP), which suppresses the production of IFN-γ. 

SAP also influences TCR signaling by regulating the activation of protein kinase C-

theta (PKC-θ) and its recruitment to the immune synapse (140). Following PKC-Θ-

mediated phosphorylation of Bcl-10, subsequent NF-κB activation increases 

transcription factor GATA-3 expression, which ultimately leads to enhanced IL-4 

production.  

 

In an effort to investigate signal transduction through SLAM family receptors, 

as it pertains to XLP and general immune homeostasis, various labs have generated 

SAP knockout (KO) mice. Since mice are not susceptible to EBV infection, mouse 

models of FIM have been created by challenging SAP KOs with two viruses which 

induce similar phenotypes: 1.) Lymphocytic choriomeningitis virus (LCMV) induces 

a brisk CD8 T cell response similar to the one observed during EBV infection, and 

2.) Murine gammaherpesvirus-68 (MHV-68) establishes lytic infection in the 

oropharynx and respiratory epithelium, followed by life-long latency in B cells, as 

with EBV-infected B cells. Studies with these KOs indicate that SAP promotes 

multiple functions in immune cells. In addition, they also recapitulated many of the 

results that were obtained from XLP studies. For example, two groups have shown 

that CD4+ T cells require the SLAM-SAP-Fyn pathway to induce Th2 cytokine 
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production in response to activation thru the TCR (131, 140). In addition, extensive 

work has been carried to confirm that SAP is required for the generation of T cell 

dependent humoral immune responses (50, 51, 141-143). Studies with these KOs 

have also demonstrated other XLP-associated immune functions that are regulated 

by SAP, including NK cell cytotoxicity (88), GC development (144), TFH functions 

(145), and NKT cell development (52, 53).  

 

D. EAT-2 

Initial attempts to determine the regulatory role of EAT-2 in NK cells were 

made by the Veillette group. These investigators created Eat-2a
-/-

 and Eat-2b
-/-

 single 

knockouts (KO), as well as a transgenic mouse strain, which overexpressed the 

adaptor, and tested their NK cells for effector function (146). In these studies, EAT-2 

deficiencies in NK cells appeared to enhance NK cytotoxicity, as well as cytokine 

secretion, in response to multiple targets and antibody-mediated receptor 

crosslinking. Conversely, ligand engagement in EAT-2-overexpressing transgenics 

resulted in decreased NK function, compared to wild type. Overall, these data 

suggested that EAT-2 interacts with multiple NK receptors to inhibit effector 

function, through a mechanism that requires the phosphorylation of two tyrosine 

residues within the C-terminal tail of EAT-2A.  

 

In addition, co-immunoprecipitation assays from primary NK cells revealed 

that EAT-2 can bind CD244 in wild-type mice (146). In light of the data from 

functional assays, this finding led to the common assumption that EAT-2 negatively 

regulates CD244-mediated signals in NK cells. However, the results involving 

CD244-mediated NK function are somewhat contradictory and do not fully support 

this conclusion. Although CD244 engagement with CD48 and antibody crosslinking 

inhibited effector function in transgenic NK cells, CD244-mediated NK function was 

not significantly altered in EAT-2-deficient mice. Furthermore, the Eat-2
-/-

 knockout 
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strains were created on the background of 129/Sv mice, which were previously 

reported to contain an NK cell-intrinsic defect in the DAP12 signal transduction 

apparatus. Since DAP12 is involved in Ly49D- and NKG2D-mediated signaling, the 

potential consequences of this defect should be considered when analyzing results 

obtained from these knockouts, specifically, with experiments that engage Ly49D or 

NKG2D using antibodies or ligand-expressing targets (YAC-1, YB, CHO).  

 

In order to clarify the regulatory role of EAT-2 in NK signaling, the Terhorst 

group generated Eat-2a
-/-

 and Eat-2b
-/-

 single knockouts, as well as an Eat-2a/b
-/-

 

double KO mouse strain, and examined NK cell function.  Because the chromosomal 

location of the Eat-2 gene is in close proximity to the Sle1b locus, all knockouts 

were created on a pure B6 background.  Using a single strain when creating 

knockout mice allows investigators to circumvent a potential problem that may exist 

in many SLAM family knockouts, as well as the Eat-2 transgenic mice described 

above. The genes encoding SLAM family members are located within the Sle1b 

locus, a 900-kb interval which is usually expressed as one of two stable haplotypes 

(b or z) in standard inbred mice. One criticism that complicates the characterization 

of SLAM family members stems from the fact that many of these knockout mice 

were created on mixed genetic backgrounds, by injecting 129-generated ES cells into 

B6 blastocysts, and then backcrossing homozygous knockouts to B6 mice. Recent 

studies have revealed a number of immune-specific differences between wild-type 

B6 mice and the congenic mouse strain B6.Sle1b, which contains the Sle1b
z
 

haplotype on a B6 background. Since recombinatory events within this interval are 

rare, questions have been raised regarding the genetic make-up of these mice at the 

Sle1b locus. As a result, it may be difficult to determine whether the observed 

differences are due to the gene that has been knocked out, or the effects of 

incomplete backcrossing and contamination with the Sle1b
z
 haplotype.  
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VI. CD244 (2B4) 

 

A. Overview 

CD244- the first SLAM family member to be identified- was originally 

characterized as an NK cell receptor which mediated non-MHC restricted killing, in 

response to antibody binding  (41, 43). In both mice and humans, CD244 is 

expressed on all NK cells, a subset of memory-like CD8+ T cells, some γδ T cells, 

and monocytes (41, 147-149). These expression profiles also extend to other cell 

types that are unique to each species, including murine mast cells (150), as well as 

basophils and eosinophils in humans (126). In addition, CD244 expression can be 

induced on murine CD8+ T cells in vitro, in response to cytokine, and in vivo, during 

viral infection (41, 151).  

 

The CD244 cDNA clone that was initially isolated from murine NK cells 

contains nine exons, which encode a 397-amino acid protein with a calculated 

molecular mass of approximately 42 kDa (42, 152). However, since CD244 is 

expressed as a glycoprotein in NK cells, as evidenced by the numerous N-linked 

glycosylation sites in its extracellular domain, this receptor runs with an apparent 

molecular mass of 66-75kDa on SDS-PAGE. The gene encoding human CD244 was 

identified shortly thereafter, and closely resembles its murine homolog in genomic 

organization and protein structure (153, 154). Within their cytoplasmic domains, 

murine and human CD244 contain four ITSM sequences, which interact with SH2-

domain containing proteins, as discussed above in Sections IV & V.        

 

Due to differential mRNA splicing, murine CD244 exists as two isoforms, 

CD244-Long (CD244L) and CD244-Short (CD244S) (152, 155) (fig. 1.3). The 

cytoplasmic domain of CD244L is comprised of 150 amino acids, and contains four 

ITSM sequences, while the cytoplasmic tail of CD244S is 93 amino acids in length, 
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and contains a single ITSM. The extracellular domains of CD244S and CD244L are 

identical, as are the first 61 residues of their cytoplasmic tails (which includes the 

membrane-proximal ITSM), after which point, the two sequences diverge. One study 

analyzed isoform function in transfected RNK-16 cells (a rat NK cell line), and 

determined that CD244S mediates NK activation, while the long variant mediates 

inhibitory NK function (155). Although it was initially assumed to be expressed as a 

single transcript, a splice variant has also been identified for human CD244 (156). In 

contrast to murine CD244, these isoforms only differ by five residues in their 

extracellular domains, but encode identical cytoplasmic domains with four ITSMs.     

 

As explained above, the Cd244 gene is located within the Sle1b locus, which 

exists as one of two stable haplotypes (b or z) in common inbred mice (115). While 

Cd244 exists as a single gene in the b haplotype, this region has undergone a series 

of tandem gene duplications to yield a four-gene locus within the more commonly 

occurring z haplotype (see fig. 1.2). One of these four copies has acquired an early 

stop codon in its extracellular domain, resulting in a pseudogene which codes for a 

truncated protein. Although the remaining three transcripts have been detected in 

splenocytes, previous studies in our lab have determined that only the fourth-and 

most divergent- copy is expressed at significant levels in NK cells. 

 

B. CD244 function in NK cells 

In both mice and humans, CD244 binds the glycophosphatidylinositol (GPI)-

anchored protein CD48 (157, 158), which is expressed on all hematopoietic cells (79, 

159). When CD244 on the surface of NK cells undergoes mAb- or ligand-mediated 

receptor crosslinking, the resulting signals can regulate NK cell cytotoxicity as well 

as cytokine secretion (41-43, 88, 148). While receptor engagement has 

predominantly been found to mediate activating signals in human NK cells, both 

activating and inhibitory functions have been reported for murine CD244. However, 



31 
 

 

in both species, activating receptor function is dependent upon its ability to bind SAP 

through phosphorylated ITSM sequences in its cytoplasmic tail, which then allows 

for the recruitment and activation of fyn kinase (60, 160).    

  

Early investigations into murine CD244 function were primarily conducted in 

B6 mouse strains (41, 42). In these studies, researchers showed that mAb-mediated 

CD244 crosslinking on cultured NK cells as well as CD8 T cells led to enhanced NK 

cytotoxicity, and IFNγ secretion against multiple cell lines. Similarly, dendritic 

epidermal T cells exhibited increased proliferation, cytotoxicity, and cytokine 

production, following treatment with α-CD244 mAb (161). Together, these findings 

contributed to the idea that CD244 functioned as an activating receptor in NK and T 

cells. However, the subsequent discovery of opposing functions for the long and 

short isoforms of CD244 suggested that this receptor may regulate NK effector 

function through a more complex mechanism (155). Investigations with Cd244
-/-

 KO 

strains provided additional data that hinted at a possible inhibitory function for this 

receptor in mice. Compared to wildtype, CD244-deficient NK cells from these KOs 

displayed increased IFNγ production and cytotoxicity against CD48+ tumor cells in 

vitro, as well as enhanced tumor clearance of CD48+ B16 melanoma cells (162, 

163). In addition, previous work in our lab demonstrated an inhibitory function for 

2B4, using CD48-transfected P815 tumor cells as targets (164). Furthermore, the 

mechanism regulating inhibitory CD244 function in these cells appeared to be SAP-

independent, since these results could be duplicated in sap
-/-

 NK cells. However, 

despite these findings, other groups continued to see a SAP/Fyn-dependent activating 

function for 2B4. In these studies, while wild-type mice showed enhanced NK 

cytotoxicity and cytokine secretion (IFNγ and IL-13) in response to α-2B4 mAb or 

CD48+ targets, these effects were abrogated in SAP-deficient NK cells (160, 165). 
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Studies of 2B4 function in human NK cells, on the other hand, have been much 

more consistent, with multiple reports of activating effector function following 

incubation with α-2B4 mAb or CD48+ targets (43, 88, 148, 157, 158). However, 

some variation does exist. For example, full activating function through 2B4 

typically requires NK cells to be pre-activated with cytokines, since freshly isolated 

„resting‟ NK cells treated with α-2B4 mAb are unable to lyse tumor cells, unless an 

additional activating receptor is co-engaged simultaneously (166, 167). Similar 

observations have been made with freshly isolated murine NK cells, and may be 

explained by the fact that SAP expression is typically low in these resting cells, 

although it can be upregulated by cytokine stimulation (132). The crucial role of 

SAP in human 2B4 function has also been illustrated by NK cells from XLP patients, 

which show impaired lysis of CD48+ targets (59, 60, 87). Interestingly, NK cells 

from one patient even demonstrated inhibitory effector function against CD48-

bearing targets (59). Other reports of human 2B4 mediating inhibitory signals have 

also been made, including decidual NK cells in the uterus (168), as well as NK 

precursors in the bone marrow (169). Since these observations apply to specific 

conditions and subsets of cells, potential explanations for them are more readily 

available, unlike murine 2B4 on splenic NK cells, which can mediate activating or 

inhibitory functions among various mouse colonies, without giving any obvious 

indication of the factors that determine these functions.   

 

Interestingly, other studies have revealed a role for CD244 in B cell class 

switch. These reports have demonstrated that NK cells can influence an in vivo 

response to T-independent (in addition to T-dependent) antigens (170). Specifically, 

poly(I:C) administration leads to increased IgG2a levels, which are NK-dependent, 

as NK depletion abrogates this effect. Although NK cells alone are not sufficient to 

induce IGg2a switch recombination, direct NK:B cell interactions lead to enhanced 

levels of the Iγ2a germ-line transcript, via a mechanism that is contact-dependent and 
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IFNγ-independent (171). This germ-line transcription at the Iγ2a locus is a switch 

prerequisite. Furthermore, the induced transcription of Iγ2a by NK cells involves 

CD48 engagement on B cells and is impaired in mice deficient for either CD244 or 

CD2, which acts as an additional ligand for CD48. Therefore, in addition to its 

function as a direct NK and T cell receptor, CD244 also appears to function as a co-

stimulatory receptor between various lymphocyte populations as well. 

 

C. CD244 signaling 

Studies aimed at elucidating CD244 signaling pathways have identified several 

key molecules involved in signal transduction through this receptor. Much of this 

work has focused on the mechanisms involved in CD244-mediated NK activation, 

due to the fact that human NK cells have shown relatively few instances of inhibitory 

CD244 function, as well as the recent identification of SAP as the primary gene 

involved in dysregulated NK activation in XLP patients (fig. 1.4A). As a result, 

much less is known about the molecules that mediate NK inhibition through CD244.  

 

Upon receptor engagement, the four ITSMs within the cytoplasmic domain of 

CD244 are phosphorylated, which allows for the association of SH2-domain 

containing proteins, including the SAP family of adaptors. While SAP is capable of 

binding CD150 (SLAM) in a phospho-independent manner, studies have indicated 

that its association with CD244 requires receptor phosphorylation (58, 63). Although 

all four ITSMs of CD244 can be bound by SAP and EAT-2, human studies have 

shown that SAP association with ITSM1 (membrane proximal) is sufficient to induce 

NK cytotoxicity (58). Furthermore, protein affinity analyses using surface plasmon 

resonance imaging suggest a similar role for ITSM1 of murine CD244, since both 

SAP and EAT-2 bind this motif with higher affinities than the remaining three 

ITSMs (172). This may be significant for CD244 function in mice, since ITSM1 also 

exists within cytoplasmic tail of CD244-S. SAP can then recruit Fyn kinase to the 
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receptor, which leads to further increases in CD244 phosphorylation, as well the 

recruitment and activation of additional signaling intermediates, including Vav-1, c-

Cbl, and SHIP-1 (58, 173). These three molecules have been directly implicated in 

the SAP-Fyn signaling cascade, since they exhibit severely diminished 

phosphorylation following CD244 engagement on sap
-/-

 and fyn
-/-

 KO NK cells (160, 

173). Reports have also indicated that the adaptor 3BP2 associates with the C-

terminal ITSM of human CD244 (174). Upon binding, 3BP2 recruits Vav-1 and 

PLCγ, which then contribute to NFAT activation and NK cytotoxicity (175).  

 

In addition, studies in mice and humans have shown that CD244 constitutively 

associates with the transmembrane adaptor linker for activation of T cells (LAT) 

(176, 177). In mice, LAT associates with both isoforms of CD244 in a phospho-

independent manner, and this interaction is thought to be crucial for CD244 function, 

since CD244-mediated cytotoxicity is defective in the absence of LAT (176). These 

two proteins are constitutively located in glycolipid-enriched microdomains (GEMs) 

of the plasma membrane, due to a CxC cysteine motif in the transmembrane region 

of CD244. This CxC motif is also required for CD244 to reach the cell surface in NK 

cells, and thus, may play a role in receptor recycling. CD244 crosslinking in human 

NK cells induces LAT phosphorylation, which leads to the recruitment of PLCγ and 

Grb2, both of which contribute to the activation of the Ras/Raf/MEK1/ERK signal 

transduction pathway (177). Both the MEK1/ERK and the p38 MAPK pathways are 

involved in CD244-mediated NK cytotoxicity, while the p38 pathway has also been 

linked to IFN-γ secretion, in response to CD244 engagement (178).  

 

PhosphatidyIinositol-3 Kinase (PI3K) activity is also important for CD244-

mediated NK cytotoxicity (179), as well as IFNγ production (180), in response to 

CD48 and α-CD244 mAb receptor crosslinking. These studies have shown that the 

p85 regulatory subunit of PI3K associates with CD244 in human NK cells. 
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Furthermore, PI3K has been linked to the SAP-Fyn activating pathway, since 

functional SAP expression is necessary for PI3K activity. CD244-mediated NK 

cytotoxicity and rADCC also involve protein kinase C (PKC)δ activity (179). 

Interestingly, PMA-induced activation of PKCδ results in upregulated transcription 

of the cd244 gene, though a mechanism involving enhanced AP-1 association with 

the cd244 promoter. Thus, the steady increase in CD244 surface levels which is 

commonly observed in cultured NK cells is likely due to the tonic CD244:CD48 

interactions between neighboring NK cells, which lead to increased PKCδ activity. 

 

Three out of four ITSMs of CD244 can be categorized as preferred binding 

motifs of SAP family adaptors: T-(V/I)-pY-x-x-(V/I). However, the remaining motif, 

ITSM3 (third from the membrane) constitutes a non-canonical ITSM, consisting of: 

T-L-pY-S-L-I in human CD244, and T-V-pY-S-V-V in the murine version. These 

motifs can still associate with SAP and EAT-2, albeit less efficiently (172); however, 

they can also be recognized by other SH2-domain containing proteins, including 

SHP-1, SHP-2, SHIP-1, and Csk (58). Since SHP-1 and SHIP-1 have been shown to 

inhibit a variety of processes pertaining to activating signaling pathways (181, 182), 

and Csk can inhibit the activity of Src-family kinases (183), these signaling 

intermediates may potentially mediate the inhibitory function of CD244 (fig. 1.4B). 

In addition, Csk can also phosphorylate the ITSMs of CD244 (58); therefore, Csk 

may be responsible for receptor phosphorylation and the subsequent recruitment of 

inhibitory phosphatases to CD244 in cells which express little or no SAP. 

 

VII. Ly108 (NTB-A) 

 

A. Overview 

 Ly108 is another SLAM family member that has been linked to a range of 

immune disorders in mouse models, including XLP, as well as autoimmune diseases 
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like lupus and multiple sclerosis (45, 54, 184). Ly108 was originally identified in 

mice (116), just prior to the discovery of its human analog, NTB-A, which is 

expressed on NK cells, T and B lymphocytes, eosinophils, and neutrophils (45, 185). 

Structural analyses of Ly108 at the genomic and protein levels reveal several 

similarities between this receptor and the SLAM member CD244, with which Ly108 

shares 22% sequence similarity (116). Analogous to CD244 in mice, the primary 

Ly108 transcript is also comprised of 9 exons, the last two of which are subject to 

alternative splicing to generate two splice isoforms- Ly108.1 and Ly108.2- as 

depicted in figure 1.5A.  

 

 Interestingly, in murine lymphocytes, Ly108 splicing is differentially regulated 

by the b and z haplotypes of the Sle1b locus. While B and T cells from B6 mice have 

been observed to preferentially express Ly108.2, exhibiting five-fold higher mRNA 

levels, these ratios are inverted in lymphocytes from lupus-prone B6.Sle1b mice, 

which preferentially express Ly108.1 (115). Following protein synthesis, these 

isoforms differ only at their C-terminal ends, while their highly glycosylated 

extracellular domains and the majority of their cytoplasmic tails are identical. As a 

result of their differential exon usage, Ly108.1 and Ly108.2 encode two proteins that 

vary slightly in size and sequence similarity. Ly108.1 consists of 331-amino acids 

and only differs from isoform 2 by four residues (116). In contrast, Ly108.2 encodes 

a 351-aa protein and, thus, contains a longer stretch of unique sequence (24 aas). As 

a result, both isoforms contain two identical consensus ITSMs at Y
295

 and Y
319

, as 

well as additional tyrosine residues which are unique to each isoform (see fig. 1.5B). 

Although no specific binding partners have been identified for these tyrosine 

residues as of yet, these motifs are strong candidate interaction sites at which signals 

transduced through Ly108.1 and Ly108.2 could diverge to mediate differential 

functions. 
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B. Ly108 function in NK/T cells 

 Studies characterizing the human analog of Ly108 determined that due to its 

size, this receptor more closely resembles the murine isoform 2. In addition, the 

cytoplasmic tail of human Ly108 contains 3 tyrosine residues, two of which 

constitute ITSM binding motifs, while the last tyrosine resides within a classical 

ITIM sequence (45). In addition, this study also identified a putative allelic isoform 

of human Ly108 in a number of different NK cell clones; however, the functional 

relevance of these structural polymorphisms has not yet been determined. The 

majority of functional studies with Ly108 have been carried out in NK cells, where 

this receptor has repeatedly demonstrated its role as a positive regulator of effector 

function, through its ability to co-stimulate other activating NK cytotoxicity 

receptors (45). NK cytotoxicity, as well as IFNγ and TNFα production, are 

upregulated following Ly108 engagement with antibody-mediated crosslinking, 

Ly108 fusion proteins, and/or homophilic interactions on neighboring cells (45, 186, 

187). Ly108 has also demonstrated an ability to interact with SH2-domain containing 

proteins including SAP, EAT-2, SHP-1, and SHP-2 (45, 184, 188) Furthermore, in 

SAP-deficient NK cells from XLP patients, Ly108 is not only impaired in its ability 

to mediate NK activation, this receptor has frequently been observed to mediate NK 

inhibition, which may contribute to XLP pathogenesis. 

 

In CD4+ T cells, Ly108 appears to act as a costimulatory molecule, with antibody-

mediated receptor engagement resulting in enhanced cell proliferation, IFNγ 

production, and Th1 cell differentiation (184). Yet, unexpectedly, CD4+ T cells from 

Ly108-deficient mice show an impaired ability to generate Th2 cytokines, which 

essentially results in increased susceptibility to bacterial infection (56). However, as 

explained for the EAT-2-deficient mice in Sec. V, the fact that the Ly108 knockouts 

were generated on mixed B6-129 background may account for these seemingly 

contradictory results regarding Ly108 function in CD4+ T cells. 
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Figure 1.1 
 

 

 
 
 

 

 

 
Figure 1.1: The SLAM Family of Receptors. The ligand-binding sites are contained within 

the extracellular V-like immunoglobulin (Ig) and C2 Ig domains, which are shown as violet 

and red circles, respectively. The plasma membrane is shaded in grey, and the green boxes 
represent the ITSMs in the cytoplasmic tail of each receptor. C2, constant 2 Ig domain; V, 

V-like Ig domain; TM, transmembrane domain. Figure adapted from Watzl et al. J. Leukoc. 

Biol. (2006).  
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Figure 1.2 
 

 

 

 

 
 

 
 

 

 

 

 

Figure 1.2: The b and z haplotypes of the Sle1b locus. The genes encoding the 
CD2/SLAM family of receptors are contained within the 900-kb Sle1b locus on human and 

murine chromosome 1. The Sle1b locus exists as two common haplotypes- b and z- in inbred 

laboratory mouse strains. The b haplotype is primarily found within B6-derived strains, 

while the more prevalent z haplotype is found within most other common strains. The 
location and direction of transcription (designated by arrows) of each SLAM family gene is 

shown. In Sle1b
z
, Cd244 has undergone gene expansion to produce four copies, including a 

pseudogene (diamond) that contains an early stop codon in the extracellular domain. The 
numbers denote total single nucleotide polymorphisms (SNPs) between the b and z allele of 

each gene. Genes that contain SNPs within their ligand binding domains are marked with 

asterisks, while those that contain previously described expression polymorphisms are 
indicated with boxes.  
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Figure 1.3 
 

 

 

 

 
 

 

 
 

 

 

Figure 1.3: CD244 isoforms. CD244 primary transcripts undergo alternative splicing in 
murine NK cells, to produce a long (CD244-L) and short isoform (CD244-S). The two splice 

variants are identical throughout their extracellular domains and for the first 61 residues of 

their cytoplasmic tails, after which the two sequences diverge. As a result, both isoforms 
contain the membrane-proximal ITSM at Y

267
, while CD244-L also contains an additional 

three ITSMs at Y
326

, Y
345

, and Y
370

. In addition, regions shaded in red denote the SNPs that 

occur in the cytoplasmic domains of CD244-b and CD244-z; however, approximately 30 
additional SNPs exist within the extracellular domains of these alleles. 
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Figure 1.4A 
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Figure 1.4B 
 

 

 
 

 
 

Figure 1.4: CD244 Signaling Pathways. Model of the proximal and distal NK signaling 

intermediates implicated in CD244 function. A.) Positive signaling cascade meditated by the 
adaptor SAP and Fyn kinase. B.) Proximal molecules proposed to be involved in inhibitory 

CD244 function, in the absence of SAP. Color key: purple- kinase; blue- adaptor; green- 

GTPase; yellow- GEF; red- enzyme/other.   
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Figure 1.5 
 

 
 

 
 

Figure 1.5: Ly108 isoforms. Ly108 primary transcripts undergo alternative splicing in 

murine leukocytes, to produce two isoforms: Ly108-1 and Ly108-2. Schematic 
representations of the two isoforms are shown at the mRNA (A) and protein (B) levels. A.) 

Both splice variants are comprised of exons 1-7, while exon 8 (red) is exclusively found in 

Ly108-1 transcripts, and exon 9 (blue) is unique to Ly108-2. B.) Following protein 

synthesis, both isoforms are identical (black) throughout their extracellular domains and for 
the first 65 residues of their cytoplasmic tails, which includes two consensus ITSMs at Y

295
 

and Y
319

. After residue 226, the two sequences diverge (shown in red and blue) to form a 

third tyrosine residue at Y
330

 of Ly108-1, as well as an additional non-consensus ITSM at 
Y

335
 of Ly108-2. 
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CHAPTER 2: MATERIALS AND EXPERIMENTAL METHODS 

 

I. Animal Models 

C57BL/6 and BALB/c mice were obtained from The Jackson Laboratory 

(Bar Harbor, ME) and bred and maintained at the University of Texas 

Southwestern Medical Center (Dallas, TX). Generation of B6.Sle1 mice has 

been described elsewhere, and involves the transfer of an NZM2410-derived 

SLE-susceptibility interval onto a C57BL/6-resistant background (189). 

B6.Sle1b mice were obtained with previously described breeding strategies 

that use (B6.Sle1 x B6) crosses to produce modified congenic strains (190). 

Briefly, (B6.Sle1 x B6) F1 x B6 progeny were PCR-screened for 

recombination within the Sle1 congenic interval, using a genetic map 

containing 46 microsatellite markers. Recombinants were bred to B6 mice, 

and these progeny were used to generate further recombinants, until mice 

congenic at the Sle1b interval were eventually created. Mice lacking EAT-2A 

and EAT-2B were created by Cox Terhorst, using similar strategies: targeting 

vectors containing the neo
r
 gene were introduced into C57BL/6-derived 

Bruce-4 ES cells. These vectors were designed to disrupt exon 1 of the Eat-

2a or Eat-2b genes. Positive clones were injected into blastocysts, and 

chimeric mice were bred to C57BL/6 mice. EAT-2A/B
-/-

 double knockout 

mice were created as described for single knockouts, except ES cells were 

doubly transfected with constructs containing either the neo
r
 or hygro

r
 genes 

to target the Eat-2a or Eat-2b genes, respectively. CD244
-/-

 mice were 

generated in C57BL/6-derived ES cells by targeted disruption of exons 2 and 

3 with the PGK-neo
r
 gene, and chimeras were then bred to C57BL/6 mice 

(162). All mice used were 2-4 months of age, and thus before disease onset in 
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B6.Sle1b mice. All experiments were performed in compliance with the 

relevant laws and institutional guidelines of the University of Texas 

Southwestern Medical Center. 

 

II. Antibodies 

Purified 2B4 B6 alloantigen mAb (mouse IgG2b
κ
) and 2B4 Balb/c 

alloantigen mAb (rat IgG2b
κ
), PE-conjugated 2B4 (B6), FITC and PE-

conjugate NK1.1 (mouse IgG2a
κ
), APC-CD3 (Hamster IgG) were obtained 

from BD Pharmingen (San Diego, CA).  FITC-conjugated goat anti-rat 

secondary was obtained from Jackson Immuno Research (West Grove, PA). 

Anti-FLAG antibody was obtained from Stratagene (La Jolla, CA). Anti-myc 

antibody was obtained from Cell Signaling Technology (Beverly, MA). 

Streptavidin-HRP was obtained from Pierce (Rockford, IL). Antibodies to 

2B4 and SAP used in Western blot analysis were prepared in the laboratory 

of Cox Awesome-O Terhorst. Anti-Ly108 mAb (13G3-19D) was obtained 

from eBioscience. Anti-ZAP70 mAb (1E7.2), anti-p-tyr mAb (PY20), and 

polyclonal antibodies to Bcl-2 (N-19), p-Cdk2/3 (T160), p-p27
Kip1 

(Ser10), 

ERK2, Cbl (C-15), and Vav (C-14) were obtained from Santa Cruz (Santa 

Cruz, CA). Polyclonal antibodies specific for Bcl-XL, Bax, Bak, p27
Kip1

 and 

Cdk2 were obtained from BD Biosciences (San Diego, CA). 

 

III. Flow cytometry 

Flow cytometry was conducted following standard flow cytometry 

procedures. Briefly, cell were washed and resuspended in PBS supplemented 

with 2% FCS. Cells were Fc-blocked with the 2.4G2 antibody (BD 

Biosciences, Franklin Lakes, NJ), and then incubated in the dark at 4 °C for 



46 
 

 

15 min. with antibody diluted in PBS with 2% FCS. At least 10,000 events 

were collected using a FACScan or FACSCalibur, flow cytometer (Becton 

Dickinson, San Jose, CA). Cell Quest or Flow Jo (Tree Star Technologies, 

San Carlos, CA) analysis and acquisition software were used to analyze data 

collected. MFIs represent median fluorescent intensities. 

 

IV. Immunoprecipitations and western blots 

Cell lysis and immunoprecipitation techniques, as well as Western blot 

analysis, were performed as previously described (176). Cells were washed in 

PBS and then lysed at 4°C in HNTG lysis buffer (50 mM HEPES (pH 7.4), 

150 mM NaCl, 1 mM EDTA, 1 mM MgCl2, and 10% glycerol) containing 

1% Triton X-100. Lysates were immunoprecipitated overnight at 4°C on 25 

μl rProtein G-Agarose beads loaded with anti-Ly108 mAb. Precipitates were 

washed three times with complete HNTG buffer containing 0.1% Triton X-

100. Cleared cell lysates and IPs were mixed with non-reducing sample 

buffer and run on 10% or 4-12% acrylamide gels in MES or MOPS SDS 

running buffer and transferred to nitrocellulose membranes. Immunoblots 

were performed in 5% non-fat dry milk in TBST, and developed with the 

SuperSignal chemiluminescence kit from Pierce Biosciences. Where 

indicated, data were analyzed and quantitated using Image J software.  

 

V. In vivo injection of anti-Ly108 antibody  

Functional grade anti-Ly108 (5µg, clone 13G3-19D) (eBioscience, San 

Diego, CA) mAbs or isotype control Abs were injected intravenously via the 

retro-orbital route.  Animals were allowed to rest 12, 24 or 48 hours, at which 

times they were sacrificed.   
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VI. Kinase activity assay 

Cdk2 was immunoprecipitated from 50μg thymocyte extracts, as described 

above. Complexes were assayed for kinase activity towards histone H1 as 

follows: immunocomplexes were washed 3X with lysis buffer and once with 

kinase buffer (20mM Tris, pH 7.4, 10mM MgCl2, 1mM DTT). Beads were 

resuspended in 50μl kinase buffer containing 2μg histone H1, 10μCi [γ-

32
P]ATP and 20μM ATP, and incubated at 30°C for 45 min. Reaction 

mixtures were then boiled in sample buffer and run on SDS-PAGE gels. Gels 

were stained with Coomassie blue, dried, and autoradiographed. 

Radioactivity was determined using a scintillation counter.  

 

VII. NK cell isolation  

Lymphokine-activated killer (LAK) cells were made from a single cell 

suspension of splenocytes. Following RBC lysis, FcR were blocked with the 

2.4G2 antibody (BD Biosciences, Franklin Lakes, NJ). NK cells were then 

positively selected using DX5-biotin antibody diluted in PBS with 2% FCS 

(incubated at 4 °C for 15 min.), followed by the BD IMag separation system 

(BD Pharmingen, San Diego, CA) (incubated at 4 °C for 25 min.). Purified 

cells were then cultured at 2 x 10
6
 cells/ml for 5-8 days in DMEM complete 

medium supplemented with 0.25μM 2-βME, 0.025μM indomethacin, and 

1000U/ml IL-2, and split when necessary. In order to assay for T cell 

contamination, cells were stained with anti-CD3-FITC on day 3 of harvest. 

When necessary, T cells were negatively depleted using anti-CD3-biotin and 

magnetic bead separation. LAKs were again stained upon harvest, to ensure 

an NK cell purity of no less than 95%.  
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VIII. NK cytotoxicity assays 

Specific lysis assays were performed as previously described (155). Briefly, 

chromium labeled P815 CD48- and P815 CD48+ target cells were pre-

incubated with mAb for 20 min. at room temperature and then incubated in 

96-well flat bottom plates with effector cells in a standard 4-hour 
51

Cr release 

assay. One tailed student T-tests were used to determine statistical 

significance between experimental groups. 

 

IX. NK transduction with lentiviral expression vectors 

The pLenti6/V5 TOPO vector from Invitrogen Life Technologies, (Carlsbad, 

CA) was used for exogenous expression of cDNA constructs. Chimeric 

CD244 constructs were generated by the introduction of in-frame restriction 

sites in the transmembrane region of each receptor by PCR mutagenesis to 

facilitate cloning. Generation of virus supernatants was performed according 

to the manufacturer‟s instructions. Cleared virus preparations were used at a 

1:1 ratio with complete media (containing IL-2) to transduce primary NK 

cells.  Purified NK cells were cultured in IL-2 to generate LAKs as described 

above and were transduced with lentiviruses on day 1 and day 3 of culture by 

spinfection at 1200xg for 90 min. One day following spinfection, culture 

supernatant was exchanged with fresh media. Cells were assessed for 

exogenous gene expression by flow cytometry and used in lytic assays on day 

6 of culture.  

 

X. Real-time PCR 

B6 CD244L, CD244S, and actin transcripts were detected using total RNA 

isolated from B6 NK cells cultured for 5 days with IL-2 and sorted for the 
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NK1.1+ CD3- population. RNA was converted to cDNA using SuperScript 

First-Strand Synthesis System for RT-PCR with Taq following the 

manufactures instructions (Invitrogen, Carlsbad, CA). The following actin 

and isoform-specific primers were used:  

B6 CD244L (nt1080) 5‟: GTTGCC ACAGCAGACTTTC;  

B6 CD244L (nt1250) 3‟: TTCCAACCTCCTCGTACACGGTAC;  

B6 CD244S (nt1072) 5‟: ATGTTCAGCTCCCTTCTAG;  

B6 CD244S (nt1200) 3‟: GAGTTCCTCCCTGGCAGATC;  

Actin 5‟: GA GGCCCAGAGCAAGAGAG;  

Actin 3‟: GTCATCTTTTCACGGTTGG.  

Real time PCR was then performed on the Perkin-Elmer GeneAmp 5700 

sequence detection system using their SYBR green PCR assay. Standard 

curves for all primer pairs showed similar slopes indicative of equivalent 

annealing efficiencies. 

 

XI. Surface expression quantitation with Quantum Simply Cellular Beads   

IL2 LAKs from B6 and B6.Sel1b mice were analyzed at various time points 

during culture, using the QSC bead kit to quantitate surface receptor 

densities. Cells from each strain were incubated with 2.4G2 to block FcR, 

and then stained with 1° mouse α-CD244-b or rat α-CD244-z mAbs, 

followed by fluorochrome-conjugated rat α-mouse or mouse α-rat Abs, 

respectively. Meanwhile, the same fluorochrome-conjugated rat anti-mouse 

or mouse anti-rat Abs indicated above were used to stain 5 populations of 

beads coated with increasing pre-determined amounts of rat or mouse FcR, 

respectively. All bead and cell populations were then analyzed by flow 

cytometry, and MFIs were collected using the same instrument settings. 
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Standard curves were created for each set of beads by plotting the MFIs of 

each population against their known antibody binding capacity (ABC). 

Surface CD244 was quantitated by inputting the measured MFI of each cell 

sample into the appropriate standard curve to calculate its corresponding 

ABC.    

 

XII. Tissue culture cells 

Killing assays employed a P815 CD48- FcR+ variant cell line transfected 

with CD48 or empty pcDNA 3.1 vector, and then cultured in RPMI complete 

media under selection with 1mg/ml G418 (164). Rat plasmacytoma YB2/0 

and mouse thymoma YAC-1 cells used in killing assays were obtained from 

ATCC. HEK (Human Embryonic Kidney) 293FT cells used for transfections 

and lentivirus production were obtained from Invitrogen Life Technologies 

(Carlsbad, CA), and cultured in DMEM complete media (supplemented with 

10% FCS, 2mM L-glutamine, 100 units/ml penicillin, 100 μg/ml 

streptomycin). Transfections were carried out using Lipofectamine 2000, in 

accordance with the manufacturer‟s protocols. For transfected plasmids: 

cDNAs corresponding to each of the 2B4 alleles were subcloned into the 

MigRI expression vector. cDNA encoding myc-epitope tagged SAP, myc- 

and FLAG-tagged EAT-2A, HA-tagged p27
Kip1

, Ly108.1 or Ly108.2 were 

cloned into the pCI expression vector. Nuclear fractions of transfected cells 

were extracted with NE-PER Nuclear extraction reagents (Pierce, 78833). 

Cells were surface labeled with biotin using the EZ-link sulfo-NHS Biotin 

reagent from Pierce (Rockford, IL). 
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CHAPTER 3: POLYMORPHIC ALLELES OF MURINE 2B4 EXHIBIT 

DIVERGENT FUNCTION 

 

Introduction 

 

A diverse range of surface receptors enable NK cells to recognize and swiftly 

eliminate virally-infected or transformed cells. These cells integrate signals through 

both activating and inhibitory receptors, so that the resultant net balance determines 

effector function. Although inhibitory signals generally dominate, sufficiently strong 

activating signals can compensate, and stimulate cytotoxicity via granule exocytosis 

or cytokine secretion. In this way, the innate immune system can respond rapidly to 

diseased cells in a manner that protects healthy cells from autoreactivity. 

 

The SLAM family of receptors consists of: CD244 (2B4), CD229 (Ly9), CS-1 

(CRACC), CD48, CD150 (SLAM), CD84, and Ly108 (NTB-A), which are variably 

expressed on a wide range of leukocytes. The genes encoding these receptors are 

located within the Sle1b locus, a 900-kb interval which is usually expressed as one of 

two stable haplotypes (b or z) in standard inbred mice (115). Although more recent 

studies have also implicated some family members in myeloid cell regulation (55-

57), these molecules were initially identified as regulators of lymphocyte function 

and development. Results from both humans and mice give evidence that SLAM 

signaling pathways contribute to multiple immune responses, such as: cytotoxicity 

and cytokine secretion in T and NK cells (41, 43-46), germinal center processes (47-

50), lymphocyte development (52-54), and the differentiation of effector and 

memory cell populations (51).  

 

Excluding the GPI-linked glycoprotein, CD48, receptors belonging to the 

SLAM family are characterized by either two or four extracellular Ig-like domains, 
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and between two and four immunoreceptor tyrosine-based switch motifs (ITSMs) 

within their cytoplasmic regions. ITSMs are conserved amino acid sequences that 

can mediate both activating and inhibitory signals, by differentially recruiting 

various SH2 domain-containing proteins (66), including a group of structurally 

similar adaptors: SAP, Eat-2a and (in mice) Eat-2b. In addition, C-terminal kinase 

(58), as well as the phosphatases SHP-1 (59), SHP-2 (60), and SHIP (62), are also 

capable of associating with these motifs. As crucial regulators of SLAM signaling, 

SAP and Eat-2 are thought to dictate receptor function by recruiting or blocking the 

enzymatic activities of additional signaling intermediates. For example, SAP can 

recruit Fyn kinase to SLAM receptors in NK and T cells, generating activating 

signals which contribute to target lysis and cytokine secretion.  

 

Aside from NK cells, CD244 is also expressed on about half of all CD8 T 

cells, γδ T cells, basophils, eosinophils, and resting monocytes (41, 43, 148, 161). In 

addition, LCMV and MCMV infections have also been shown to induce CD244 on 

CD8 and CD4 T cells (41, 42). Following ligand engagement by CD48, CD244-

generated signals influence NK cytotoxicity and cytokine secretion. While CD244 

has displayed activating effector function in human NK cells, both activating and 

inhibitory functions have been observed for this receptor in murine studies. Although 

the activating function of CD244 requires SAP expression in both species, CD244 

inhibition observed in mice, however, is SAP-independent. These observations 

support the idea that dysregulated CD244 signaling contributes to the defective NK 

function associated with XLP disease, a fatal immune disorder caused by 

inactivating mutations in the SAP gene.  

 

In addition, both the b and z alleles of murine CD244 can be differentially 

spliced to encode a long (CD244-L) or short (CD244-S) isoform, which differ only 

in their cytoplasmic domains. In prior investigations, expression of these isoforms in 
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NK cell lines identified an activating function for the short isoform, and an inhibitory 

function for CD244-L (155). Further studies determined that CD244-L is the 

predominantly occurring transcript in B6 IL-2 LAKs. In contrast, studies in human 

NK cells have only detected one isoform, which corresponds to CD244-L in mice.   

 

Previously, our lab used cultured NK cells from B6.Sle1b congenic mice to 

examine CD244-mediated lysis of CD48+ targets. These studies defined a SAP-

dependent activating function for the more commonly occurring z allele of CD244, 

while the b allele exhibited inhibitory function. Further investigation determined that 

divergent function is not due to polymorphisms in other SLAM family genes, or to 

differences in adaptor expression. Instead, receptor function is inherent to each 

allele, and appears to be dictated by structural polymorphisms in the extracellular 

region (figure 3.1). We show that these polymorphisms direct differential surface 

densities and isoform ratios which, in turn, affect receptor phosphorylation and 

adaptor association. These factors likely explain the differences in CD244-mediated 

NK function observed between these congenic strains. 

 

Results 

 

CD244 function is dictated by polymorphisms in the primary sequence of each allele   

To determine whether the primary structure of each allele of CD244 alone dictated 

the function of these receptors, we expressed each allele exogenously in NK cells of 

CD244-/- mice.   As it has been previously shown, CD244-/- mice (established in a 

B6 genetic background) do not exhibit any developmental or gross functional NK 

defects but are unable to distinguish between CD48+/- targets (191). They lyse each 

with equal efficiency unlike the wild type B6 NK cells that preferentially lyse CD48- 

targets. We therefore, reconstituted CD244 expression in the CD244-/- mice using 

lentiviral vectors expressing each allele of CD244-L. These vectors allow for >90% 
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expression on NK cells as shown in figure 3.2 (panel A). In these assays, allele-

specific mAbs were used to assess receptor surface densities, and the results shown 

for cells transduced with CD244-b and CD244-z are compared to wildtype B6 and 

B6.Sle1b NK cells, respectively. 

 

CD244-/- NK cells were reconstituted with the z or b allele of CD244-L via 

lentivirus transduction and used in killing assays against the P815 CD48+/- targets. 

As shown in figure 3.2, empty vector transduced CD244-/- NK cells are unable to 

distinguish between the two targets and lyse each equally well (panel B). As 

predicted, expression of the z allele of CD244 is sufficient to allow for preferential 

lysis of the CD48+ target (p<0.001) indicative of an activating receptor-ligand 

interaction (panel C). In addition, expression of the b allele of CD244 resulted in 

preferential lysis of the CD48- target (p<0.01), indicating an inhibitory receptor-

ligand interaction (panel D). These results show that exogenous expression of each 

allele of CD244 is able to restore the predicted function in CD244-/- NK cells 

indicating that the primary structural polymorphisms in each allele of CD244 are 

sufficient to dictate receptor function. 

 

To identify domains that are involved in the differential function of the murine 

CD244 alleles, we have generated recombinant CD244-L constructs, where the 

extracellular and cytoplasmic domains of each allele have been swapped.  The 

following chimeric receptor constructs have been generated: 1.) z allele extracellular 

domain and b allele cytoplasmic tail 2.) b allele extracellular domain and z allele 

cytoplasmic tail.  These were used for exogenous expression in CD244-/- NK cells 

by lentivirus transduction and used in functional assays as described above.  CD244-

/- NK cells were transduced with constructs expressing CD244z, or chimeric CD244 

receptors (B/Z = extracellular domain of b allele and cytoplasmic tail of z allele or 

Z/B = extracellular domain of z allele and cytoplasmic tail of b allele). Expression 
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levels of each CD244 construct were equivalent, as determined by flow cytometry 

(data not shown). These transduced NK cells were used in standard lytic assays with 

CD48+ targets.  As shown in figure 3.3 (panels C, D), only the CD244z or 

CD244Z/B transduced NK cells were able to discriminate between CD48+/- targets 

showing statistically significant enhanced lysis of the CD48+ targets (p<0.001). Note 

that the B/Z construct failed to result in inhibition of lysis of CD48+ targets (p=0.23) 

(B) indicating that polymorphisms in both the extracellular domain and the 

cytoplasmic tail may be required for inhibition. The domain swap experiments imply 

that the extracellular domain of CD244-L is the predominant determinant of 

activating or inhibitory receptor function. 

 

Polymorphisms in the b and z alleles could influence receptor function through 

various mechanisms. These SNPs could cause differences in 1.) adaptor association 

profiles, 2.) ITSM phosphorylation in the cytoplasmic tail, 3.) surface receptor 

densities, or 4.) CD244 isoform ratios. We examined each possibility below.    

 

Adaptor association correlates with CD244 phosphorylation status   

Three adaptors, SAP (Slam-associated protein), Eat-2a and Eat-2b, have been shown 

to associate with the ITSMs of SLAM family members, including CD244. We, 

therefore, wanted to compare the two alleles of CD244 in their ability to associate 

with each adaptor. However, previous studies with other SLAM family receptors 

have demonstrated that adaptor association with ITSM sequences is differentially 

dependent on phosphorylation (192-194). Because CD244 engagement with its 

ligand could affect the phosphorylation status of the two alleles differently, we chose 

to study adaptor interactions in a ligand-free system. Additionally, since NK cells 

express all three adaptors- which likely compete for ITSMs- we decided to examine 

the inherent ability of each adaptor to bind the CD244 alleles in isolation. Therefore, 

293FT cells, which lack CD48, were transfected with one allele of CD244, along 
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with a myc-tagged version of SAP or Eat-2a. Upon harvesting these transfectants, 

half of each sample was treated with pervanadate, to promote maximal tyrosine 

phosphorylation. This step allowed us to determine whether changes in the 

phosphorylation status of CD244 affect adaptor association and to provide baseline 

and maximal binding conditions. After lysis, each sample was subjected to 

immunoprecipitation with CD244-specific antibodies, and then immunoblotted to 

detect adaptor association. Using whole cell lysates to assess total cellular protein 

levels (fig 3.4, panel B), we first confirmed that both CD244-b and CD244-z, as well 

as the two adaptors, were expressed at similar levels.  

  

As expected, CD244 does not exhibit any baseline phosphorylation in the absence of 

ligand or exogenous adaptor expression. However, both alleles were highly 

phosphorylated in untreated cells that expressed SAP (figure 3.4), which was 

anticipated given the role of SAP in recruiting src family member kinases. 

Unexpectedly, CD244 phosphorylation also increased slightly in the presence of Eat-

2a, although this signal was several orders of magnitude lower than when SAP was 

present. These effects are likely due to differential adaptor recruitment of src family 

kinases to CD244.  

 

By comparing the immunoprecipitation of each allele from pervanadate-treated cells 

and untreated samples (fig 3.4, panel A), we found that both SAP and Eat-2a bind 

each allele better when receptors are maximally phosphorylated. When we compared 

the b and z alleles against one another, in terms of their ability to bind either adaptor, 

we found that in the absence of pervanadate treatment, both SAP and Eat-2a appear 

to associate more with CD244-b than with CD244-z. We also noted that this 

preferential adaptor association with CD244-b correlates with an enhanced 

phosphorylation status for this receptor, compared to the z allele. In contrast, when 

these receptor phosphorylation differences are equalized with pervanadate treatment, 
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the adaptors bind the b and z alleles equally well. In addition, since both adaptors 

contain the myc-epitope tag, we also compared the extent of SAP versus Eat-2a 

association with either allele. For either the b or z allele from untreated samples, we 

find more SAP than Eat-2a associated with CD244. Once again, enhanced adaptor 

binding appears to correlate with higher receptor phosphorylation status. However, 

these binding differences can still be observed in pervanadate-treated cells, even 

though receptor phosphorylation levels seemed relatively equal in these samples.  

 

Together, the results in figure 3.4A indicate that adaptor association with CD244 is 

dictated by receptor phosphorylation status. However, the enhanced levels of 

phosphorylation and SAP association with untreated CD244-b, compared to CD244-

z, were unexpected. Since SAP is able to enhance receptor phosphorylation levels 

via kinase recruitment, one possible explanation for this result is that the intrinsic 

binding affinity of SAP for this receptor is higher for CD244-b than for the z allele. 

But this explanation seemed unlikely, given the critical role that SAP plays in 

mediating activating signals through SLAM family receptors, combined with our 

observations that CD244-b is predominantly inhibitory, while the z allele displays 

activating function. Alternately, variations in the amount of receptor that is actually 

expressed at the cell surface, and therefore available to interact with membrane-

associated kinases, can significantly impact receptor phosphorylation levels. To test 

this hypothesis, we decided to measure relative surface receptor densities in 

subsequent experiments, using protein biotinylation techniques. 

 

In figure 3.4 (panel C), 293 cells were transfected with one allele of CD244-L, and 

myc-tagged SAP. As an added step prior to lysis, surface proteins were biotinylated, 

and then lysates were immunoprecipitated with anti-CD244 mAbs, as before. We 

then used western blots to compare each IP in terms of adaptor association, total 

CD244, biotin-labeled surface CD244, and phosphorylation status. As predicted, 
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when these receptors are expressed equally in 293 cells, CD244-b surface densities 

are higher than CD244-z, regardless of adaptor co-expression. Furthermore, elevated 

CD244-b surface densities correlated with enhanced phosphorylation and SAP 

association.    

 

To complement the results in panel C, we carried out similar transfections with one 

allele of CD244-L, and either myc-tagged SAP or Eat-2a. In addition, we also used 

slightly higher amounts of each adaptor for these experiments, since the lower 

binding affinity of Eat-2a often makes it difficult to detect in co-IPs. Upon 

harvesting, transfectants were immunoprecipitated (ippt) and analyzed in the manner 

described above for fig 3.4C. As shown in figure 3.4 (panels D and E), although 

enhanced CD244-b surface densities were recapitulated in these cells, we now find 

that their previously observed effects on receptor phosphorylation have been 

severely reduced. This suggests that multiple factors can influence phosphorylation.    

 

Figure 3.4D also indicates that when CD244-L is expressed in the presence of SAP, 

the phosphorylation profiles and surface densities of this receptor differ from those 

which result when Eat-2a is co-expressed (fig 3.4D). We determined that 

phosphorylation levels of both CD244-b and -z were enhanced by the presence of 

SAP versus Eat-2a, however, the surface densities of both alleles were lower in the 

presence of SAP versus Eat-2a. 

 

CD244 baseline phosphorylation is dependent on tonic CD244:CD48 interactions 

Since NK cells express both CD244, and its ligand, CD48, culturing a purified 

population of NK cells in vitro would result in constant interactions between CD244 

and its ligand on neighboring cells. This tonic engagement is required for generating 

full effector function of cultured B6 NK cells (195, 196). To test whether this tonic 

CD244-CD48 signaling also affects baseline phosphorylation status of CD244 (and 
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potential adaptor association), we cultured purified NK cells for 7 days in IL2, and 

then divided them into two equal groups. Each group was incubated with either 

isotype control or anti-CD48 Fabs (to block receptor-ligand interactions) for 3 hours 

and then harvested. CD244 was immunoprecipitated from cell lysates with allele-

specific monoclonal antibodies, and then immunoblotted with anti-phosphotyrosine 

(PY20) mAb, or polyclonal anti-CD244 Ab. Figure 3.5 shows that the 

phosphorylation of CD244 is abrogated when CD244-CD48 interactions are blocked 

with CD48 Fabs. Therefore, we can infer that the baseline phosphorylation levels of 

CD244 are dependent upon interactions between CD244 and CD48 on neighboring 

NK cells. 

 

CD244-b exhibits enhanced baseline phosphorylation compared to CD244-z 

Polymorphisms between the two alleles of CD244 might result in differences in 

receptor baseline phosphorylation and adaptor association in NK cells contributing to 

the differential function we observed. To test this, we isolated IL2 LAKs (as 

described in figure 3.5) from mice expressing either CD244-b or CD244-z, and then 

cultured these cells at similar densities for a period of 8 days. Prior to cell lysis, half 

of each sample was treated with sodium pervanadate, and lysates were 

immunoprecipitated with anti-CD244 mAbs. A subsequent Western blot of these 

samples, with anti-phosphotyrosine (PY20) mAb and polyclonal anti-CD244 

antibodies (fig. 3.6, panel A), shows that CD244-b exhibits greater baseline 

phosphorylation than CD244-z. In separate experiments using untreated IL2 LAKs 

from these strains, we observed similar trends in receptor phosphorylation profiles, 

as shown in figure 3.6 (panel B). We consistently observe a higher molecular weight 

for CD244-z in both NK cells and transfected cell lines (fig. 3.4-3.7), and although 

the nature of this difference has not been determined, it may be due to differential 

glycosylation of the two alleles (JMW and JDS unpublished results).   
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One caveat to the aforementioned studies is that comparison of the two alleles of 

CD244 is complicated by the fact that we are forced to use different primary allele-

specific antibodies for immunoprecipitation studies. The IgG2a clone specific for 

CD244-b was generated in mice, while the anti-CD244-z mAb is rat-derived, and 

belongs to the IgG2b subclass. Given the potential for differential affinities and 

immunoprecipitation efficiencies, we compensated for these differences by adjusting 

sample volumes during gel loading or using densitometry to normalize to total 

amounts of CD244 ippt (since the same antibody can be used for immunoblotting of 

both alleles). Although this method gives a good indication of how extensively the 

two alleles are phosphorylated on a per molecule basis, it only represents a fraction 

of the total CD244 that is present in these cells.  

 

To complement the studies in panels A and B of figure 3.6 with an alternate 

approach, we also immunoprecipitated lysates with anti-phosphotyrosine (4G10) 

mAb followed by IB with anti-CD244. In a subsequent Western blot of these 

samples with the anti-phosphotyrosine (PY20) mAb (fig. 3.6, panel C), the bands 

shown are a mixture of various immunoprecipitated proteins- including CD244- 

which are phosphorylated on one or more tyrosine residues. Blotting these 

membranes with polyclonal anti-CD244 antibodies revealed that the major species of 

protein detected was approximately 50-55 kDa in size, which corresponds to the 

estimated molecular weight of the CD244-Short isoform. These results were 

different from the previous IP experiments using antibodies to CD244 for ippt (figs. 

3.4-3.6 B), wherein bands of the 65-90 kDa range constituted the predominant 

species of phosphorylated CD244. In addition, when cell lysates were 

immunoprecipitated with anti-phosphotyrosine antibody and immunoblotted with 

antibodies to CD244, we now observe that there is considerably more 

phosphorylated CD244 in NK cells of the z haplotype.  This is in contrast to what 

was observed in figure 3.6A-B.   
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CD244 crosslinking induces transient phosphorylation increases, followed by 

gradual decline back to baseline levels 

The limited availability of CD244 detection reagents, combined with the low levels 

of endogenous expression for this receptor, make it difficult to detect CD244 

phosphorylation in primary cells with Western blots. One way to improve this 

situation is by incubating cultured NK cells at high densities prior to lysis, as 

described above for the NK cell experiments in figure 3.6. By increasing the 

frequency of NK:NK interactions, this technique helps to amplify receptor 

phosphorylation.  

 

However, these incubations at high densities may have the additional effect of 

synchronizing CD244 signaling events. For most receptors, ligand-induced 

activation results in an ordered, pre-determined progression of phosphorylation 

changes. Within the first few seconds of ligand engagement, a sharp increase in 

receptor phosphorylation usually indicates the initiation of signal transduction. This 

transient period of heightened phosphorylation is soon followed by a gradual decline 

back to baseline levels, as a result of negative biofeedback mechanisms, such as 

phosphatase activity or endocytic recycling pathways. Therefore, we felt it was 

important to analyze the kinetics of CD244 phosphorylation, in order to better 

understand and interpret the data in figure 3.6. 

 

To do this, we resumed our transfection experiments with CD244-L- and SAP-

expression vectors in 293 cells. In these cells, the lack of CD48 expression allowed 

for better control and manipulation of receptor engagement. To simulate ligand 

engagement, we incubated transfectants with anti-CD244-b mAb or mouse isotype 

control Ab, followed by crosslinking anti-mouse Fab2s, at 37°C for varying amounts 

of time between 0 and 30 minutes. The results in figure 3.7A seem to indicate that, 

following mAb-crosslinking in transfected cells, CD244 phosphorylation follows a 
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pattern similar to the one described above. Since incubation with primary mAb alone 

appeared to be sufficient to stimulate CD244, we used the 3-min isotype control 

sample to represent baseline CD244 phosphorylation prior to receptor engagement, 

and determined that following mAb-induced upregulation, CD244 phosphorylation 

levels steadily decline back to baseline levels over a period of approximately 30 

minutes. We observed similar results in CD244-b or CD244-z (long isoform) 

transfectants, which were incubated with CD48-positive P815 cells (fig. 3.7B).  

 

These data would lead to the conclusion that there is constitutively more phospho-

CD244 in NK cells of the CD244 z haplotype and this may be due to higher 

expression of CD244z compared to b or differential isoform usage.  Therefore, we 

examined each of these possibilities. 

 

CD244-z exhibits higher surface receptor density compared to CD244-b 

As described previously, allele specific antibodies are the only reagents available for 

effective immunoprecipitation and flow cytometry of CD244.  The inherent issues 

comparing results using these two different antibodies are detailed above. Therefore, 

to quantitate surface expression of CD244, we used the Quantum Simply Cellular 

Bead (QSCB) Kit with B6 and B6.Sle1b NK cells. This kit contains five populations 

of cell-sized microspheres (beads), each of which is coated with a specific number of 

FcRs. Since these FcRs can bind antibody, the specific number of surface FcRs per 

bead is referred to as the antibody binding capacity (ABC). To quantitate CD244 

surface expression, we stained each bead population with fluorochrome-conjugated 

anti-CD2444-b or anti-CD244-z mAbs, and measured their mean fluorescent 

intensities (MFI) by flow cytometry. We then plotted the ABC of each stained 

population against their measured MFIs to create calibration curves for the two 

mAbs. By inputting the MFIs of anti-CD244-stained NK cells into these curves, we 

were then able to calculate their corresponding ABCs, which in turn, represent of the 
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actual number of CD244 receptors on the surface of each cell. It should be noted, 

however, that this assay cannot differentiate between the two isoforms. As a result, 

all measurements made with it represent the combined expression of both isoforms. 

 

For the data represented in figure 3.8, we isolated B6 and B6.Sle1b NK cells, as 

described above, and cultured them for 8 days in IL2. At various time points during 

culture, we used the QSCB kit to measure surface CD244 levels for each strain. To 

ensure that any differences observed in cell surface expression would not be due to 

differential growth rates, the densities of each strain were measured every day during 

the incubation period. We found that freshly-isolated NK cells from the two strains 

have similar surface CD244 levels of approximately 1x10
5
 receptors per cell (fig. 

3.8, panel A). When cultured in IL2, although both strains exhibit increased CD244 

surface expression over time, CD244-z levels increase at an accelerated rate. By day 

6 of culture, the measured levels of surface CD244 on fully-activated NK cells are 

about four-fold higher for CD244-z than for CD244-b (~6x10
5
 and 1.5x10

5
 receptors 

per cell, respectively).  

 

Surface CD244 levels are inversely related to NK cell culture densities 

In contrast to allelic differences, panel B of figure 3.8 represents a characteristic of 

surface CD244 common to both CD244-b- and CD244-z-expressing NK cells. When 

we measured cell densities along with surface CD244 each day of culture, we found 

that once these cultured cells were fully activated, surface expression patterns were 

inversely proportional to culture density. On day 8 of culture, cells were split and 

replated at three different densities: 1x10
6
, 2x10

6
, or 3x10

6
 cells per well. After 24 

hours, cells replated at the lowest densities corresponded to highest expression 

levels, and vice versa, indicating that CD244 fluctuations are not simply related to 

the number of days these cells have spent in IL2 but also influenced by cell density 

and tonic ligand engagement.  
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Potential mechanisms to account for the density-dependent modulation of surface 

receptor expression include: ligand engagement, signaling through NK receptors 

other than CD244, as well as culture conditions affecting cell health (i.e. increased 

concentrations of waste products, or decreased availability of nutrients/cytokines). 

To test these mechanisms, we incubated day 7 IL2 LAKs for 12 hours with either 

blocking anti-CD48 Fab, or isotype control Fab, and then stained for surface CD244, 

as before. Since both groups maintained similar densities throughout the culture 

period, they were likely exposed to comparable culture conditions and stressors, and 

had the same potential to engage other receptors. However, when the groups were 

stained for CD244, samples containing anti-CD48 Fab exhibited higher surface 

levels than controls, supporting the idea that increased CD244 engagement and 

signaling at higher densities contributes to subsequent down-modulation. 

 

CD244 alleles exhibit differential regulation of isoform levels  

To determine if allelic polymorphisms also affect splicing and therefore alter the 

ratio of CD244 isoforms, we used real time PCR to detect and quantitate mRNA 

encoding each isoform of CD244 (L or S). In figure 3.9, we show that mRNA levels 

for CD244-z were 10-fold higher for the long isoform, and 50-fold higher for the 

short isoform compared to results for CD244-b. As a consequence of these 

differential splicing patterns, each allele expressed a unique ratio of short:long 

isoform. The ratio of CD244-S:CD244-L is 1:4 for the z allele and 1:20 for the b 

allele. These data are consistent with the flow cytometry data and results obtained 

from the immunoprecipitation experiments and indicate that the CD244-z allele is 

expressed at a higher level and exhibits a higher ratio of CD244-S transcripts when 

compared to the CD244-b allele. Whether or not these differences are maintained at 

the protein level remains to be seen, since the short and long isoforms overlap when 

CD244 IPs are analyzed via Western blot, due to heavy glycosylation. As a result, 

CD244-S and CD244-z can only be distinguished in protein gels following 
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deglycosylation. Together, the differences in surface densities, total protein levels, 

and isoform ratios shown here may explain the opposing functional results we 

obtained for each allele. 

 

Discussion 

 

Our studies have demonstrated that the b and z alleles of murine CD244 

exhibit divergent function due to structural polymorphisms that affect surface 

receptor densities and isoform usage in NK cells. Their altered expression profiles 

differentially impact signaling, through baseline receptor phosphorylation and 

adaptor association, which ultimately results in opposing functions. In our current 

model, we suggest that upon ligand engagement, higher signaling through CD244-z 

produces an activating phenotype, while CD244-b usually mediates weaker, low-

level signals that result in inhibitory function. Based on our data, we propose that the 

higher signaling levels of the z allele are achieved primarily by two mechanisms: 1.) 

increased surface receptor densities, and 2.) altered isoform usage.  

 

We show here that CD48:CD244 interactions between cultured NK cells are 

responsible for the inverse relationship between CD244 surface expression and cell 

densities. This implies that negative feedback is one mechanism that regulates 

CD244 signaling, ensuring that signal transduction and cytotoxicity are turned off 

once the cell has responded to its target or that tonic signaling which could occur in 

high cell density settings is moderated. While CD244 surface densities on freshly 

isolated LAKs increase steadily in response to cytokines, negative feedback regulates 

expression once cells are fully activated. At this stage, since fluctuating cell densities 

cause CD244 surface levels to rise and fall constantly, expression is best described 

by a range of potential densities. 
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Our data also indicates that the two alleles exhibit distinct patterns of surface 

receptor expression dynamics.  From these observations, we predict that lower 

expression results in less signaling and potential inhibitory function, while higher 

expression leads to more signaling and activation. In our model presented in Chapter 

VI (fig. 6.1), we refer to the CD244 surface density which separates inhibitory from 

activating function as the activation threshold, because it signifies the minimum 

surface levels that are required to generate an activating function. To explain the 

allele-specific differences in CD244 function, we predict that the range of densities 

for CD244-z lie above the activation threshold, while CD244-b densities lie below it. 

 

Although surface density appears to be inherent to each allele of CD244, other 

factors may regulate the boundaries of each expression interval, which could lead to 

minor expression differences between individual NK cells. Factors that could 

potentially modify expression include: exposure to pathogens, baseline immune 

activation status or cell culture conditions (for in vitro assays).  With respect to 

CD244-b function, this idea could help to clarify the conflicting results from studies 

using different cohorts of B6 mice. If allele-intrinsic factors predispose CD244-b to 

be expressed at levels which are close to the activation threshold, then slight 

modifications of these levels would alter function. And since expression-modifying 

factors are likely to be variable we predict that CD244-b surface levels would reach 

the activation threshold in some studies but not in others. Although these modifying 

factors likely affect CD244-z as well, they would not necessarily alter function, since 

four-fold higher surface densities place it well above the activation threshold. Even if 

CD244-z levels were reduced by these factors, they would still be sufficient to 

maintain an activating phenotype. 

 

Previous results in our lab may support the theory that differences in 

expression-modifying factors are responsible for opposite CD244-b function among 
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B6 colonies. These studies revealed that changes in pathogen-related housing 

conditions can alter CD244-b function; however, the mechanism for this result was 

undefined. Although CD244 initially displayed an inhibitory phenotype when mice 

were housed in a conventional facility, an activating function emerged when the 

colony was transferred to a specific pathogen-free (SPF) facility. Interestingly, 

studies have shown that CD48 surface expression on many leukocytes increases in 

response to various viral infections (197). Therefore, CD48 surface expression may 

be constitutively lower in SPF B6 colonies, compared to mice in non-SPF facilities, 

where more frequent infections upregulate CD48 expression. This suggests a 

mechanism that could explain how housing conditions affect CD244-b function. 

Under conventional conditions, increased CD48 keeps surface CD244 low, leading 

to inhibitory function. In comparison, lower CD48 levels in SPF facilities allow for 

increased CD244 expression, resulting in activating function. 

 

While preparing these results for publication, findings which seemed to 

corroborate our own conclusions were reported by other groups investigating CD244 

function (198). These studies tested T cell hybridoma clones that expressed varying 

levels of surface CD244, using antibody to crosslink receptors, and IL-2 secretion as 

a functional readout. As a result, when clones expressed physiological levels of SAP 

and surface CD244, increases in CD244 surface levels directly correlated with 

increased receptor-mediated activating function.  

 

CD244-mediated effector function in NK cells is likely determined by a 

process which integrates long- and short-isoform signals into one coordinated 

response. In previously published studies with RNK transfectants, our lab showed 

that the long and short isoforms of CD244-b mediate inhibitory and activating 

functions, respectively. This result lead to the hypothesis that differences in the 

relative expression of each isoform could contribute to the functional phenotype of 
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CD244-b. The results from real time PCR assays in our current study may support 

this theory, as they indicate that short isoform signaling may only constitute 2% of 

CD244-b activity, as opposed to 25% of CD244-z. If the isoforms dictate opposing 

actions in primary NK cells as well, these results suggest that activating short 

isoform signaling contributes much more to the overall signaling capacity of CD244-

z, than to CD244-b. 

 

CD244 function could be significantly affected by altered isoform usage if 

these isoforms differ in their susceptibilities to regulatory mechanisms. The 

possibility of divergent isoform regulation arises from the fact that while signal-

amplifying kinases can bind both isoforms, signal-extinguishing phosphatases have 

only been shown to associate with long isoforms, which is a likely consequence of 

the fact that short isoforms lack the prototypic consensus sequences required for 

phosphatase binding. Without sufficient phosphatase association, the short isoform 

would be constitutively phosphorylated, essentially resulting in a stronger, more 

robust activating receptor that is much more difficult to down-regulate than the long 

isoform. Consequently, if signals through short isoforms contribute more to CD244-z 

function than CD244-b, we predict that the z allele would be less susceptible to 

negative regulation. This is evidenced by the fact that when we immunoprecipitate 

with anti-P-tyr abs, the steady state amount of CD244-z is higher than CD244-b as 

determined by western blot analysis. These data indicate that the overall pool of 

phosphorylated CD244 is higher in cells of the z allele than the b allele and could be 

due to overall higher expression levels or alternative isoform usage as well as 

differential receptor recycling dynamics.  

 

In addition, we also characterized CD244-b and CD244-z in transfected cell 

lines, which allowed us to complement our studies in primary NK cells by examining 

each isoform of the two alleles in isolation. The results of these studies, compared to 
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those conducted in cultured NK cells, are summarized in Table 3.1. Since we 

originally intended to test the hypothesis that allelic polymorphisms of CD244 result 

in differential association with SAP family adaptors, these studies generally focused 

on CD244-L, which is the predominantly expressed splice isoform, and furthermore, 

is comprised of four ITSMs, while the short isoform only contains one. These 

investigations show that SAP associates with each allele of CD244 better than Eat-2a 

in both untreated and pervanadate-treated samples. In untreated cells, this could 

indicate an inherently higher binding affinity of SAP for the two alleles. Alternately, 

it could also be explained by our two previous observations that 1.) SAP enhances 

the phosphorylation of CD244 much more efficiently than Eat-2a, and 2.) enhanced 

CD244 phosphorylation increases adaptor association. However, pervanadate 

treatment induces the same maximal phosphorylation of CD244, regardless of SAP 

or Eat-2a association. Consequently, the fact that equally phosphorylated receptors 

still preferentially bind SAP over Eat-2a further supports the possibility that SAP has 

a higher inherent affinity for CD244. It also suggests that SAP might compete for 

ITSMs better than Eat-2a when both adaptors are expressed in NK cells. 

 

These studies also indicate that the association of CD244 with SAP or Eat-2a 

directly correlates with receptor phosphorylation status. Furthermore, when the b and 

z alleles of CD244 are highly phosphorylated at equal levels, these alleles display 

similar binding affinities for each adaptor. These results suggest that allele-specific 

differences in SAP or Eat-2a association profiles are not achieved by directly altering 

adaptor binding affinities. Instead, they give evidence that adaptor association can be 

indirectly affected by factors which differentially modulate receptor phosphorylation 

levels, such as surface receptor densities and SAP expression levels and receptor 

turnover. These observations may have interesting implications for CD244 function 

in cultured NK cells, since they gradually increase expression of both SAP and 

surface 2B4 over time. 
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We found that transfection of 293 cells with equivalent amounts of either 

CD244-b or CD244-z resulted in enhanced surface densities for the b allele, which 

often coincided with higher phosphorylation levels. As previously discussed, these 

results had been anticipated since increased surface densities also signify that a 

greater portion of CD244 molecules are available for interactions with kinases. 

Additionally, phosphorylation profiles were heavily influenced by expression levels 

of SAP itself. In fact, the effects of differential surface densities could be partially 

overcome with high expression levels of SAP, as we show in figure 3.4D. In these 

experiments, we noted that allelic differences in phosphorylation were significantly 

reduced, and these P-tyr profiles closely mirrored the maximal phosphorylation 

levels that are observed after pervanadate treatment. Since SAP-mediated kinase 

recruitment leads to increased receptor phosphorylation and in turn SAP association, 

we speculate that these results are due to CD244 phosphorylation levels that are 

directly related to SAP expression. This would partially explain the overall 

variability that we observed from one experiment to the next in the phosphorylation 

profiles of the two alleles. Thus, limiting levels of SAP could alter the signaling 

threshold. 

 

Since our quantitative studies indicate that CD244-z surface densities are 

greater than CD244-b densities in primary NK cells, the opposite findings with 

transfected cells might simply be an anomaly which is specific to 293 cells. 

However, they could also be attributed to different conditions of receptor expression 

between the two cell types, since the 293 results were obtained when both alleles 

were expressed at equal levels, while our real time PCR data suggests that more 

CD244-z is present in NK cells at the protein level. In light of these factors, the 

results in 293 cells could be explained by inherently slower recycling kinetics for 

CD244-b, causing them to accumulate at the cell surface. This would lead to 

increased CD244-b surface densities, when the alleles are expressed equally. 
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However, higher protein expression of CD244-z in NK cells could compensate for 

the effects of differential recycling rates, and even result in elevated CD244-z 

surface expression, if sufficiently large differences in total protein levels exist. 

 

Therefore, these two seemingly contradictory results aren‟t necessarily 

mutually exclusive to the process of CD244 surface expression in NK cells, and may 

even support some of our results in primary cells. For example, our comparison of 

available CD244 mRNA in NK cells indicates that the z allele has the potential to be 

expressed at 12-fold higher levels than CD244-b; however, these differences are not 

reflected in our surface density measurements, where CD244-z levels are only 2- to 

5-fold higher than CD244-b. Differential recycling rates could account for this 

discrepancy. Before exploring this idea further, however, we would need to 

determine whether our PCR data is a true representation of the differences at the 

protein level, by comparing CD244-b and -z protein expression in NK cell lysates. In 

addition, differential recycling rates could also explain the differences in receptor 

phosphorylation profiles that we saw in figure 3.6, as discussed further in the next 

section. 

 

Our assessment of CD244 signaling kinetics in 293 cells (fig. 3.7) showed that 

following mAb-crosslinking, CD244 phosphorylation levels increase sharply, and 

steadily decline back to baseline levels over a period of approximately 30 minutes. 

These findings suggest an alternate perspective for our previous results in figure 3.6. 

If abrupt transitions to high densities affect CD244 on NK cells in a similar manner, 

then we would expect most receptors to be in the process of downregulating 

phosphorylation, whenever longer incubation times precede lysis. In this case, the 

comparatively low levels of CD244-z phosphorylation (fig. 3.6A-B) may represent 

its advanced progression through the downregulatory process, due to accelerated 

signaling rates through this allele. Further support for this theory comes from our 
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observation that when we incubated NK cells at high densities for 30 minutes (fig. 

3.6A), CD244-z exhibited 2.2-fold lower phosphorylation than CD244-b, while 

longer incubations of 40 minutes resulted in an even larger fold difference of ~4.8 

(fig. 3.6B). Since receptor recycling and phosphatase activity both contribute to 

negative feedback, a functional comparison of these regulatory processes for each 

allele may yield clues to help explain their differential functions. 

 

Interestingly, we also noted that CD244 phosphorylation and surface densities 

were differentially affected by the presence of each adaptor in transfected 293 cells. 

When the two alleles were bound by SAP, compared to Eat-2a, we observed higher 

CD244 phosphorylation levels, and lower surface receptor densities. As discussed 

before, the sequential steps of receptor signaling usually include: ligand engagement 

and receptor activation, involving increased phosphorylation and recruitment of 

intracellular signaling intermediates. After initiating signal transduction successfully, 

receptors are then targeted for negative regulation by phosphatases, inhibitory 

kinases, and/or receptor recycling processes. Therefore, the reduced surface CD244 

in the presence of SAP, versus Eat-2a, could be due to normal downregulatory events 

that occur in response to increased receptor phosphorylation. However, this 

conclusion would assume that the CD244 surface densities in Eat-2a-transfected 

cells (fig. 3.4D) are similar to the levels that exist in the absence of adaptor. And 

although we have observed this pattern for phosphorylation levels, in contrast, this 

experiment lacks the necessary controls to make such an assessment. Therefore, the 

possibility remains that receptor surface densities may be significantly altered by the 

presence of Eat-2a. Indirect evidence to support this idea may be provided by figure 

3.4C, since the SAP-induced changes in CD244 surface densities appear to be 

marginal in these cells. However, the most reliable analysis would require repeating 

the experiment in figure 3.4D, with two additional control samples that have been 

transfected with only CD244-b or –z, in order to see how these surface receptor 
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densities in the presence of SAP or Eat-2a compare to these levels when both 

adaptors are absent. If this prediction proved to be correct, it would imply that Eat-2a 

plays a unique role, distinct from SAP, in the regulation of CD244 surface 

expression.  

 

After identifying primary sequence polymorphisms between the two alleles, 

we reasoned that structural variations in their adaptor binding domains could 

differentially impact adaptor affinity, and ultimately alter effector function. 

However, following a direct comparison of adaptor affinities in transfected cell lines, 

we were unable to detect significant differences between the two alleles. In contrast, 

they displayed similar association profiles. This suggests that the divergent function 

of the two alleles is not simply due to inherent differences in their ability to bind 

signaling intermediates. Instead, both adaptors show a stronger association when 

CD244 surface densities are increased. This result implies that SAP can mediate 

more activating signals in Sle1b NK cells, where CD244 surface levels are higher, 

compared to B6 cells.  

 

Therefore, we propose that allelic differences in surface receptor expression 

levels and dynamics following ligand engagement coupled with altered isoform 

usage contribute to a potential for divergent function in CD244. We propose that 

CD244-b is more susceptible to modulation in function due to its operating close to 

the activation threshold while CD244-z is less affected by these regulatory variables. 

Given the recent identification of genetic polymorphisms that affect human CD244 

expression levels, we propose that care should be taken when evaluating the function 

of CD244 with regard to expression levels, surface receptor dynamics and isoform 

usage. This would also appear to apply to other members of the SLAM family.  
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Figure 3.1 

 

 

 
 

Figure 3.1: Sequence alignment of the predominantly expressed transcripts of CD244-b 
and CD244-z. A 5‟ anchored primer common to a region in exon 1 of all CD244 genes was 

used in conjunction with 3‟ RACE to isolate cDNAs for CD244 expressed in B6 and 

B6.Sle1b NK cells. Conceptual translations of each of the two isolated cDNAs were aligned 
and areas of similarity are shaded in grey. The β-sheets of the extracellular V-Ig domains are 

labeled with arrows. The transmembrane region is underscored. Cytoplasmic regions 

differing between the two alleles of CD244 are denoted by an underline and asterisk and 
ITSMs are boxed. 
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Figure 3.2 
 

 

 
 

 
Figure 3.2: Expression of CD244-z or CD244-b in Cd244

-/-
 NK cells is sufficient to allow 

for differential lysis of CD48+/- targets. IL-2 LAKs from Cd244
-/-

 mice were transduced 

with lentivirus vector control, or lentivirus expression constructs encoding the long isoforms 

of CD244-z or CD244-b. Transduced NK cells were then used as effectors against FcR+ 
P815 CD48+/- targets at the indicated effector:target ratios in standard 4 hour chromium 

release assays. Specific lysis results are the average of triplicate samples and standard error 

of each value is shown with error bars. Each experiment shown is a representative of at least 
three independent experiments. A.) Expression levels of each allele of CD244 in transduced 

LAKs were determined by flow cytometry analysis using allele specific mAbs. B.) Empty 

vector transduced Cd244
-/-

 LAKs are unable to distinguish between CD48+/- targets and lyse 
both equally well. C.) Expression of the long isoform of CD244-z is sufficient to allow for 

preferential lysis of the CD48+ target (p<0.001). D.) Expression of the long isoform of 

CD244-b is sufficient to allow for preferential lysis of the CD48- target (p<0.01). 



76 
 

 

Figure 3.3 
 

 

 
 

 

 
 

 

 

 
 

Figure 3.3: The extracellular domain of CD244-Long dictates activating function. IL-2 

LAKs from Cd244
-/-

 mice were transduced with A.) empty vector, B.) constructs expressing 
chimeric versions of CD244-Long (B/Z = extracellular domain of b allele and cytoplasmic 

tail of z allele, C.) Z/B = extracellular domain of z allele and cytoplasmic tail of b allele), or 

D.) CD244z (Long isoform). Transduced NK cells were then used in standard lytic assays 

with CD48+/- targets.  Only the CD244z or CD244z/b transduced NK cells were able to 
discriminate between CD48+/- targets (p<0.001). The B/Z construct failed to result in 

inhibition of lysis of CD48+ targets (p=0.23). Each experiment shown is a representative of 

at least three independent experiments.    



77 
 

 

Figure 3.4A-C 
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Figure 3.4D-E 
 

   
 

             
 

Figure 3.4: Phosphorylation status of CD244-Long affects adaptor binding. 293FT cells 
were transfected with expression vectors encoding the long isoforms of either CD244-b or 

CD244-z along with myc epitope-tagged SAP or Eat2a tagged with both myc and Flag. A-

B.) Cells were treated with pervanadate, where indicated, and lysed. C-E.) all surface 

molecules were labeled with Sulfo-NHS-LC-biotin on ice for 40 min, removing excess 
biotin with PBS+100mM glycine washes, and then lysed. For all panels, lysates were 

immunoprecipitated with allele specific α-CD244 mAbs, and blotted with polyclonal α-

CD244, streptavidin-HRP α-P-tyr (PY20), or α-myc Abs. Equal expression of transfected 
proteins is shown by B.) whole cell lysates of panel A IPs, and E.) WCLs of panel D IPs. 

The graph represents fold changes in CD244 surface densities (SD), and phosphorylation 

(P), as determined by densitometric analysis. Each experiment shown is a representative of 

at least five independent experiments.      
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Figure 3.5 
 

 

 

 
 

 

 
 

 
 

 

 
 

 

 

Figure 3.5: Baseline receptor phosphorylation is dependent upon tonic CD244:CD244 
signaling. On day 10 of culture, CD244-z expressing IL-2 LAKs were incubated for 3 hours 

with isotype control or α-CD48 Fabs (5μg/ml). After harvesting, cells were resuspended at 

4x10
7
 cells/ml in complete media (containing the indicated Fabs) and incubated at 37°C for 

20 minutes prior to lysis. CD244-z was then immunoprecipitated from cell lysates with allele 

specific mAb, and samples were immunoblotted with α-P-tyr (PY20) mAb and α-CD244 

Abs. Samples with control immunoprecipitation antibodies are indicated as C. The 
experiment shown is a representative of four independent experiments.    
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Figure 3.6 
 

 
 

 
 

Figure 3.6: CD244-b exhibits enhanced baseline phosphorylation in cultured NK cells. 
CD244b- or CD244z-expressing NK cells were harvested, and resuspended at 4x10

7
 cells/ml 

in complete media. Cells were incubated at 37°C for A.) 20 minutes, then treated with 

pervanadate where indicated and lysed, or B.) 40 minutes and lysed. Cell lysates were 
immunoprecipitated with allele specific α-CD244 mAbs, then blotted with polyclonal α-

CD244 Abs or α-P-tyr (PY20) mAb. C.) CD244z-expressing NK cells were harvested as 

above, then incubated at 37°C for 15 minutes and lysed. Cell lysates were 
immunoprecipitated with α-P-tyr (4G10) mAb, then blotted with polyclonal α-CD244 Abs or 

α-P-tyr (PY20) mAb. The results shown are representative of at least five (A and B) or two 

(C) independent experiments.        
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Figure 3.7 
 

     
 

 

        
 

 

Figure 3.7: In response to receptor crosslinking, CD244 phosphorylation status 

increases briefly, and then gradually declines. The long isoform of CD244-b and SAP-
myc were co-transfected into 293FT cells, and then incubated for 0-30 minutes at 37°C with 

A.) 1° mouse α-CD244-mAb or isotype control Ab, followed by 2° crosslinking α-mouse 

Fab2, where indicated, or B.) CD48+/- P815 cells. Lysates were then immunoprecipitated 
with allele specific α-CD244 mAb, and blotted with α-P-tyr mAb. While the experiment 

shown in panel A was performed once, the results in panel B are representative of at least 

five independent experiments.    
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Figure 3.8 
 

 

 
 

Figure 3.8: CD244-z exhibits higher surface receptor density compared to CD244-b. 
Surface CD244 densities for B6 and B6.Sel1b IL2 LAKs were quantitated on various days of 
culture, using the QSC bead kit. Cells were blocked with 2.4G2, then stained with 1° mouse 

α-CD244-b or rat α-CD244-z mAb, followed by 2° fluorochrome-conjugated rat α-mouse or 

mouse α-rat Abs, respectively. QSC bead populations were stained with 2° Abs only. All 
samples were analyzed by flow cytometry, and the same instrument settings were used to 

collect MFIs. Standard curves were generated by plotting the MFIs of each bead population 

against their antibody binding capacities (ABC). Surface CD244 was calculated by plotting 
measured MFIs of NK cell samples onto standard curves. A.) Graph of surface CD244 levels 

on B6 and B6.Sel1b NK cells over 8-day culture period. B.) Surface CD244 and culture 

densities for B6 NK cells over 10-day period. Thick line: CD244 surface densities (x10
3
 

receptors/cell; left Y-axis) vs time (days) in culture. Thin line: Cell densities (x10
5
 cells/well; 

right Y-axis) vs time in culture. On day 9, cells were harvested and replated at: 1, 2, or 3x10
6
 

cells/well. 
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Figure 3.9 
 

 

 

 
 

 

 
 

 
 

 

 

 
 

 

 
 

Figure 3.9: CD244 alleles exhibit differential regulation of isoform levels. mRNA was 

isolated from cultured B6 and B6.Sle1b IL-2 LAKs, converted to cDNA, and then used in 
real-time PCR to detect relative amounts of CD244-long, CD244-short, and actin in each 

strain. Results depicted in graph are representative of three real-time PCR experiments with 

isoform specific primers, normalized for actin content. 

 



84 
 

 

Table 3.1 
 

 

 

 
 

 
 

 

 
 

 

 
 

 

Table 3.1: Comparison of CD244-b and CD244-z in NK cells versus CD244-
transfected 293 cells. Table highlights the similarities and differences in the 

expression kinetics of CD244-b and CD244-z in B6 and B6.Sle1b IL2-cultured NK 

cells, compared to transiently transfected 293 cells. Results in 293 cells indicate 

changes observed in cells transfected with the long isoform of the allele listed, 

compared to cells transfected with the alternate allele, unless otherwise 

specified. ND, not determined; NA, not applicable. 
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CHAPTER 4: POSITIVE REGULATION OF CD244 FUNCTION IN EAT-2-

DEFICIENT MICE 

 

Introduction 

 

X-linked lymphoproliferative disease (XLP), is a sex-linked immune disorder 

which affects 1 in 500,000 to 1 million Caucasian males (74, 75). Clinical symptoms 

of XLP usually present during childhood, following infection with the gamma-

herpesvirus Epstein-Barr Virus. In response to primary EBV infection, XLP patients 

develop fulminant infectious mononucleosis (FIM), which involves the uncontrolled 

polyclonal expansion of B cells, T cells, macrophages, and monocytes, and 

frequently leads to severe lymphadenopathy, hepatosplenomegaly, and atypical 

lymphocytosis. 

 

The genetic lesion responsible for XLP encodes a 15-kDa adaptor molecule 

known as the SLAM-associated protein (SAP) (63, 97, 98). Of the three groups that 

independently identified SAP, one described a yeast two-hybrid approach, aimed at 

finding proteins that interact with an immunoreceptor for which the SLAM family of 

proteins was named. The seven Ig-like receptors which constitute the SLAM family 

can influence a variety of immune responses, as suggested by their extensive 

expression profiles among different leukocyte populations. Signal transduction 

through SLAM family receptors typically involves homotypic self-interactions 

between neighboring cells, although the NK/T cell receptor CD244, and its ligand 

CD48, serve as an exception to the rule. 

 

SAP consists of a single SH2 domain, which enables this adaptor to interact 

with the cytoplasmic tails of SLAM receptors at conserved T-(V/I)-Y-x-x-(V/I) 

sequences referred to as immunoreceptor tyrosine-based switch motifs (ITSMs) 
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(123). Subsequent studies also identified EAT-2A and murine-specific EAT-2B, as 

two SAP homologues with SH2 domains that exhibit 47% sequence identity with 

SAP and similar ITSM-binding specificity (97, 122, 123). In addition to the SAP 

family of adaptors, ITSMs can also associate with the SH2 domains of other 

signaling intermediates, including the C-terminal kinase (Csk) (58), as well as the 

tyrosine phosphatases SHP-1 (59), SHP-2 (60), and SH2 domain-containing inositol 

5-phosphatase (SHIP) (62). The differential recruitment of these functionally diverse 

SH2 domain proteins makes ITSM-bearing receptors uniquely qualified to mediate 

both activating and inhibitory signals (66).   

 

The relatively simple structures of SAP and EAT-2, in combination with early 

evidence that SAP and EAT-2 expression can prevent the association of SHP-2 with 

SLAM family receptors, led to initial predictions of inhibitory functions for both 

adaptors (60, 63, 64). Yet, despite these predictions, an activating role for SAP was 

soon demonstrated by its ability to associate with SLAM-related receptors, as well as 

the SH3 domain of Fyn kinase, simultaneously, using separate and distinct regions of 

its SH2 domain (65, 67-69). In response to ligand engagement, receptor-bound SAP 

recruits and activates Fyn kinase, through a process which requires arginine-78 of 

SAP, and results in increased cytotoxicity and cytokine secretion in LAKs. Since the 

SH2 domain of EAT-2 lacks this critical arginine residue, it is unable to mediate 

receptor-generated signals via Fyn, and the main role of this adaptor in SLAM 

family function remains unclear. 

 

Recently, the Veillette group attempted to elucidate the function of murine 

EAT-2 in NK cells using Eat-2a
-/-

 and Eat-2b
-/-

 single knockouts, as well as a 

transgenic mouse strain, which overexpressed the adaptor (146). Using NK cells 

from each strain, these studies measured cytotoxicity and cytokine secretion in 

response to ligand- or antibody-mediated receptor engagement. Their results 
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suggested that EAT-2 works through multiple receptors to negatively regulate NK 

effector function.  

 

Consequently, when these investigators used co-immunoprecipitation assays to 

isolate CD244-EAT-2 complexes from wild-type NK cells (146), it seemed likely 

that the inhibitory influence of EAT-2 association extended to this receptor as well. 

However, despite the widespread acceptance of this idea, it is important to note that 

the data presented does not necessarily support this conclusion in its entirety. 

Although CD244 engagement with CD48 and antibody crosslinking inhibited 

effector function in transgenic NK cells, CD244-mediated NK function was not 

significantly altered in EAT-2-deficient mice. One potential explanation for these 

contradictory results could be that EAT-2A and EAT-2B carry out redundant 

functions with respect to CD244, which are only revealed in the absence of both 

adaptors. However, this explanation brings up the additional question of why 

functional redundancy would apply to CD244 alone, and no other EAT-2-associated 

receptor. 

 

In order to clarify the regulatory role of EAT-2 in NK signaling, the Terhorst 

group generated Eat-2a
-/-

 and Eat-2b
-/-

 single knockouts, as well as an Eat-2a/b
-/-

 

double KO mouse strain. Their design took into account an important factor: the 

genes encoding EAT-2A/B are not far (~1.3 Mbp) from the Sle1b locus, which 

contains the seven SLAM family genes (199). Since many SLAM family knockout 

mice contain mixed genetic backgrounds, and recombinatory events within the Sle1b 

interval are rare, their exact genetic make-up at this locus is often unclear. This has 

raised concern over the cause of some differences observed in these knockouts, 

because studies from B6.Sle1b congenic mice have shown that immune responses 

are influenced by epistatic interactions between the B6 genome and the Sle1b
z
 

haplotype that occurs in 129 mice (115). To avoid similar confusion, the knockouts 
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used in these studies were created on a pure B6 genetic background. Notably, the 

Terhorst group has consistently observed an activating function for CD244 in both in 

vivo and in vitro studies conducted with their colony of B6 mice. As discussed in 

chapter III, these findings may be the result of inherently higher receptor surface 

densities in these mice, compared to other B6 colonies.    

 

Unexpectedly, the Terhorst group found that mice deficient in one or both Eat-

2 genes eliminate CD48+ tumor cells less efficiently in vivo than wild type mice, 

suggested an activating role for this adaptor in CD244-mediated NK function 

(Figure 4.1). Here, we describe additional in vitro studies that support this 

assessment. In redirected lysis assays, Eat-2a/b
-/-

 NK cells exhibited enhanced target 

lysis, in response to receptor crosslinking with anti-CD244 Ab. However, unlike 

previous reports from the Veillette group, these NK cells showed no differences in 

their ability to induce cytotoxicity through the activating receptors Ly49D and 

NKG2D. We also give evidence that, in response to receptor crosslinking, EAT-2 

may contribute to the activating function of murine CD244, through a process which 

involves tyrosine phosphorylation changes in the receptor, as well as the guanine 

nucleotide exchange factor Vav-1. 

 

Results 

 

In vitro CD244-mediated NK cytotoxicity is reduced in the absence of EAT-2  

To evaluate the ability of EAT-2-deficient NK cells to mediate natural cytotoxicity 

through CD244, we cultured IL2 LAKs from each strain for 5 days, before testing 

them in redirected lysis assays with FcR+ P815 targets coated with antibody (fig. 

4.2, panel A), as well as standard chromium release assays with CD48+/- P815 

targets (panel B). In the redirected lysis assays, the addition of antibody could affect 

CD244 function in one of two ways: 1.) the mAb could engage receptor in a strong 
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cross-linking manner, and compete with ligand binding, due to a higher affinity for 

CD244, or 2.) the antibody could block ligand binding. In B6 NK cells that exhibit 

inhibitory effector function through CD244-b, this mAb increases the killing of 

CD48+, but not CD48- targets, which indicates that the antibody blocks tonic 

CD244:CD48 interactions. However, in B6 (and B6.Sle1b) NK cells that display 

activating function through CD244, the addition of antibody increases killing of both 

CD48+ and CD48- targets, indicating engagement. Furthermore, these results are 

only observed with FcR+ targets, indicating that the antibody mediates NK 

activation by cross-linking receptors. Compared to wild-type B6 NK cells, anti-

CD244 mAb-mediated lysis of P815 cells is completely abrogated in NK cells from 

Eat-2a
-/-

, Eat-2b
-/-

, and Eat-2a/b
-/- 

 mice. As panel B shows, loss of EAT-2 

expression has similar consequences on NK cytotoxicity in response to ligand-

bearing P815 targets, with minor differences. In this assay, enhanced killing by wild-

type LAKs mirrors the previous results, with twice as much target lysis when CD48 

is expressed. The results of CD244-mediated lysis by Eat-2a/b
-/-

 NK cells are also 

unchanged from panel A. In contrast, the effects of EAT-2A-deficiencies are further 

exacerbated in panel B, where receptor engagement by CD48+ targets inhibits NK 

killing. Although overall killing by Eat-2b
-/-

 effectors is still impaired with respect to 

wild-type NK cells, these cells show slightly improved function, compared to the 

previous assay. In addition, cells lacking EAT-2B exhibit significantly elevated 

baseline killing of CD48- targets. Despite our initial suspicion that external factors 

had been introduced to these cells during, or even prior to culture, after reexamining 

the results in panel A, we note similar hints of CD244-independent activity in the 

absence of EAT-2B.  
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The in vitro activating functions of NKG2D and Ly49D are not diminished in Eat-

2a/b
-/-

 NK cells 

In previous studies, Eat-2
-/-

 single knockout NK cells on a 129 genetic background 

exhibited enhanced cytotoxicity and IFN-γ secretion through multiple activating NK 

receptors, including Ly49D and NKG2D (146). However, 129-derived mouse strains 

have been shown to exhibit defective signaling through the adaptor DAP12, which is 

critical to the activating functions of these receptors (200). Therefore, the 

implications of their results- with respect to B6 and other mouse strains that express 

functional DAP12- are difficult to determine.  

 

In figure 4.3, we tested the activating functions of Ly49D and NKG2D using: 1.) 

standard lytic assays with ligand-expressing rat plasmacytoma YB2/0 (panel A) or 

mouse thymoma YAC-1 (panel B) targets, respectively, and 2.) redirected lysis 

assays with P815 targets bearing antibodies specific for NKG2D (panel C). We 

found that cultured NK cells from wild-type B6 and the Eat-2
-/-

 strains were capable 

of lysing the YB2/0 and YAC-1 tumor cells equally well. Similarly, NK cytotoxicity 

in response to antibody crosslinking of Ly49D and NKG2D was not altered by the 

absence of EAT-2. Therefore, in contrast to functioning as a global inhibitor of NK 

function through multiple receptors, in these mice, EAT-2A and EAT-2B appear to 

be positive regulators of NK function through specific receptors, including CD244. 

 

CD244 and Vav-1 phosphorylation kinetics are altered in Eat-2
-/-

 NK cells after Ab 

crosslinking  

Since our killing assay results indicated that CD244-mediated NK cytotoxicity is 

impaired in the absence of EAT-2, we wanted to further investigate the potential 

mechanism(s) for altered receptor function in these mice. Previously published data 

has indicated that, following ligand engagement, tyrosine phosphorylation of three 

intracellular proteins: CD244, the guanine nucleotide exchange factor (GEF) Vav-1, 
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as well as the E3 ubiquitin ligase c-Cbl, are important proximal events in signal 

transduction through the CD244 pathway (62, 201). Therefore, we used 

immunoprecipitations and Western blots to analyze each of these processes in EAT-

2-deficient NK cells that had been stimulated with CD244-specific mAb.  

 

We cultured purified NK cells from B6 and Eat-2a/b
-/-

 double knockout mice in the 

presence of IL-2 for 7 days. Prior to cell lysis, each strain was divided into two equal 

groups, and then incubated for 15 minutes with isotype control or anti-CD244-b 

mAb. Each lysate was then further divided and used in immunoprecipitations with 

monoclonal antibodies specific for CD244-b, Vav-1, and c-Cbl. We found that, in 

response to Ab-mediated receptor engagement, CD244 phosphorylation levels are 

decreased in both strains after 15 minutes (fig. 4.4). However, EAT-2-deficient NK 

cells appear to be less susceptible than wild-type to antibody-induced down-

modulation of CD244 phosphorylation. In addition, the altered kinetics of CD244 

were accompanied by impaired Vav-1 phosphorylation in EAT-2-deficient cells. At 

this time, we were unable to determine whether EAT-2-deficient NK cells exhibit 

differential c-Cbl phosphorylation profiles, as this signal was below the threshold of 

detection in each of the four IPs that we probed. 

 

Discussion 

 

In this study, we demonstrate that the activating function of CD244 in B6 mice 

is positively regulated by EAT-2A and EAT-2B. In vivo, three different strains 

deficient for either one or both of these adaptors show a reduced capacity to clear 

tumor cells expressing the CD244 ligand, CD48. These findings are further 

supported by in vitro studies with these mice, using IL2 cultured NK cells. While 

wild-type NK cells show enhanced lysis of CD48+ P815 targets, cytotoxicity is 

impaired in Eat-2
-/-

 NK cells, with varying severity among the three strains. These 
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cells also exhibit defective redirected lysis of CD244-mAb-coated targets, although 

in this case, we observe more uniformity between the different knockout strains.  

 

Although both assays give evidence that EAT-2A and EAT-2B positively 

regulate CD244 function, the results of panels A and B are in slight disagreement 

over the relative importance of these two adaptors. Such disparities between 

genetically identical cells in these parallel assays might simply be due to inherent 

differences in the two methods used to engage receptor. Yet an alternate explanation 

may be that the assays are testing two separate groups of NK cells that differ in their 

baseline activation status, as evidenced by their differential lysis of CD48- targets. 

Since growth conditions typically vary between individual cultures, fluctuations in 

overall effector activation are a common, and unavoidable, consequence of 

performing various assays with different cohorts of NK cells.  

 

 Altered activation status could lead to the differential results in panels A and B 

in a number of ways, including expression levels. For IL2 LAKs, longer culture 

periods correlate with more highly activated NK cells, as well as increased surface 

expression of CD244. Furthermore, in the preceding chapter, we theorized that a 

surface density threshold may distinguish activating from inhibitory CD244 function. 

Therefore, the less activated NK cells in panel B may have displayed lower CD244 

surface densities, which would increase their risk of falling below the activation 

threshold, and into the inhibitory expression range. This may account for the 

diminished cytotoxicity through CD244 by Eat-2a
-/-

 NK cells of this assay, 

compared to panel A.  

 

Aside from CD244, murine NK cells also express one other SLAM family 

member, CRACC, which signals homotypically, through interactions with targets or 

neighboring NK cells. Recently, findings from a parallel investigation of CRACC 
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revealed that dysregulated signals through this receptor can also contribute to the 

phenotypes of Eat-2-deficient NK cells. Using NK cells from their own SAP and 

Eat-2 knockout mice against CRACC+/- tumors, these investigators found that 

CRACC activation requires EAT-2A, but not EAT-2B or SAP. In fact, the activating 

function of CRACC often became inhibitory in the absence of EAT-2A. In addition, 

they used CRACC-deficient NK cells to demonstrate that homotypic interactions 

between neighboring NK cells can augment cytotoxicity in conditions of reduced 

target lysis. These two findings suggest a potential role for CRACC in the 

exaggerated differences between the Eat-2a
-/-

 and Eat-2b
-/-

 knockout cells in panel B. 

Since this receptor is not expressed on P815 cells, CRACC would not directly affect 

killing; instead tonic CRACC:CRACC signaling among NK cells may indirectly 

influence CD244-mediated lysis. Furthermore, the inhibitory CRACC function 

which was previously reported in the absence of EAT-2A, but not EAT-2B, may 

contribute to the reduced lysis which we observed in EAT-2A-deficient NK cells. 

 

Since the Eat-2b
-/-

 NK cells in panel B did not display inhibitory CD244 

function, this may imply a less prominent role for this adaptor in CD244 activation. 

However, our interpretation of these results is complicated by their substantially 

augmented baseline killing of CD48- targets, since we just outlined these 

implications for receptor surface densities. Incidentally, we observed less EAT-2B 

association with CD244, compared with EAT-2A in 293 transfections with the two 

adaptors (data not shown). This theory may also be supported by similar trends 

observed in the tumor rejection assays (Fig. 4.1), although additional experiments to 

increase sample sizes would be required to attain statistical significance for these 

results. Despite this evidence, a more definite conclusion seems premature with so 

many additional factors potentially influencing our results. However, we predict that 

further investigations to define the functional nuances between EAT-2A and EAT-
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2B would be unnecessary, in light of the fact that EAT-2B expression is limited to 

murine lymphocytes and thus, has little relevance to human disease.    

 

Impaired CD244 function in EAT-2-deficient NK cells is accompanied by 

altered kinetics of receptor phosphorylation. Although baseline receptor 

phosphorylation levels are fairly equal in wild-type and Eat-2a/b
-/-

 cultured NK cells, 

the knockout cells show a reduced ability to downregulate phosphorylation levels 

upon receptor engagement with crosslinking mAb. Interestingly, these 

phosphorylation differences are reminiscent of a similar pattern that we described for 

the alleles of CD244 in chapter 3 (Fig 3.6), where activating function correlated with 

lower receptor phosphorylation levels, following high-density incubations. In 

addition, we find that CD244-induced phosphorylation of Vav is severely diminished 

in Eat-2a/b
-/-

 NK cells. Since Vav phosphorylation has been shown to be involved in 

SAP-dependent CD244 signal transduction (62), it hints that EAT-2 may contribute 

to the SAP-Fyn signaling pathway at a point upstream of Vav-1.  

  

One idea that explores how EAT-2 might regulate 2B4-mediated signals this 

stems from recent investigations using surface plasmon resonance to measure 

interactions between 2B4 and SH2-domain containing proteins (172). These studies 

reported that EAT-2 can bind the SH2 domain of Fyn in vitro. In fact, these proteins 

interact with a dissociation constant, K(D) = 1.0, which is lower than the K(D) 

between SAP and the SH3 domain of Fyn. Therefore, EAT-2 may recruit Fyn kinase 

in a similar, albeit less efficient, manner as SAP. This may be especially crucial 

during the earlier time points of NK activation, when SAP levels are increasing, but 

still relatively low when compared with fully active LAKs. 
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Figure 4.1 
 

 
 

 
 

 
 

 

Figure 4.1: Eat-2
-/-

 mice eliminate CD48+ tumor cells less efficiently in vivo than B6 
mice. The number of RMAS tumors recovered from the lungs of mice deficient for various 

SAP family adaptors were compared with the residual tumors found in B6 controls. 3x10
6
 

CFSE-labeled RMAS CD48+ tumors were injected into the peritoneum of each mouse. After 
18 hours, residual tumor cells were recovered from the peritoneum and the number of 

CFSE+ tumor cells was determined by flow cytometry. Bars represent the average number 

of cells collected from each group. Statistical significance of altered killing, compared to 
wildtype, is indicated for p<0.05 (*) or p<0.01 (**). A.) Relative tumor clearance in wt, Eat-

2a
-/-

, Eat-2b
-/-

, and Eat-2a/b
-/-

 mice. B.) Relative tumor clearance in wt, Sap
-/-

, Eat-2a/b
-/-

, 

and Sap/Eat-2a/b
-/-

 triple knockout mice. 
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Figure 4.2 
 

 

 
 

 
 

 

 

 

Figure 4.2: In vitro CD244-mediated cytotoxicity is impaired in EAT-2-deficient NK 

cells. Wildtype B6, Eat-2a
-/-

, Eat-2b
-/-

, or Eat-2a/b
-/-

 IL-2-activated NK cells were used as 

effectors in 4-hr chromium release assays at the indicated effector:target ratios. A.) FcR+ 

P815 CD48- cells were incubated with α-CD244-b allele specific mAb (10ug/ml), and then 
used as targets in redirected lysis assays. B.) Standard cytotoxicity assays against FcR+ P815 

CD48+/- targets. Statistical significance of altered killing, compared to unstimulated cells, is 

indicated as p<0.05 (*). Specific lysis results are the average of triplicate samples and error 
bars indicate standard error. Each experiment shown is a representative of at least three 

independent experiments.   
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Figure 4.3 
 

 
 

 
 

 
 

 

Figure 4.3: The in vitro activating functions of NKG2D and Ly49D are not diminished 

in Eat-2
-/-

 NK cells. B6, Eat-2a
-/-

, Eat-2b
-/-

, or Eat-2a/b
-/-

 IL-2-cultured NK cells were used 

as effectors in 4-hr chromium release assays against various targets at the indicated 

effector:target ratios. A.) Standard cytotoxicity assays against YB2/0 targets expressing 
Ly49D ligand. B.) Standard cytotoxicity assays against YAC-1 targets expressing NKG2D 

ligand. C.) FcR+ P815 CD48- cells were incubated with α-NKG2D mAb (10ug/ml), and 

used as targets in redirected lysis assays. Specific lysis results are the average of triplicate 
samples, with error bars indicating standard error. Each experiment shown is representative 

of at least two independent experiments. 
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Figure 4.4 

 

                  
 

 

 
Figure 4.4: Altered kinetics of CD244 and Vav-1 phosphorylation in Eat-2a/b

-/-
 NK cells 

following CD244 crosslinking. Approximately 80x10
6
 day 10 IL2 LAKs from Eat-2a/b

-/-
 or 

B6 mice were harvested, resuspended at 4x10
7
 cells/ml in complete media, then incubated at 

37°C for 15 min. Lysates were immunoprecipitated with: α-CD244-b mAb (top), α-Vav Abs 

(middle), or α-Cbl Abs (bottom). Samples were subjected to SDS PAGE, then blotted with 

α-P-tyr (PY20) mAb, and either: polyclonal α-CD244 Abs (top), α-Vav Abs (middle), or α-
Cbl Abs (bottom). Expected molecular weights: Vav = 95kDa, and Cbl = 120kDa.  
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CHAPTER 5: LY108 POLYMORPHISMS MODULATE THYMOCYTE 

DEVELOPMENT 

 

Introduction 

 

The pathogenesis of chronic autoimmunity in Systemic Lupus Erythematosus 

(SLE) is a complicated process, with both polygenic and multifactorial components 

contributing to a wide range of symptoms (202). The most common clinical 

manifestation of SLE is the presence of pathogenic autoantibodies (ANAs) which are 

specific for nuclear antigens (102). These ANAs play a role in disease by forming 

immune complexes which induce inflammation and tissue damage in multiple organ 

systems. 

 

Previous linkage studies with the spontaneous lupus-prone NZM2410 strain, 

identified three disease susceptibility loci, termed Sle1-3 (105). Using congenic 

dissection to further refine and characterize these intervals, the Wakeland lab 

recently revealed that Sle1b is responsible for the loss of tolerance to nuclear 

antigens, especially H2A/H2B/DNA subnucleosomes (107, 113). Additionally, 

human SLE linkage studies have identified lupus susceptibility regions which are 

syntenic to this locus (111, 112). After mapping Sle1b to a 900Kb region on 

chromosome 1, the authors discovered considerable sequence variation for multiple 

genes within this genomic interval (115). Further analyses revealed that Sle1b exists 

as two stable haplotypes- Sle1b
b
 and Sle1b

z
- among most inbred laboratory strains of 

mice. Surprisingly, the B6.Sle1b-derived z haplotype occurs much more frequently 

than Sle1b
b
, and was detected in both autoimmune-prone and nonautoimmune 

strains. In fact, the z haplotype only leads to a break in tolerance and ANA 

production when it is expressed on a B6 background. These results demonstrate the 
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complex and important role of epigenetic interactions between Sle1b
z
 and B6 genes 

in the generation of autoimmune phenotypes.         

 

Of the Sle1b genes which were found to contain structural or regulatory 

polymorphisms, only those which belong to the SLAM family of receptors have 

known immune-related functions (115). This seven-member group of costimulatory 

molecules can influence adaptive and innate immune responses by modulating 

signaling pathways in several immune cell lineages (203). Within their cytoplasmic 

domains, SLAM receptors contain two or more conserved amino acid sequences 

known as immunoreceptor tyrosine-based switch motifs (ITSMs), which are 

typically phosphorylated upon ligand engagement. Phosphorylated ITSMs can 

mediate both activating and inhibitory signals by differentially associating with the 

SH2 domains of various signaling intermediates, including the adaptors SAP, Eat-2, 

and 3BP2, and the tyrosine phosphatases SHP-1, SHP-2 and SHIP. Additionally, 

SLE susceptibility in human populations have been linked to polymorphisms of 

SLAM family receptors (117).  

 

When the Wakeland group examined the SNPs between Sle1b
b
 and Sle1b

z
 for 

their functional consequences in lymphocytes, they discovered both structural and 

expression-related polymorphisms in six SLAM members (115). However, the most 

striking regulatory differences were displayed by the receptor Ly108, which has also 

been implicated in CD4+ T cell-mediated cytokine secretion and isotype switch (56, 

184), as well as NKT development (204), and human NK cell cytotoxicity (45, 205). 

Initially comprised of 9 exons, the primary Ly108 transcript undergoes alternative 

splicing to generate two isoforms, Ly108-1, and Ly108-2 (116). These splice variants 

encode identical extracellular domains, but their sequences diverge after exon 7, so 

that the two C-terminal ends consist of unique peptide motifs. As a result, Ly108-2 

contains three ITSMs within its cytoplasmic tail, while Ly108-1 contains only two. 
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Although both isoforms are expressed in B6 and B6.Sle1b lymphocytes, the mRNA 

ratio of Ly108-1:Ly108-2 is approximately 5-fold higher in congenic mice (115). 

Consequently, while the affinities of Ly108 interactions on B6 cells are 

indistinguishable from B6.Sle1b cells, the resultant signals through their cytoplasmic 

domains may vary.  

 

Additional studies determined that Sle1b
z
 polymorphisms render developing B 

cells less sensitive to BCR crosslinking (54). As a result, anergy induction and 

receptor editing were severely reduced, enabling a greater number of autoreactive B 

cells to escape negative selection. Altered Ly108 isoform usage is the most likely 

explanation for many of these phenotypes, as shown by cell lines transfected with the 

lupus-associated isoform, Ly108-1, which exhibit decreased apoptosis and Ca
2+

 flux, 

compared to those expressing Ly108-2 (54). These results, and other unpublished 

results (Chan et al., 2008.), indicate that Ly108 polymorphisms are responsible for 

the loss of tolerance in humoral immunity.  

 

Although autoreactive B cells are unquestionably central to SLE pathology, T 

cells can further complicate and intensify disease, as indicated by reports that IgG 

autoantibody production requires both B and T cells (118). These results were not 

unexpected, since CD4 T cells specific for histone proteins had previously been 

detected in ANA+ mice (107). More recently, the Wakeland lab tested whether the 

TCR repertoire could influence humoral autoimmunity in B6.Sle1b mice by 

analyzing IgG ANA in aged B6.Sle1b-OTII mice. They found that when lupus-prone 

T cells express a transgenic TCR, both the titer and penetrance of IgG autoantibodies 

are reduced, compared to B6.Sle1b mice, further demonstrating that autoreactive T 

cells are essential to SLE progression. However, it should be noted that although T 

cells contribute to ANA production, they are not absolutely required for this process. 

Studies reported by the Yuan lab demonstrated that B6.Sle1b.Sap
-/-

 mice are not 



102 
 

 

compromised in titers of IgM ANA produced; however, IgG ANA production is 

severely impaired in these mice (206). Given the important role of SAP in class 

switch, these findings indicate that autoreactive B cells contribute to SLE both T-

dependent and T-independent immune responses contribute to disease pathology. 

 

Encouraged by these results, they decided to investigate the role of Sle1b 

polymorphisms on thymocyte development. Early analyses revealed that thymic 

cellularity was significantly increased in 8-week old B6.Sle1b mice, compared to 

age-matched B6 mice. A subsequent comparison of SLAM family surface densities 

in B6 and B6.Sle1b thymocytes identified Ly108 as the most likely receptor 

contributing these thymic differences. As illustrated in figure 5.1A, Ly108 surface 

expression in developing thymocytes is a dynamic process, which is dictated by 

Sle1b polymorphisms, as well as factors specific to each stage of development. 

Interestingly, while Ly108 surface densities were higher for Sle1b
b
 versus Sle1b

z
 

thymocytes, these expression profiles are reversed on developing B cells (115). To 

determine whether Ly108 polymorphisms affect thymic cellularity, they injected B6 

and B6.Sle1b mice with anti-Ly108 mAb. After 48 hours, while thymocyte numbers 

decreased slightly in B6 mice, in contrast, cell counts increased significantly in the 

congenic strain (fig 5.1B). 

 

Functional characterizations of the two strains revealed that B6.Sle1b 

thymocytes are more resistant than B6 to various apoptotic stimuli, including 

dexamethasone and serum starvation. Furthermore, anti-Ly108 mAb injection can 

rescue CD4+SP cells from CD3-induced apoptosis in B6.Sle1b, but not B6 mice (fig 

5.2A). Since these results suggest that Sle1b polymorphisms may also impact 

negative selection, they then compared the two haplotypes using two different 

models of negative selection, based on the HY and OT-II TCR transgenic systems. 
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As shown in figure 5.2B, mAb injection enabled B6.Sle1b thymocytes to escape 

deletion in these models.  

 

Although there were no appreciable changes in proximal TCR signaling, 

Ly108
z
 can impact other processes further downstream. In response to TCR 

engagement, B6.OT-II thymocytes exhibited higher calcium fluxes than 

B6.Sle1bOT-II thymocytes. In addition, cell cycle progression in B6.Sle1b 

thymocytes is severely disrupted following Ly108 crosslinking, while these events 

proceed normally in B6 mice. Specifically, antibody injections resulted in a 

significant increase in the percentage of B6.Sle1b thymocytes arrested at G0/G1 and 

G2+M, with less cells progressing through S phase (fig 5.3). Overall, their results 

indicated that the autoimmune-prone Ly108
z
 allele can impact thymic selection, 

through processes which involve dysregulated apoptosis, calcium mobilization and 

cell cycling. This juncture marks the point at which our lab entered into these 

investigations, in hopes of delineating the signaling pathways and molecular 

mechanisms by which Ly108 polymorphisms alter T cell development. 

 

Results 

 

Levels of apoptotic regulatory proteins in thymocytes following anti-Ly108 mAb 

treatment  

In order to address the molecular events responsible for B6.Sle1b thymocyte 

resistance to apoptotic stimuli following Ly108 engagement, we first investigated the 

expression levels of proteins that are known to play a regulatory role in apoptosis. 

The pro-apoptotic molecules Bak and Bax contribute to caspase activation by 

forming dimers within the mitochondrial membrane and driving the release of 

cytochrome C. Anti-apoptotic proteins such as Bcl-XL and Bcl-2 can form 

heterodimers with pro-apoptotic molecules to help counter their pore-forming 
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activities (207, 208). In B6 thymocytes, Bcl-XL and Bcl-2 showed similar expression 

profiles before and after anti-Ly108 injection (fig. 5.4). However, Bcl-XL was 

downregulated in B6.Sle1b thymocytes at hours 12 and 24 post anti-Ly108 mAb 

injection. Thymic expression of pro-apoptotic Bak increased in B6 and B6.Sle1b 

mice in response to anti-Ly108 mAbs. Although expression levels of the 20 kDa 

isoform of Bax were not significantly different between any of the samples analyzed 

(fig. 5.4), there was an abrupt disappearance of a 40kDa band in all antibody-treated 

samples. The exact nature of this molecular weight species is unclear; however, its 

size might be indicative of changes in the dimerization patterns of Bax. 

 

Although some changes in the levels of pro and anti-apoptotic regulatory proteins 

were detected following injection of anti-Ly108 mAb, these expression patterns were 

not consistent with the observed changes in thymocyte numbers and sensitivity to 

apoptosis. This implies that the enhanced resistance to apoptosis observed in 

B6.Sle1b thymocytes before and after anti-Ly108 injection cannot be simply 

explained by an increase in the levels of anti-apoptotic molecules, with a 

concomitant decrease in pro-apoptotic molecule expression. This is not entirely 

surprising given the limited role for Bcl-2 and Bcl-XL in thymocyte negative 

selection (209). However, the changes in expression of these molecules may have a 

role in the altered calcium responses we observed given the role of the Bcl-2 family 

of proteins in regulating intracellular calcium levels (210-212). 

 

Thymic cell cycle regulators are affected by Ly108 polymorphisms 

Previous reports have shown that cell cycle progression is required for thymic 

negative selection, while alterations in the cell cycle machinery render these cells 

insensitive to apoptosis. Thus, the altered thymic responses to apoptotic stimuli could 

be linked to the Wakeland group‟s discovery that Ly108 signaling can also 

differentially affect cell cycle regulation in these cells. To further investigate these 
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findings, we also examined the expression of key cell cycle regulatory proteins in 

thymocytes from both strains, prior to and after anti-Ly108 mAb injection. 

Progression through each stage of the cell cycle is driven by a group of cyclin-

dependent kinases (Cdks) and their regulatory cyclin subunits. Active Cdk2/cyclin E 

complexes, for example, phosphorylate key nuclear factors, which are required for 

the G1/S transition, and commit the cell to DNA replication (213). Similarly, the 

kinase activity of Cdk1/cyclin B is necessary for the initiation of mitosis. In actively 

dividing, non-malignant cells, Cdk protein levels remain stable throughout the cell 

cycle, so the kinase activity of these complexes is generally regulated by other 

methods, including cyclin expression, activating and inhibitory phosphorylation 

events, and cyclin-dependent kinase inhibitors (CKIs) (214).  

 

Figure 5.5 shows Western blot analysis of whole cell lysates from B6 and B6.Sle1b 

thymocytes at 0, 12, and 24 hours following anti-Ly108 mAb injection. Lysates were 

subjected to SDS-PAGE and immunoblotted with antibodies against various 

proteins, including ERK2 to control for loading. In figure 5.5A, the active form of 

Cdk2, represented by the faster migrating band at 33kDa, was expressed at similar 

levels in both strains and remained unchanged following anti-Ly108 mAb injection. 

However, phosphorylation of Cdk2 on threonine 160, which is required for full 

kinase activity (215), decreased in both B6 and B6.Sle1b mice after antibody 

administration with a more pronounced effect observed in B6.Sle1b thymocytes. 

 

During G0 and G1 phase, Cdk2 kinase activity is also negatively regulated by 

association with a cdk inhibitor known as p27
Kip1

 (216-218). In figure 5.5B, 

examination of p27 levels in thymocytes revealed a dramatic increase in p27 

expression in thymocytes from both B6 and B6.Sle1b following anti-Ly108 

injection. However, the kinetics and magnitude of this increase differed between the 
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two strains. Compared to B6, p27 increased at an accelerated rate in B6.Sle1b 

thymocytes, resulting in higher levels after 24 hours. 

 

The inhibitory activity of p27 can be regulated at the level of protein translation, as 

well as through a series of phosphorylation events that influence subcellular 

localization and protein turnover (219). Phosphorylation on serine 10 affects p27 

differently, in a cell cycle-dependent manner. During G0 phase, S10 phosphorylation 

stabilizes p27, while it facilitates the nuclear export of p27 into the cytoplasm during 

G1 phase (220, 221). However, phospho-p27(S10) levels were similar in both 

strains, and remained unchanged in response to mAb injection (fig. 5.5B).  

 

Phosphorylation on threonine 187 is another regulatory mechanism which negatively 

impacts p27 stability late in G1 phase. Phosphorylation at this residue is mediated by 

Cdk2/cyclinE, and targets the inhibitor for degradation via the ubiquitin-proteasome 

pathway (222). Figure 5.5C shows results obtained with a separate batch of age-

matched mice, which were analyzed 48 hours following antibody injection. In 

addition, these thymic lysates were immunoblotted with a commercial anti-p27 

antibody which, unfortunately, became unavailable shortly after these studies. With 

this antibody, p27 levels were constitutively higher in B6.Sle1b thymocytes before 

and after antibody injection, and these increases correlated with lower levels of P-

p27(T187). Although the use of a different antibody makes it difficult to directly 

compare these results with figure 5.5B, the corresponding decreases in P-p27(T187) 

might suggest that genes within the Sle1b
z
 haplotype can influence p27 turnover. 

Therefore, it appears that anti-Ly108 injection may affect cell cycle progression by 

an undefined mechanism which results in increased levels of the cdk inhibitor, p27. 

Furthermore, if these changes lead to decreased Cdk2 activity, it may explain the 

accumulation of B6.Sle1b thymocytes in G0/G1 and G2+M.  
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To examine Cdk2 kinase activity directly, we immunoprecipitated Cdk2 from 

thymocyte lysates and used this for an in vitro kinase activity with Histone H-1 as a 

substrate. Figure 5.6 shows that Cdk2 kinase activity (normalized for Cdk2 levels) 

was decreased in B6.Sle1b thymocytes 24 hours post Ly108 mAb injection. This 

outcome correlates with the peak accumulation of p27 and suggests that the observed 

cell cycle arrest is due to diminished Cdk2 kinase activity. 

 

Ly108
b
 and Ly108

z
 alleles exhibit distinct proximal signaling characteristics in 

thymocytes 

To define the molecular mechanisms responsible for the differential effect of anti-

Ly108 mAb treatment between the two strains of mice, we also assessed how in vivo 

antibody treatment impacted proximal Ly108 signaling. Thymocytes were harvested 

from B6 and B6.Sle1b mice prior to and 48 hours following anti-Ly108 mAb 

administration. Whole cell lysates and immunoprecipitates with anti-Ly108 were 

subjected to Western blot analysis. Figure 5.7 confirms that Ly108 expression was 

lower in B6.Sle1b versus B6 thymocytes (although the difference in magnitude is 

greater, the results are still consistent with the flow cytometry data). Treatment with 

anti-Ly108 mAb did not change the overall expression levels of Ly108 or the 

adaptor, SAP, in either strain. Interestingly, in spite of lower levels of expression in 

B6.Sle1b thymocytes, Ly108 showed higher phosphorylation and SAP association 

compared to B6 thymocytes, indicating that Ly108
z
 expressing thymocytes exhibit 

enhanced signaling through Ly108. The increased association of SAP with Ly108 in 

B6.Sle1b compared to B6 is likely due to the increased levels of Ly108 

phosphorylation. Unexpectedly, we also detected p27 in the Ly108 

immunoprecipitates, and these interactions also correlated with enhanced 

phosphorylation of the Ly108
z
 allele. These results imply that the anti-Ly108 mAb is 

indeed an agonist since it results in enhanced phosphorylation of Ly108
z
 following 

treatment both in vivo (fig. 5.7) and in vitro on transfected cells (data not shown). 
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We have also observed increased expression of CD69 and cytokine production in 

mature T cells following anti-Ly108 mAb engagement (data not shown). The results 

presented in figure 5.7 also imply that the predominant expression of the Ly108-1 

isoform by B6.Sle1b thymocytes results in stronger signaling potential than is 

exhibited by the Ly108-2 expressing B6 thymocytes, further illustrating significant 

functional variations between these two isoforms. These data are consistent with 

recently published reports of Ly108 isoform signaling (223).  

 

In order to understand the effect of anti-Ly108 mAb, we analyzed the kinetics of 

Ly108 phosphorylation following mAb-mediated receptor crosslinking at high cell 

densities. To do this, we isolated thymocytes and splenic CD4+ T cells from B6 and 

B6.Sle1b mice, and incubated these cells with or without anti-Ly108-mAb at 37°C 

for varying amounts of time between 0 and 30 minutes. The results in figure 5.8 

indicate that, following mAb-mediated receptor ligation, Ly108 phosphorylation 

increases briefly, and then steadily declines back to baseline levels after 30 minutes. 

Furthermore, when we normalize for the amount of Ly108 present, receptor 

phosphorylation at the 5-minute time point is higher in B6.Sle1b thymocytes, 

compared to B6. One unexpected result was the differential recovery of total Ly108 

protein between samples. Since equal cell equivalents were used for each IP, these 

results may indicate that ligand engagement alters the degradation rate of Ly108. In 

addition, upon comparing the samples incubated with and without anti-Ly108 mAb, 

the magnitude of the phosphorylation signal was fairly similar at each time point, 

although the kinetics appear to be slightly accelerated in the presence of antibody. 

These results suggest that anti-Ly108 mAb functions as a ligand agonist for these 

cells, although high cell densities are sufficient to induce Ly108 signal transduction.     
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Ly108-2 can directly associate with the cell cycle regulator p27  

Since the apparent association between Ly108 and p27 had not been previously 

reported, we wanted to further test and verify this novel interaction in a controlled 

environment, with each Ly108 isoform. For these experiments, cDNA expression 

vectors encoding FLAG epitope-tagged versions of Ly108-1 and Ly108-2, and a HA 

epitope-tagged version of murine p27 were created. Using these constructs, 293FT 

cells were transfected with one isoform of Ly108 and p27 or empty vector, and then 

incubated 48 hours prior to analysis. Although our initial observations in thymocytes 

were obtained by immunoprecipitating Ly108, the transfected cell lysates were 

subjected to immunoprecipitation with p27-specific mAb. This was done to avoid 

any confusing or ambiguous results which could be caused by the IP antibody, since 

Ig light chains and p27 have similar molecular weights. The IPs and WCLs were 

then used in SDS-PAGE and immunoblotted with anti-Ly108 mAb and anti-HA-

HRP Abs.  

 

As figure 5.9 demonstrates, murine p27 was able to associate with Ly108-2, but not 

Ly108-1, in these transfected tumor cells. Although this result seems to verify that 

p27 is capable of associating with Ly108, its apparent preference for isoform 2 was 

surprising, since our results in figure 5.7 indicated that thymic p27 favors the Ly108
z
 

allele, which expresses 5-fold more Ly108-1. However, since the protein expression 

profiles of 293 cells are vastly different from thymocytes, they undoubtedly lack a 

few key signaling intermediates which are necessary for proper receptor function. 

Therefore, it may be unrealistic, if not impossible, to fully recapitulate the exact 

results that we obtained with thymocytes.  

 

Nonetheless, these cells displayed other phenotypes which were more reminiscent of 

our findings in thymocytes. For example, we consistently observed more p27 in the 

WCLs of cells transfected with Ly108-1, versus Ly108-2 (fig. 5.9). In addition, we 
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frequently noted increased survival of cells that were co-transfected with Ly108-

1+p27, rather than Ly108-2+p27. The enhanced recovery rates for Ly108-1+p27 

transfectants correlated with fewer apoptotic cells, as assessed by flow cytometric 

analysis of cells stained with the viable dyes YO-PRO and PI (data not shown).   

 

Ly108 isoforms differentially affect p27 localization and degradation in transfected 

tumor cells 

To elucidate the mechanism(s) by which Ly108 might influence p27 on a post-

translational level, we used transfected tumor cells to analyze two processes- 

subcellular localization and protein stability- which regulate the inhibitory activity of 

this molecule. These experiments allowed us to examine the individual effects of 

Ly108-1 and Ly108-2 in isolation, which would be difficult using primary 

thymocytes, since these cells express a mixture of both isoforms. 

 

Although we were unable to detect any differences in P-p27(S10) levels between B6 

and B6.Sle1b thymocytes (fig. 5.5), the nuclear and cytosolic distribution of p27 can 

also be dictated by other factors, including phosphorylation at residues T157 and 

T198 (224). To determine whether p27 subcellular localization is differentially 

altered by the two Ly108 isoforms, 293FT cells were transfected, as described above, 

and then fractionated into nuclear and cytoplasmic compartments. These fractions, as 

well as their whole cell lysates, were analyzed via western blot with antibodies 

specific for Ly108 and p27. In addition, anti-alpha-tubulin and lamin B1 were used 

as both loading and purity controls for these fractions.     

 

As illustrated in figure 5.10A, p27 levels are reduced in the WCLs of cells 

transfected with Ly108-2 +p27, compared with L108-1+p27; however, this reduction 

correlates with fewer cell equivalents, due to enhanced apoptosis rates when Ly108-

2 is expressed. In the subcellular fractions, loading volumes were adjusted to correct 



111 
 

 

for this variability in cell recovery rates, as demonstrated by the corresponding 

controls (Fig. 5.10A). These fractions indicate that p27 levels are also diminished in 

the nuclear and cytoplasmic compartments of cells transfected with Ly108-2, versus 

L108-1. In the accompanying graph (fig. 5.10A), p27 protein levels were quantified 

and normalized against alpha tubulin or lamin B, using densitometric analysis. These 

measurements indicate that both the cytoplasmic and overall levels of p27 are 

approximately two-fold lower in cells expressing Ly108-2, versus Ly108-1. 

Furthermore, this difference is even more pronounced for the nuclear compartment, 

where p27 levels are decreased by about 10-fold in Ly108-2 transfectants. These 

findings may hint that signals transduced through Ly108-2 may negatively regulate 

the nuclear import of p27. However, further investigations of p27 subcellular 

localization in primary thymocytes are necessary to gain a better understanding of 

how Ly108 influences thymic development.  

 

Interestingly, we also found that the nuclear fractions of these transfected cells 

contained Ly108-2, and to a lesser degree, Ly108-1 (fig. 5.10A). While cross-

contamination between subcellular compartments could explain the appearance of 

Ly108 in the nucleus, the fact that cytoplasmic-specific tubulin is undetectable in the 

nuclear fractions argues against this idea. Nonetheless, in spite of these purity 

controls, the overexpression of exogenous protein at exceptionally high levels can 

still produce similar artifacts during the course of fractionation. However, in this 

experiment, Ly108-1 can function as an additional purity control for transfected 

proteins, since it was barely detectable in the nuclear fractions, even though the 

WCLs and cytoplasmic fractions show that the two isoforms were expressed at 

similar levels (fig. 5.10A). These findings suggest that Ly108 polymorphisms may 

also regulate receptor localization in thymocytes by preferentially trafficking Ly108-

2 to the nuclear envelope, which might potentially influence T cell development.     
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The regulation of p27 protein levels during G1S transition is primarily controlled 

by the ubiquitin-proteasome pathway (222), although alternate methods have also 

been reported, including pathways mediated by caspases (225-228) and calpain-like 

proteases (229, 230). To investigate the proteolysis of p27 in the Ly108-transfected 

cells described above (fig. 5.10A), we incubated cells with or without the 

proteasome/calpain inhibitor, N-acetyl-Leu-Leu-norleucinal (ALLN), for 12 hours 

prior to harvest. We then analyzed p27 protein levels in Western blots, using anti-

p27 Abs and anti-alpha-tubulin Abs as a loading control. Unexpectedly, figure 

5.10B shows that in the presence of the ALLN inhibitor, p27 protein levels increase 

in Ly108-1, but not in Ly108-2 transfectants, indicating that p27 proteolysis is 

enhanced in the presence of isoform 1. The 22 kDa band detected by p27 Abs in 

ALLN-treated cells (fig. 5.10B) corresponds to a similarly-sized protein reported 

previously (229). This 22 kDa fragment is thought to be an intermediate breakdown 

product of p27, which is created by the proteasome, and then further degraded by a 

calpain-like protease in the absence of inhibitor. These findings are not attributable 

to the lower levels of p27 in the Ly108-2-expressing cells- which could make any 

p27 breakdown products more difficult to detect- since the same results were 

obtained when the experiment was repeated, and the number of cell equivalents 

loaded into each lane were adjusted, in order to equalize p27 levels between samples 

(data not shown).  

 

Although the results of figure 5.10B may seem counterintuitive at first, the 

diminished levels of nuclear p27, which we observed in the presence of Ly108-2 

(fig. 5.10A), provide a possible explanation for them. According to a number of 

studies, the majority of p27 destined for the proteasome during G1 phase is initially 

targeted for degradation by the SCF ubiquitin E3 ligase complex (231-233). Since 

SCF is primarily localized to the nucleus, p27 ubiquitination is presumed to occur 

within this subcellular compartment, in response to Cdk2-mediated phosphorylation 
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on T187 (234). In light of this, if Ly108-2 expression severely reduces the nuclear 

localization of p27 (fig. 5.10A), SCF-mediated ubiquitination would also be 

impaired, in which case we would expect to find less p27 degradation by the 

ubiquitin-proteasome pathway in these cells. 

 

SAP and Eat-2a binding profiles with Ly108 isoforms and YF mutants in cell lines 

Since SAP and Eat-2 are also capable of associating with ITSMs on other SLAM 

family members, including human Ly108, we also analyzed the binding profiles of 

these two adaptors with each Ly108 isoform in transfected 293 cells. In figure 

5.11A, 293FT cells were transfected with vectors encoding each Ly108 isoform, as 

well as the SAP adaptor linked to the myc epitope tag. Upon harvest after 48 hours, 

cell lysates were subjected to immunoprecipitation with Ly108-specific mAb, and 

then probed with anti-Flag or anti-myc Abs. As the SAP-myc blot illustrates, this 

adaptor binds equally well to Ly108-1 and Ly108-2 in transfected cell lines. 

 

The cytoplasmic domain of murine Ly108-2 contains three tyrosine residues (Y295, 

Y319, and Y335) which have been identified as potential binding sites for SH2-

domain containing proteins (116). The amino acids surrounding the first and second 

tyrosine form consensus ITSM sequences, which are also found within the 

cytoplasmic tail of Ly108-1. The third tyrosine-based motif (TGpYNQP) is unique 

to isoform 2, and while the sequence does not constitute a canonical ITSM, it does 

however, resemble sequences which can be bound by cytosolic SH2-domain 

containing PTKs (pY-[hydrophilic]-[hydrophilic]-[hydrophobic]) (138). Ly108-1 

also contains a tyrosine residue at its C-terminal end (Y330) which is not present in 

Ly108-2; however, binding domains which can recognize this peptide- if any such 

exist- have yet to be identified. To determine the importance of each ITSM on 

adaptor association, we used Ly108-2 cDNA to convert these three tyrosine residues 

to phenylalanine, either alone (M1=Y295F, M2=Y319F, M3=Y335F), or all together 



114 
 

 

(M1-3), and ligated the fragments into mammalian expression vectors. Next, we co-

transfected 293FT cells with SAP, along with one YF mutant, or wild-type Ly108-

2, and then incubated these cells for 48 hours. Upon harvest, Ly108 was 

immunoprecipitated from cell lysates to compare relative SAP association with each 

receptor via Western blot analysis.  

As figure 5.11B shows, SAP association is severely diminished when the second 

ITSM is mutated (M2), and to a lesser degree when the first tyrosine is converted to 

phenylalanine (M1). In contrast, M3 and wildtype Ly108-2 were able to coIP similar 

amounts of SAP, indicating that this adaptor does not bind Y335 in a phospho-

dependent manner. Finally, these interactions between SAP and Ly108-2 were 

completely abrogated when all three tyrosines were mutated (M1-3). Together, these 

results suggest that the first, and especially the second, tyrosines within Ly108 

mediate receptor association with SAP SH2 domains. 

 

Although previous studies have been unable to detect Eat-2a in developing 

thymocytes, this adaptor is, however, expressed in APCs (122). Furthermore, a key 

role has already been identified for Ly108 in the regulation of B cell tolerance, as 

explained above (54). Therefore, we decided to perform similar 293 transfections 

using Eat-2a, combined with wild-type Ly108-1, Ly108-2, or the various YF 

mutants, in order to delineate the preferred binding motifs of this SH2-domain 

containing adaptor. In contrast to SAP, the association of Eat-2a with Ly108-2 is all 

but completely abolished when Y295 is substituted with phenylalanine, while 

adaptor binding is unaffected by the YF conversions of amino acids 319 or 335 

(fig. 5.11C). This implies that Eat-2a is restricted to the first tyrosine-based motif 

(Y295) of Ly108. However, although both isoforms contain the Eat-2a-preferred 

tyrosine, Y295, and furthermore, WCLs showed that receptor expression levels were 

highest in Ly108-1 transfectants (fig. 5.11C), Eat-2a associated more with Ly108-2, 
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than with isoform 1. This enhanced binding was also accompanied by higher 

phosphotyrosine levels for Ly108-2.  

 

The C-terminal tails of human and murine Eat-2a contain one or two tyrosine 

residues, respectively. Studies in transgenic mice have indicated that the 

phosphorylation of these tyrosines may be required for the regulation of SLAM 

family members by Eat-2a (146). Interestingly, we find that although M2 and wild-

type Ly108-2 were able to bind Eat-2a equally well, the mutation of Y319 negatively 

impacts phosphotyrosine levels of both the receptor and Eat-2a (fig. 5.11C). When 

we compare each of these samples to one another, we note a positive correlation 

between Ly108 phosphorylation and Eat-2a association, with the exception of 

Ly108-2-M2, which is predominantly bound by the hypophosphorylated form of Eat-

2a. This may imply that Eat-2a can mediate Ly108 phosphorylation, through a 

mechanism which involves adaptor phosphorylation at critical C-terminal tyrosines.  

 

The WCLs of figure 5.11 also show that the expression levels of these Ly108 

isoforms and mutants were significantly different. We observed similar differences 

in receptor levels on at least 30 separate occasions, in which the Ly108 isoforms 

and/or mutants were co-transfected with one of four different cytosolic proteins. This 

variability persisted despite the use of three different expression vectors, multiple 

DNA preps and 293 cell stocks, as well as repeated attempts to titrate the DNA. 

Therefore, these results were not due to slight differences in DNA concentrations, 

nor to the normal variation in transfection efficiency that is inherent to this system. 

When cells were transfected with equal amounts of each vector, we consistently 

observed higher expression of Ly108-1, compared to Ly108-2. The mutant versions 

of Ly108- especially M3 and M1-3- were generally expressed at lower levels than 

wild-type. Although total Ly108 levels are more consistent between the different 

samples in panel B, these results were obtained by using three-fold more DNA to 
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transfect the cells which contain M1, M3, and M1-3. These differences may hint that 

Ly108 protein levels can be regulated post-translationally by cytosolic SH2-domain 

containing proteins which interact with these tyrosine-based motifs. Interestingly, 

when we created YF mutations in the ITSMs of another SLAM family receptor, 

CD244, and used them in analogous transfections, we noted similar deviations in 

CD244 levels. 

 

Discussion 

 

In this study, we used B6.Sle1b congenic mice to define the phenotypic 

consequences of Sle1b polymorphisms on developing T cells. These investigations 

reveal that the Sle1b interval increases the size of the thymocyte population in 

B6.Sle1b mice, which might enable more thymocytes to differentiate and ultimately 

seed the periphery. Furthermore, thymocytes from the expanded B6.Sle1b population 

display an enhanced resistance to the induction of apoptosis, compared to B6 cells. 

In addition to providing a potential explanation for the increased thymic cellularity 

of the congenic strain, this observation also suggests that B6.Sle1b cells may be 

better equipped than B6 to circumvent, and hence, survive the signals that mediate 

negative selection. Over time, these subtle alterations in during thymocyte 

development could lead to an accumulation of autoreactive T cells which may be 

sufficient to predispose these mice to autoimmune disease.  

 

These studies also demonstrate that functional polymorphisms in Ly108 likely 

account for the differential phenotypes of B6 and B6.Sle1b thymocytes. Specifically, 

antibody-mediated engagement of Ly108 in B6.Sle1b mice expands the thymocyte 

population and enhances their resistance to apoptotic signals. This altered sensitivity 

to apoptosis was accompanied by a decreased response to TCR engagement, as 

determined by intracellular calcium flux. In contrast, receptor crosslinking in B6 
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mice decreases thymic cellularity, and leaves these cells vulnerable to apoptotic 

stimuli. In addition, ligation of Ly108
z
 but not Ly108

b
, allowed for the survival of 

thymocytes from negative selection in OT-II and HY TCR Tg mice.  

 

This differential sensitivity to apoptosis was not simply due to an altered ratio 

of pro and anti-apoptotic molecules. In fact, receptor ligation with anti-Ly108 mAb 

affected these molecules similarly in both B6 and B6.Sle1b thymocytes. Following 

antibody injection, thymic expression of the pro-apoptotic regulator Bak increased 

similarly in both strains, while the amount of anti-apoptotic molecule Bcl-XL 

decreased in B6.Sle1b cells. This indicates that these particular molecules are not 

responsible for the enhanced survival exhibited by B6.Sle1b thymocytes. 

Furthermore, these results imply that the mitochondrial cell death pathways are intact 

and functional in these cells, with respect to their ability to sense apoptotic stimuli. 

However, in B6.Sle1b cells, these signaling pathways may be undermined further 

downstream by Ly108
z
-induced factors, which prevent them from carrying out their 

apoptotic functions to completion.  

 

We also report that α-Ly108 injection resulted in a reduction in the number of 

B6.Sle1b thymocytes that were actively replicating DNA, along with a concurrent 

rise in the percentage of cells in G0/G1 phase, compared to B6. These findings 

suggest that Ly108 receptor crosslinking on developing B6.Sle1b thymocytes leads 

to a block in G1 phase via the dysregulation of cell cycle proteins. Consistent with 

this, we found that Ly108 ligation in B6.Sle1b thymocytes led to reduced kinase 

activity in Cdk2, the key regulator of the G1/S transition, possibly through a 

mechanism that appeared to involve increased accumulation of the Cdk inhibitor, 

p27
Kip1

.In response to mitogenic signals, upregulation of cyclin E is usually 

sufficient to trigger the degradation of p27 (235). Newly formed, active Cdk2/cyclin 

E complexes can phosphorylate p27 on residue threonine 187, which then targets the 
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inhibitor for ubiquitin-mediated proteolysis (236). However, heightened expression 

of p27 could disrupt the balance between active Cdk2/cyclin E and inactive 

Cdk2/cyclin E/p27 complexes, which could then delay or even completely inhibit the 

transition into S phase from G1 and also affect apoptosis.  

 

In thymocytes, Bax and Bcl-2 have recently demonstrated functions outside of 

the mitochondria, which include the regulation of p27 levels. In particular, increased 

levels of Bcl-2 have been shown to block the degradation of p27, in response to 

apoptotic stimuli. The accumulation of p27 inhibits Cdk2 activity and this has been 

one mechanism to explain some of the anti-apoptotic effects of Bcl-2 in thymocytes. 

However, our data show that increased levels of p27 in B6.Sle1b thymocytes treated 

with α-Ly108 mAb are not accompanied by changes in Bcl-2 levels indicating that 

p27 levels and likely apoptosis resistance are being regulated by a Bcl-2 independent 

mechanism. The result of increased p27 levels is a reduction in Cdk2 kinase activity. 

Given the key role of p27 and Cdk2 activity in regulating thymocyte apoptosis and 

selection events (237, 238), we would predict these changes to have an impact on 

thymic selection resulting in an escape of potentially autoreactive thymocytes in 

B6.Sle1b mice that could be exacerbated by α-Ly108 mAb injection. 

 

The exact nature of how Ly108 engagement affects apoptosis and cell cycle 

progression is unknown but may be a direct effect of the influence of Ly108 on 

intracellular calcium levels following TCR engagement. In addition to an impaired 

calcium response in B6.Sle1b thymocytes, the Wakeland lab also observed decreased 

expression of calmodulin in these cells (data not shown). Increases in intracellular 

calcium are sensed through calmodulin and its ability to activate kinases that regulate 

a multitude of cellular events including the cell cycle and apoptosis (239). Therefore, 

it is possible that these changes are responsible for the effects of α-Ly108 

engagement. Small changes in intracellular calcium levels have been associated with 
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a differential response of thymocytes to both negative and positive selection signals 

(240).  

 

Additionally, a direct role for calmodulin activated protein kinases in the 

regulation of p27 levels and Cdk2 activity has been described (241). However, a 

reverse scenario may also be plausible, whereby dysregulated p27 expression 

influences calcium flux. In a recently published study, investigators have shown that 

the cdk1/cyclin B1 complex (required for the G2M transition) is capable of 

directly interacting with, and phosphorylating, the inositol 1,4,5-trisphosphate 

receptor (IP3R) (242). This phosphorylation event increases IP3 binding with the 

receptor, and subsequently enhances IP3-gated calcium release. However, the 

cdk1/cyclin B1 complex only becomes active during G2 phase, after a sufficient 

amount of cyclin B1 has accumulated. Therefore, if a large percentage of B6.Sle1b 

thymocytes have arrested in G1 phase, then we would also expect these cells to show 

reduced levels of cdk1 activity, which might contribute to their reduced ability to 

flux calcium.  

 

Our results also indicate that Ly108
z
 (predominant expression of Ly108-1 

isoform) represents a gain of function polymorphism in comparison to Ly108
b 

(predominant expression of Ly108-2 isoform). In spite of the increased expression of 

Ly108 in B6 thymocytes, Ly108 engagement appeared to more effectively initiate 

proximal signaling events in B6.Sle1b thymocytes, as evidenced by enhanced 

receptor phosphorylation and SAP adaptor recruitment.  This is in accordance with 

recently published studies examining Ly108-1 and Ly108-2 signaling in transfected 

cell lines wherein Ly108-1 exhibited higher baseline phosphorylation and association 

with SAP (223). Interestingly, this appears to not be due to differences in ITSMs 

between these two isoforms but the presence of an additional tyrosine-containing 
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motif in Ly108-1. All of these characteristics indicate that Ly108
z
 is intrinsically 

more activated in thymocytes and signals more strongly in response to ligation.  

 

One limitation of our thymocyte studies stems from the fact that the thymus 

consists of multiple populations of cells at different stages of development. As a 

result, specific populations may be responsible for the various immunoblot results 

that we obtained with total thymocytes following anti-Ly108 mAb injection. In 

addition, other results may be obscured or more difficult to detect if two different 

populations show strong, yet opposing responses to Ly108 engagement. One 

potential solution to this issue would be to isolate the various subsets from total 

thymocytes before carrying out these experiments. However, although these studies 

have been an important goal of our investigations from the beginning, unfortunately, 

technical problems and other difficulties have precluded us from completing them at 

this point. Despite this drawback, previous results from the Wakeland lab indicate 

that DP and CD4+ SP thymocytes are the primary thymic subsets which show 

haplotype-specific differences in thymic cellularity and resistance to apoptosis (fig. 

5.2 and data not shown). In addition, the vast majority of cells represented in our 

immunoblot results are DP and SP T cells, since these cells constitute approximately 

80% and 9-10% of total thymocytes, respectively. Therefore, it is reasonable to 

predict that DP and SP thymocytes are predominantly involved in the observed 

changes in cell cycle regulators, although specific isolation of these populations will 

be necessary to verify this prediction.    

 

As summarized in Table 5.1, our analyses of Ly108/p27-transfected tumor 

cells corroborate a few of our observations in thymocytes; namely, the interaction 

between p27 and the cytoplasmic tail of Ly108, as well as our results illustrating that 

Ly108-1 and Ly108-2 influence both cell survival and p27 levels in a positive and 

negative fashion, respectively. Our investigations into the post-translational 
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regulation of p27 also show that its diminished levels in the nuclear fractions of 

Ly108-2 versus Ly108-1 transfectants are much more severe than the differences 

observed in the cytoplasm. Although these findings still require verification in 

primary thymocytes, they provide strong evidence that altered signaling through 

Ly108-1 on B6.Sle1b thymocytes leads to an accumulation of nuclear p27, which is 

responsible for cdk2 inhibition, and consequently, the induction of G1 arrest in these 

cells. 

 

The altered nuclear localization of p27 could be due to modifications which 

augment nuclear export or impair nuclear import. Our thymocyte data showing little 

change in P-p27(Ser10) levels argues against the former scenario; however, altered 

nuclear import may warrant further exploration. Of note, two residues of p27 which 

have been shown to negatively impact its nuclear import are threonine 157 and 197 

(198 in mice) (243-246). When phosphorylated, these residues can be bound by the 

14-3-3 family of adaptors, which effectively confine p27 to the cytosol by interfering 

with its ability to associate with the nuclear transport protein alpha-importin (247). 

These studies also show that the phosphorylation of threonine 157 and 198 is 

primarily mediated by Akt kinase, also termed protein kinase B (PKB), which in 

turn, is activated by phosphatidylinositol 3-kinase (PI3K). This is interesting, from 

an immunological perspective, given the central role that class I PI3Ks play in signal 

transduction through co-stimulatory receptors which control lymphocyte 

proliferation and apoptosis (248-250). In fact, analyses of mice expressing a kinase-

inactive version of PI3K implicated this pathway in the negative selection of 

developing thymocytes (251). Furthermore, pharmacological inhibitors of PI3K 

activity produce results resembling our own, in which cells display up-regulated p27 

expression, along with a senescence-like arrest in G1 phase (245, 252, 253). Of the 

examples listed, the report from Appleman et al. (253) is particularly relevant to our 

studies, as it illustrates how the PI3K/PKB signaling cascade mediates p27 down-
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regulation and S phase transition in primary T cells, in response to ligation of the co-

stimulatory receptor CD28. These studies highlight the PI3K/PKB pathway as a 

potential mechanism to explain how Ly108 could control p27 subcellular 

localization. Specifically, Ly108-2, but not Ly108-1, could be linked to the 

PI3K/PKB pathway, allowing for the amplification of CD28 co-stimulatory signals 

during thymic negative selection. By this rationale, the ligation of Ly108-2 would 

increase the cytoplasmic localization of p27, through heightened phosphorylation on 

residues Thr157 and 198.        

 

After acquiring our subcellular fractionation results, we initially hypothesized 

that the reduced levels of p27 in the nuclear compartment of Ly108-2 versus Ly108-

1 transfectants might also explain their decreased overall levels. This was based on 

the prediction that a preferential exclusion of p27 from the nucleus of Ly108-2
+
 cells 

would likely lead to its increased degradation by the proteasome, which is also 

localized to the cytoplasmic compartment (254). However, to our surprise, our 

experiments with the inhibitor ALLN suggest that proteasome-mediated proteolysis 

of p27 is intact in Ly108-1
+
, but not Ly108-2

+
 cells. These results appear to imply 

that the increased abundance of p27 in Ly108-1-transfected cells is not due to 

reduced p27 degradation by the 26S proteasome; however, they are also unexpected, 

considering our thymocyte data which indicates that P-p27(Tyr187) levels (and 

therefore, p27 ubiquitination) are enhanced by Ly108-2 signals (fig. 5.5C). A variety 

of explanations may account for these discrepancies, with the most likely being that 

HEK 293 cells are transformed tumor cells. Thus, by definition, these cells contain 

numerous cell cycle proteins which exhibit altered functions and/or expression 

profiles, compared to their counterparts in primary cells. For example, the successful 

progression of healthy cells through the G1S checkpoint requires signaling events 

which lead to the downregulation of two key cell cycle regulators, Rb and p53. HEK 

293 cells, however, express adenoviral proteins E1A and E1B, which are ultimately 
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responsible for the immortalized phenotype of this cell line, through their ability to 

constitutively bind and inhibit the activity of Rb and p53, respectively (255). 

Consequently, 293 cells likely correspond to thymocyte populations that also exhibit 

highly proliferative states, such as DN3 cells progressing through the beta-selection 

checkpoint, or DP/SP cells that are undergoing positive selection. Therefore, the 

contradictory results of p27 degradation in HEK 293 cells, compared to a collection 

of predominantly nonproliferating thymocytes, could be due to the dysregulation of 

any proteins which function downstream of Rb and p53, and have been shown to 

regulate p27 abundance. Yet regardless of the exact cause of these differences, 

additional studies in primary cells are necessary before more concrete conclusions 

can be formed.   

 

Since the issue of whether or not Ly108 influences proteasome activity 

remains to be resolved, we also explored other possible explanations for the 

differential p27 levels that were observed. Along the same lines of protein stability, 

Ly108-1 signals may prevent the proteolysis of p27 through a proteasome-

independent pathway. As mentioned above, prior studies have also identified a 

regulatory role for the caspase family of proteases in the degradation of p27 and p21 

(225-228). Due to the removal of their nuclear localization signals, the CKI 

fragments generated by activated caspases are purported to be rapidly exported from 

the nucleus for further proteolysis, resulting in Cdk2 activation and the induction of 

apoptosis (225). This process may be especially relevant in our studies, since both 

B6 thymocytes and Ly108-2 transfected lines undoubtedly contain high levels of 

caspase activity, considering the fundamental role these proteases play in the 

apoptotic signaling cascade (256). Therefore, one plausible explanation for not only 

the altered levels of p27, but also for its dysregulated subcellular localization may be 

that signals transduced through isoform 2 of Ly108 enhance caspase-mediated 

cleavage of p27. 
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Another option to consider is that the Ly108 isoforms may differentially 

impact p27 gene expression. We initially regarded this as the least likely option, and 

were reluctant to pursue it, for two reasons: 1.) p27 activity is predominantly 

controlled by post-translational mechanisms, according to the current consensus 

within the field of cell cycle regulation (254), and 2.) when the Wakeland group 

performed a microarray analysis of gene expression profiles in B6.Sle1b thymocytes, 

it failed to detect any obvious modification of p27 mRNA expression. However, in 

retrospect, the differences that we observed in p27 protein levels were likely 

amplified beyond physiological conditions by increased Ly108 signaling, as a result 

of anti-Ly108 mAb injection or the overexpression of Ly108 in transfected cells. 

These changes are likely to be much more subtle in unmanipulated mice, and may 

exist below the detection threshold of this technique, as we would expect for a 

slowly progressing autoimmune disease such as lupus.  

 

After reexamining the literature, we found that although the vast majority of 

investigations into the regulation of p27 have focused on post-translational 

mechanisms, as expected, a few reports of transcriptional modifiers of the p27 gene 

have also surfaced. Notably, the Forkhead transcription factor FoxO3 can induce G1 

arrest or apoptosis in T and B lymphocytes through transcriptional activation of p27, 

or pro-apoptotic protein BIM (Bcl-2-interacting mediator of cell death), respectively 

(257-259). This mechanism is especially pertinent to the above discussion, since 

FoxO activity is also regulated by the PI3K/PKB signaling pathway (260). In light of 

this, we reason that an examination of p27 transcription may prove worthwhile, since 

it could explain the altered p27 levels, while still accounting for the apparent normal 

proteasome function in Ly108-1 transfectants.  

 

When combined with our data, these studies present compelling evidence for 

the PI3K/PKB pathway as a potential mechanism to explain how Ly108 modulates 
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TCR signal strength during thymocyte deletion. In this model, CD28-mediated 

activation of the PI3K/PKB pathway may be augmented by the engagement of 

Ly108-2, but not Ly108-1, on DP thymocytes. As a result, Ly108-2-generated 

signals would have two major effects due to increased PI3K activity: 1.) PKB-

induced phosphorylation of p27 on Thr157/198, leading to its accumulation in the 

cytoplasmic compartment (and possibly elevating its destruction by nearby 

proteasomes), and 2.) suppression of p27 mRNA transcription, as a result of PKB-

mediated phosphorylation, and inactivation, of FoxO3 transcription factor. Together, 

these events would enable Cdk2 to initiate cell cycle progression, and consequently, 

apoptosis. 
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Figure 5.1 
 

 
 

 
 

Figure 5.1: Sle1b and Ly108 polymorphisms modulate thymic cellularity. Panel A.) 
shows the median MFI values of Ly108 for various thymocyte developmental stages of 8-

week old B6 (n=5), B6.Sle1b (n=5), and B6.Sle1b.388C4 (n=5) mice, representative of at 

least three independent experiments. Shown in B.) are the thymic cell numbers for 8-week 
old B6 and B6.Sle1b mice 48 hours after IV injection of PBS (n=15 per group) or anti-

Ly108 (5 μg) antibody (n=6 per group, representative experiment of at least five). For 

statistics, ANOVA with Dunnet post-hoc test or parametric Welch-corrected t-test was used 

for statistical analysis (* P<0.05, ** P<0.01, ***P<0.001). DN, double negative; DP, double 
positive; SP, single positive.  
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Figure 5.2A 
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Figure 5.2B 

 

 

 

 

 

  
 

 

 

 

 

 
Figure 5.2: Engagement of Ly108

z
 impairs thymocyte deletion and negative selection. 

Panel A.) shows the number of DP (top) and CD4+ SP (bottom) thymocytes recovered from 

B6 and B6.Sle1b mice 48 hours following i.v. injection of anti-Ly108 (5ug) and anti-CD3 
(5ug) antibodies (n=6 per group, representative of at least five independent experiments). 

Panel B.) shows the absolute number of OT-II transgenic T cells (Vα2+, Vβ5+) in B6OT-II 

and B6.Sle1bOT-II mice following CD4 depletion and tolerizing doses of OVA in the 

presence or absence of anti-Ly108 mAb (5ug). Each point represents the number of 
transgenic TCR+ T cells present 48hrs after injection for an individual mouse.  Data were 

pooled from two independent experiments. DP, double positive; SP, single positive.  
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Figure 5.3 

 

 
 

 
 

 
Figure 5.3.  Ly108 affects cell cycle progression in thymocytes. Shown here are the mean 
percentages of B6 (n=3) and B6.Sle1b (n=3) thymocytes (representative of at least two 

independent experiments) in the indicated stages of cell cycle before (A) and 36 hours after 

(B) anti-Ly108 injection as assessed by BrDU versus 7-AAD staining, with representative 
FACS plots displayed in panel B. For statistics, parametric Welch-corrected t-test was used 

for analysis (*P<0.05, **P<0.01, ***P<0.001). 
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Figure 5.4 

 

 

 

 

        
                          

 

 

 
Figure 5.4: Expression of apoptosis regulatory molecules. Western blots of whole cell 

lysates from B6 and B6.Sle1b thymocytes at 0, 12 and 24 hours following anti-Ly108 mAb 

injection are shown. Blots were immunoblotted with antibodies specific for A.) anti-
apoptotic molecules (anti-Bcl-XL Abs or anti-Bcl-2 Abs) and B.) pro-apoptotic molecules 

(anti-Bak Abs or anti-Bax Abs). Each membrane was subsequently stripped and reblotted 

with anti-ERK2 Abs to ensure equal loading and transfer of samples. Results are 
representative of at least three independent experiments. Anti-Bak western results are from a 

scan of the same gel and exposure but some lanes had to be rearranged for the figure (these 

are indicated by a line). 
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Figure 5.5 
 

            

        

            
 

Figure 5.5: Expression profiles of cell cycle regulatory proteins in B6 and B6.Sle1b 

thymocytes.  Western blots of whole cell lysates from B6 and B6.Sle1b thymocytes at 0, 12, 

24, or 48 hours following anti-Ly108 mAb injection are shown. Membranes were 
immunoblotted with antibodies specific for A.) the G1S transition regulator, Cdk2 and its 

active form (polyclonal anti-Cdk2 Abs or anti-P-Cdk2(Thr160) mAbs) and B.) the Cdk2 

inhibitor, p27 (anti-p27 Abs (BD) or anti-P-p27(Ser10) Abs). Each membrane was 
subsequently stripped and reblotted with anti-ERK2 Abs to ensure equal loading and transfer 

of samples. C.) Western blots of whole cell lysates from B6 and B6.Sle1b thymocytes at 0 

and 48 hours following anti-Ly108 mAb injection are shown. Membranes were 

immunoblotted with antibodies specific for the Cdk2 inhibitor, p27 (anti-p27 Abs (Cell 
Signaling) or anti-P-p27(Thr187) Abs).  
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Figure 5.6 

 

 

 

 

  

 
 

 

 

 
   

 

 

 

 

 
Figure 5.6: Ly108 mAb reduces Cdk2 kinase activity in B6.Sle1b thymocytes. Cdk2 was 
immunoprecipitated from B6 and B6.Sle1b thymocyte whole cell lysates at 0, 12, and 24 

hours following anti-Ly108 mAb injection. Immunocomplexes from each sample were 

analyzed in vitro for kinase activity towards the substrate histone H1 using [
32

P]-labelled 
ATP. The reactions were immunoblotted with anti-Cdk2 Abs to compare IP efficiencies, and 

kinase activities were assessed by measuring the amount of radioactive histone H1 in each 

sample. Relative kinase activity was determined with densitometric analysis by setting a 

value of 100 percent for B6 controls. Results are representative of at least three independent 
experiments. 
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Figure 5.7 
 

 
 

        
 

 
 

 
Figure 5.7: B6.Sle1b thymocytes exhibit enhanced phosphorylation and SAP 

association. Western blot analysis of A.) whole cell lysates from B6 and B6.Sle1b 

thymocytes at 0, 12 and 24 hrs following anti-Ly108 mAb injection. Membranes were 
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blotted with anti-Ly108 mAb, anti-SAP, or anti-ZAP70 Abs (loading control); and B.) anti-

Ly108 immunoprecipitations from B6 or B6.Sle1b thymocytes at 0 or 48 hrs following mAb 
injection. Lysates were ippt with anti-Ly108 mAb, then blotted with anti-Ly108 mAb, 

streptavidin-HRP anti-P-tyr (PY20), anti-SAP, or anti-p27 Abs (BD). IP results for each 

specific blot are from the same gel and exposure, but the order of some lanes have been 

changed in the figure, for clarity (indicated by a line). Results are representative of three 
independent experiments. Graph represents normalized levels of phospho-Ly108 and SAP 

association for each IP, as assessed by densitometric analysis. For each sample, 

measurements are compared to B6 controls (0 hrs), which have been set as 1.0.  
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Figure 5.8 
 

 
 

        
 

Figure 5.8: Thymic Ly108 undergoes dynamic changes in phosphorylation status 
following incubation at high densities. Approximately 20x10

6
 thymocytes or splenic CD4+ 

T cells were isolated from B6 and B6.Sle1b mice. Cells were incubated at 40x10
6
 cells/ml 

for 0-30 minutes at 37°C with or without crosslinking α-Ly108-mAb, where indicated. 

Lysates were then immunoprecipitated with α-Ly108 mAb, and blotted with α-P-tyr mAb 
and α-Ly108 mAb. The graph below represents Ly108 levels (solid lines) and P-Ly108 

levels (dashed lines) in each IP from B6 (blue) or B6.Sle1b (red) thymocytes, as assessed by 

densitometric analysis. P-Ly108 measurements have been normalized for total Ly108, and 
measurements for Sle1b-30‟+Ab were obtained from separate gel loaded with remaining IP 

samples (data not shown). 
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Figure 5.9 
 

 

       
 

 

    
 

 
Figure 5.9: Ly108-2 can directly associate with p27 in transfected 293FT cells. 293FT 

cells were transfected with expression vectors encoding Ly108-1 or Ly108-2 (represented in 

the diagram above), along with HA epitope-tagged p27, and then incubated 48 hours. Upon 
harvest, lysates were immunoprecipitated with anti-p27 Abs, and then blotted with anti-

Ly108 mAb, or anti-p27 Abs. IPs are shown on the left, and equal expression of transfected 

proteins is shown by whole cell lysates on the right. 
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Figure 5.10 
 

 
 

   
 

                  
 

Figure 5.10: Ly108 isoforms differentially affect p27 localization and degradation. 

293FT cells were transiently transfected with vectors encoding Ly108-1 or Ly108-2 along 
with HA epitope-tagged p27, and harvested after 48 hrs. A.) Cell lysates were fractionated 

into cytoplasmic (left) and nuclear (center) compartments, and fractions, plus whole cells 

(right), were immunoblotted with anti-Ly108 mAb and anti-p27 Abs. Anti-α-tubulin and 

anti-lamin Abs were used as loading controls and to assess the purity of the nuclear and 
cytoplasmic fractions. Graph shows normalized p27 levels, as determined by densitometric 

analysis. For each fraction, results for Ly108-2/p27 samples are compared to Ly108-1/p27, 

which have been set as 1.0. B.) Cells were cultured with or without the proteasome/calpain 
inhibitor ALLN, and lysates were analyzed via immunoblotting with anti-p27 or anti-tubulin 

Abs (loading control). 
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Figure 5.11 
 

 
  

 
 

Figure 5.11: SAP and Eat-2a association with Ly108 isoforms and YF mutants in 
transfected cells. 293FT cells were transfected with expression vectors encoding Ly108-1, 

Ly108-2, or Ly108-2 YF mutants, along with A-B.) myc epitope-tagged SAP, or C.) Flag 

epitope-tagged Eat-2a, and then incubated 48 hours. Upon harvest, lysates were 
immunoprecipitated with anti-Ly108 mAbs, and then blotted with anti-Ly108 mAb, 

streptavidin-HRP anti-P-tyr (PY20), and either A-B.) anti-myc Abs, or C.) anti-Flag Abs, 

where indicated. In addition, whole cell lysates show relative expression of transfected 

proteins for each sample. 
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Table 5.1 
 

 

 

 
 

 

 

 

 

 
Table 5.1: Comparison of results obtained with thymocytes versus Ly108-transfected 

293 cells. Table highlights the similarities and differences in the function and/or expression 

kinetics of Ly108 and p27 in B6 and B6.Sle1b thymocytes, as compared with 293 cells that 
have been transiently transfected with Ly108.1- or Ly108.2-encoding expression vectors. 

Results in 293 cells signify changes observed for cells transfected with the isoform listed, 

compared to cells transfected with the alternate isoform, unless otherwise specified. DN, 

double negative; DP, double positive; SP, single positive; ND, not determined.   
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CHAPTER VI: DISCUSSION 

 

The multitude of signals transduced through the SLAM family of immune 

receptors form a network of regulatory pathways which influence an array of 

leukocytes throughout development. Since SLAM members exhibit variable 

expression across a spectrum of immune cells, signals generated through these 

immunoreceptors have the capacity to contribute to the regulation of a variety of 

immune responses. In addition to the multitude of studies conducted in human and 

murine cells, investigations have also implicated these family members in two 

immune diseases: X-linked lymphoproliferative disorder and lupus. Extensive 

research dedicated to these disorders has revealed that both are extremely complex 

diseases, further exemplifying the important role of the SLAM family in the 

regulation of immune cells. Unfortunately, their propensity for homotypic 

interactions, and their apparent ability to mediate redundant functions in some cells, 

has made them difficult molecules to study. However, the finding that the Sle1b 

locus exists as two stable, yet highly polymorphic, haplotypes among most common 

strains of laboratory mice may help to explain some of the more mystifying results 

observed in a number of studies.  

 

I. POLYMORPHIC ALLELES OF MURINE CD244 EXHIBIT DIVERGENT 

NK FUNCTIONS  

 

B6 and B6.Sle1b mice contain allelic variants of the genes encoding CD244. 

Mice of B6 origin express the b allele of CD244, which has been shown to function 

as an inhibitory receptor on NK cells. Earlier studies in our lab have defined the 

function of the more commonly occurring z allele of CD244 in murine NK cells. 

Furthermore, these studies have determined that, like its human homolog, CD244-z 

exhibits SAP-dependent activating function. A sequence alignment of the two alleles 
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revealed that polymorphisms were concentrated in the ligand-binding domain, while 

the cytoplasmic domains only differed by 4 amino acids. In the studies presented in 

Chapter III, we wanted to determine how polymorphisms between the two alleles of 

CD244 could lead to opposite NK cell function. Our subsequent investigations 

revealed that allelic polymorphisms affect multiple characteristics of CD244-b and 

CD244-z in murine NK cells. These results indicate that the two primary effects of 

these SNPs are differential receptor surface expression and isoform usage, which in 

turn, generate secondary effects, including altered baseline phosphorylation and 

adaptor association. Together, these differences could potentially contribute to 

divergent receptor function. 

 

In B6 NK cells, we find that polymorphisms within the Cd244 locus result in 

decreased receptor expression and surface densities, compared to cells that express 

CD244-z (figs. 3.8-9). These observations imply that higher receptor densities on the 

surface of NK cells allow for increased activating signals, which are necessary to 

overcome the inherently dominant nature of negative signaling pathways in these 

cells. In addition, our results indicate that CD244 expression is regulated on multiple 

levels by gene-intrinsic and -extrinsic factors. In figure 3.8, we show that Cd244 

SNPs result in surface densities that are unique to each allele; however, we also 

demonstrate that both CD244-b and CD244-z are susceptible to negative feedback 

mechanisms, which downregulate surface densities in response to receptor 

engagement. Figure 3.9 illustrates how the two alleles of murine CD244 are 

differentially regulated at the level of gene transcription. In addition, when we 

transfected cells with plasmids containing different elements of the Cd244 gene, we 

discovered that total protein levels can be negatively influenced by elements within 

the 3‟ UTR of CD244-b transcripts (data not shown). However, although the removal 

of these elements can normalize total protein expression, we found the b and z alleles 

to be further regulated by their primary protein sequences, which dictate divergent 



142 
 

 

receptor surface levels, even in the absence of ligand. Since most of the structural 

polymorphisms of this receptor are located within its extracellular domain, it is still 

unclear how these SNPs lead to enhanced surface densities of CD244-b. One 

possibility, which will be discussed further in the next section, may be that the 

regulatory processes that are enacted via negative feedback mechanisms, affect these 

alleles differently. However, regardless of the exact process, these findings highlight 

yet another method through which CD244 expression can be controlled. In addition 

to our results, other investigators have shown that the overall activation status of NK 

cells can also affect CD244 expression. In their study with human NK cell lines, 

Chuang et al. reported that PMA-induced activation of PKCδ resulted in 

transcriptional activation of the CD244 gene, through a mechanism involving the 

direct binding of AP-1 to the CD244 promoter (180).  

 

In summary, Cd244 polymorphisms lead to reduced levels of CD244-b, versus 

the z allele; however, the expression of both alleles can be modified through multiple 

mechanisms. This may help to clarify the conflicting reports of CD244 function in 

B6 mice. As illustrated in figure 6.1, we theorize that polymorphisms within the 

Cd244-b locus might cause this receptor to operate much closer to the activation 

threshold in B6 NK cells, than in cells which express CD244-z. Consequently, 

external factors which modify CD244 expression have a greater probability of 

affecting NK effector function in cells which express CD244-b, while CD244-z is 

less affected by these regulatory variables. Therefore, we speculate that the 

intrinsically low expression of CD244-b in B6 NK cells allows this receptor to be 

activating or inhibitory, depending on the manner in which these initial levels are 

further modified by external factors. 

 

 However, despite this convincing evidence from our investigations, as well as 

those carried out by the Kumar lab, as described above, this hypothesis may be 
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further strengthened by additional experiments that directly test the function of the 

long and short isoforms of each CD244 allele separately. One possible experiment 

that could address the functional differences between CD244-Long and CD244-Short 

would be to use RNA interference (RNAi) to remove either isoform from cultured 

NK cells. The introduction of small interfering RNA (siRNA) that is specific for 

transcripts encoding the long or short isoform would allow for the individual analysis 

of each isoform under endogenous conditions, and at physiological expression levels. 

However, although this experiment would allow us to compare the isoforms in a 

relatively short amount of time, mature lymphocytes- particularly NK cells- have 

proven to be difficult targets for efficient RNAi (261). Therefore, the technical 

challenges of this experiment may ultimately prove to be prohibitive. Alternately, a 

somewhat lengthier approach would be to make knockin mouse strains with each 

CD244 allele and isoform on the Cd244
-/-

 background, which would also allow us to 

analyze each form of this receptor in isolation. In addition, further insight would be 

gained from the CD244-b knockin strains if the targeting vectors were designed in a 

manner which allowed for the manipulation of gene copy number. One idea, for 

example, would be to create a conditional knockin, that contains: 1.) the Cre 

recombinase gene preceded by an inducible promoter, and 2.) two or three copies of 

the gene insert, CD244-L
b
 (b allele of CD244-Long), with all but one of these copies 

containing „stop codons‟ flanked by LoxP sequences. If these floxed stop codons 

were inserted close to the start codon, they would produce truncated, nonfunctional 

receptors, and the unmanipulated knockin should express endogenous levels of 

CD244-L
b
. However, these stop codons could be excised by inducing Cre 

expression, which would result in the production of functional receptors, and 

consequently, should increase the total protein levels and surface densities of 

CD244-L
b
. These mice would enable the analysis of receptor function at different 

expression levels, using NK cells which have been subjected to identical conditions 

both in vivo and throughout most of the culture period, until just prior to harvest, 
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when cells would be divided in half. In one population, Cre could then be induced to 

test the function of CD244-L
b
 in killing assays at higher expression levels, while the 

remaining population would be left unmanipulated to test the receptor at lower 

expression levels. 

 

These studies may have potential implications for human NK cells, since 

CD244 has been reported to mediate both activating and inhibitory functions in these 

cells as well. Our findings suggest that human CD244 may also show differential 

expression among various individuals or populations, and these variations may have 

functional consequences for NK-mediated immune responses. Furthermore, our 

investigations into the regulation of murine CD244 levels highlight multiple 

processes that may also control the expression of the human homolog. If 

environmental factors, such as cytokines and NK densities, also affect the expression 

of human CD244, then this receptor may function differently on cells localized in 

lymphoid organs, compared to peripheral NK cells. In addition, our observation that 

relatively few structural polymorphisms can drastically alter CD244 surface densities 

in murine NK cells prompts us to question whether the human receptor is equally 

sensitive to minor SNPs. In fact, evidence supporting this idea has been recently 

reported. Two independent linkage studies conducted with separate Japanese 

populations have reported genetic variants in the CD244 locus which contribute to 

autoimmunity. In the first study, investigators identified two intronic SNPs in CD244 

that are associated with increased susceptibility to rheumatoid arthritis (RA) (262). 

Furthermore, these two SNPs also showed a weak, yet significant, association with 

susceptibility to SLE. Interestingly, transcriptional analysis of these SNPs indicated 

that CD244 expression is upregulated in both of these disease-susceptible alleles. 

More recently, another study with a separate Japanese cohort was able to replicate 

the association of one CD244 SNP with SLE disease susceptibility. In addition, this 

association was preferentially observed in SLE patients presenting with the specific 
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disease complications of nephritis and neuropsychiatric lupus (263). Therefore, we 

can surmise that CD244 polymorphisms which impact receptor expression levels 

also exist within some human populations; moreover, these SNPs appear to have 

functional consequences for the development of autoimmunity. 

      

However, these findings still do not explain how lower receptor surface 

densities can mediate negative signals. One possible explanation may stem from the 

observation that the three MAPK signaling pathways appear to require different 

activation signaling thresholds (264). This has led to the idea that signal intensity 

may determine the activation pattern of various downstream pathways, which could 

then generate different functional outcomes. 

 

II. EAT-2 IS A POSITIVE REGULATOR OF CD244 FUNCTION IN B6 NK 

CELLS  

 

In chapter IV, we hoped to clarify the regulatory role of the adaptor EAT-2 in 

NK signaling, through functional studies of NK cells from Eat-2a
-/-

 and Eat-2b
-/-

 

single knockouts, as well as an Eat-2a/b
-/-

 double KO mouse strain, which were 

generated by the Terhorst lab, on a pure B6 background. One important difference 

between the data presented in chapter III, and those shown in chapter IV, is that the 

Terhorst group has consistently observed an activating function for CD244 in their 

colony of B6 mice. In light of our observations in chapter III, where differences in 

CD244 surface densities correlated with divergent receptor function, the activating 

function of CD244-b seen in these and other B6 colonies, may be the result of 

inherently higher receptor surface densities in these mice. We can speculate that 

these deviations in receptor surface expression may be due to genetic drift among 

various isolated colonies, or alternately, other variables that may be caused by 

variations in housing conditions.      
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In these studies, we determined that CD244-b function was impaired in EAT-

2-deficient NK cells, suggesting an activating function for EAT-2. This impairment 

of CD244-mediated NK cytotoxicity is accompanied by altered kinetics of receptor 

phosphorylation, whereby the knockout NK cells show a reduced ability to 

downregulate phosphorylation levels upon mAb-induced receptor crosslinking. In 

addition, we find that CD244-induced phosphorylation of Vav is severely diminished 

in Eat-2a/b
-/-

 NK cells. Since Vav phosphorylation has been linked to CD244 

through a SAP-dependent mechanism, EAT-2 may positively contribute to this 

signaling pathway.  

 

Various mechanisms could potentially explain how EAT-2 regulates CD244 

signaling. For example, EAT-2 and SAP may carry out redundant functions with 

respect to Fyn kinase recruitment. As an alternative, EAT-2 may also interact with 

other molecules that are involved in CD244 signaling. One interesting possibility 

involves the adaptor 3BP2, which has been shown to associate with human CD244 at 

its C-terminal ITSM (ITSM4) (174). After binding CD244, 3BP2 can then recruit the 

signaling intermediates Vav-1 and PLCγ, leading to NFAT activation and NK 

cytotoxicity (175). 3BP2 is comprised of three protein binding motifs: an N-terminal 

pleckstrin homology (PH) domain, followed by an SH3-domain binding proline-rich 

region, and a C-terminal SH2 domain. Through these domains, 3BP2 interacts with 

various other signaling molecules, including LAT, Syk, Fyn, Grb2, c-Cbl, and 14-3-

3. The SH2 domain of 3BP2 preferentially binds the tyrosine-based motif of: pY-

E/M-N/V-x (where x represents any amino acid) (265). Furthermore, although 

ITSM4 of human CD244 contains residues within this sequence, we find that none of 

the ITSMs within murine CD244 conform to this motif. However, studies have 

indicated that the phospho-tyrosine residues found within the C-terminal tail of 

murine EAT-2 are important for adaptor function (146). Interestingly, when we 

examine the protein sequence of EAT-2, we find that the amino acids surrounding 
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the first tyrosine: pY
120

-E-N-T, constitute the preferred binding motif of 3BP2. Thus, 

EAT-2 may function as an adaptor which links 3BP2 to CD244, thereby allowing 

3BP2 to recruit and activate Vav-1 and PLCγ.    

 

III. THE CONTRIBUTION OF LY108 TO THYMOCYTE DEVELOPMENT   

 

The Sle1b locus is directly connected to the production of autoantibodies in a 

mouse model of SLE. Furthermore, this interval contains polymorphisms at the 

Ly108 locus. As a result, B6 and B6.Sle1b mice exhibit differential expression of the 

isoforms Ly108-1 (2 ITSMs) and Ly108-2 (3 ITSMs) in both T and B cells. B6 mice 

express higher levels of Ly108-2, while the B6.Sle1b lymphocytes express increased 

levels of the Ly108-1 isoform. Additionally, the total surface expression of Ly108 

(sum of both isoforms) is decreased on B6.Sle1b thymocytes and mature T cells, but 

increased on certain subsets of B6.Sle1b splenic B cells.  

 

Initial studies into Ly108 function during lymphocyte development identified 

this receptor as a potential regulator of B cell tolerance, which may differentially 

affect the ability of B cells to respond to BCR engagement, through the differential 

expression of its two splice isoforms. Subsequent experiments by the Wakeland lab 

in thymocytes demonstrated that, compared to B6 controls, B6.Sle1b mice exhibit 

increased thymic cellularity, and these differences are further exacerbated in 

response to α-Ly108 mAb injection (fig. 5.1B). In addition, they found that B6.Sle1b 

thymocytes are more resistant than B6 to various apoptotic stimuli, while α-Ly108 

mAb injection can rescue B6.Sle1b CD4+SP cells from CD3-induced apoptosis (fig. 

5.2). Finally, α-Ly108 injection alters the cell cycle profile of B6.Sle1b thymocytes, 

leading to an increased number of cells undergoing cell cycle arrest during the 

G0/G1 phase (fig. 5.3). 
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In the studies presented in Chapter V, we attempted to delineate the 

mechanisms of how the Ly108 isoforms exhibit differential functions in developing 

lymphocytes and how this contributes to tolerance. Our results suggest that Ly108 

receptor crosslinking on developing B6.Sle1b thymocytes leads to a block in G1 

phase via the dysregulation of cell cycle proteins (fig. 5.3). Specifically, we found 

that Ly108 ligation in B6.Sle1b thymocytes leads to reduced kinase activity in Cdk2 

(fig. 5.6), through a mechanism involving increased accumulation of the Cdk 

inhibitor, p27
Kip1

 (fig. 5.5B). By expressing each isoform separately in tumor cell 

lines, we demonstrate that murine p27 is capable of interacting with Ly108-2, but not 

Ly108-1, and this preferential association is accompanied by reduced levels of p27 in 

whole cell lysates (fig. 5.10). Further investigations with transfected cells revealed 

p27 subcellular localization to be differentially affected by the presence of each 

Ly108 isoform (fig. 5.10).  

 

While B6 and B6.Sle1b mice showed no gross differences in proximal TCR 

signaling events, Ca
2+

 fluxes were reduced in B6.Sle1b thymocytes, following mAb-

mediated receptor crosslinking. Notably, despite the fact that overall Ly108 

expression (the sum of both isoforms) is lower in B6.Sle1b vs. B6 thymocytes, 

Ly108 phosphorylation profiles were augmented in the congenic strain (figs. 5.7B, 

5.8). Given the well known associations between SLAM receptors and SAP family 

adaptors, we also compared the relative ability of each Ly108 splice variant to bind 

SAP and EAT-2. While we found similar amounts of SAP associated with the two 

isoforms in transfected cells (fig. 5.11A), EAT-2, in contrast, preferentially 

associated with Ly108.2, despite the much lower expression levels of this isoform, 

compared with Ly108.1 (fig. 5.11C). Unexpectedly, transfection experiments with 

various Ly108 YF mutant constructs indicate that EAT-2 binds the second ITSM 

(Tyr319) of Ly108, which is present in both isoforms. These findings suggest that 

EAT-2 may contribute to the differential function of the two Ly108 isoforms in 
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primary immune cells. While many published reviews of SLAM family receptors 

tend to focus on APCs and NK cells as the principal EAT-2-expressing cells, it is 

important to point out that three separate groups have detected EAT-2 mRNA (199, 

266) and protein (135) in mouse and human thymocytes. Therefore, while the 

interaction between Ly108 and EAT-2 may prove to be more relevant in B cell 

populations, nonetheless, it may still be applicable to thymocyte development as 

well. Figure 6.2 presents potential mechanisms through which Ly108 

polymorphisms may influence apoptosis and tolerance in developing thymocytes, as 

described further in chapter V. 

 

 As mentioned in chapter 5, our thymocyte studies were instigated by 

previously published results suggesting that Sle1
z
 polymorphisms can negatively 

impact B cell tolerance (54). Compared to their B6 counterparts, immature B cells of 

B6.Sle1 mice showed an impaired ability to undergo clonal deletion, anergy 

induction, and receptor editing, in response to BCR crosslinking. In addition, these 

studies implicated Ly108, specifically, as at least one SLAM family member that can 

modulate BCR signal strength. Using an Ly108-transfected immature B cell line, 

WEHI-231, they determined that while Ly108-1 expressing cells exhibit decreased 

apoptosis, reduced RAG reexpression and diminished calcium flux upon BCR 

crosslinking, Ly108-2-transfectants, in contrast, are highly sensitive to BCR 

crosslinking, and show enhanced apoptosis, RAG reexpression, and strong calcium 

flux.  

 

 Although autoimmune T cells undoubtedly play a prominent role in the 

progression of SLE, it was difficult to predict whether the results from developing B 

cells would be recapitulated in the thymic compartment, since early attempts to 

characterize these lymphocyte subsets identified a few key differences between 

them. For example, when mature lymphocytes were examined, B6 T cells showed 
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decreased Ca
2+

 fluxes, compared to B6.Sle1b T cells (115). In contrast, no 

measurable differences in Ca
2+

 responses were observed when mature B cells from 

B6 and B6.Sle1b mice were compared. In addition, haplotype-specific differences in 

Ly108 surface expression also vary between developing B and T lymphocytes. 

While Ly108 surface densities (the sum of both isoforms) are higher on B6 versus 

B6.Sle1b thymocytes, these profiles are reversed in immature B cells, which show 

enhanced levels of Ly108 on the surface of B6.Sle1b versus B6 cells. However, after 

comparing the results of our investigations in thymocytes with those reported for 

immature B cells, we find that Sle1b polymorphisms appear to influence antigen-

directed responses of both T and B cells in a similar manner during lymphocyte 

development. Similar to B cells, B6.Sle1b thymocytes are also less susceptible to 

antigen-induced elimination, although it is important to note that significant 

differences in thymic deletion are only observed when both CD3 and Ly108 are co-

ligated with mAb (fig. 5.2). In contrast, BCR crosslinking alone is sufficient to 

generate these results in immature B cells. However, in other experiments, B6.Sle1b 

thymocytes also demonstrated an increased resistance to other apoptotic stimuli, 

including dexamethasone and serum starvation, in a manner which is independent of 

mAb-mediated Ly108 engagement (data not shown). Furthermore, engagement of 

the TCR alone led to enhanced Ca
2+

 responses in B6 versus B6.Sle1b thymocytes, in 

a manner which closely resembled the results of transfected WEHI cells. In 

summary, our thymocyte data closely mirror those obtained from developing B cells, 

although one important difference should be noted: in T cells, the detection of some 

of these responses required mAb to amplify the tonic Ly108:Ly108 interactions 

between neighboring cells. This disparity can most likely be explained by the 

observation that T and B cells exhibit altered surface expression of the Ly108 alleles, 

as described above. Since Ly108 surface densities are higher on B6.Sle1b versus B6 

B cells, but lower on B6.Sle1b versus B6 thymocytes, we might therefore expect 
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stronger signals to be transduced through Ly108
z
 on immature B cells, compared to 

thymocytes.  

 

IV. SLE1B POLYMORPHISMS IMPACT THE EXPRESSION OF 

MULTIPLE SLAM FAMILY RECEPTORS 

 

Although our studies have focused broadly on understanding the divergent 

function of two murine haplotypes of the Sle1b locus, these individual projects 

covered different SLAM-related receptors in two separate immune cells at distinct 

stages of development. And yet, interestingly enough, despite these separations, we 

found that our two main projects converged with respect to receptor expression. 

Polymorphisms in both CD244 and Ly108 lead to allele-specific differences in 

isoform usage, surface receptor densities, and total protein expression levels. 

Together, these differences contribute to a potential explanation for the altered 

functions of CD244 and Ly108 in B6 and B6.Sle1b lymphocytes. Altered surface 

densities between the b and z alleles of these receptors could influence effector 

functions quantitatively, by modulating signal strength, while altered isoform usage 

could influence function in a qualitative manner, by linking these receptors to 

different signaling pathways.  

 

In addition to the constitutive differences in expression mentioned above, the 

results shown in figures 3.7, 4.4, and 5.8 indicate that the phosphorylation levels of 

CD244 and Ly108 undergo dynamic changes, following receptor engagement with 

ligand or mAb. Upon crosslinking, the phosphorylation profiles of these receptors 

increase transiently, and then gradually decline back to- or slightly below- baseline 

levels. Furthermore, in primary NK cells (fig. 3.8) and transfected cells (data not 

shown), we often noted that receptor crosslinking or pervanadate treatment affected 

receptor surface densities. These results typify the phosphorylation and expression 
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kinetics that are frequently observed for enzyme-linked transmembrane receptors 

(267). In response to ligand, most surface molecules activate signaling cascades 

briefly, before regulatory processes are initiated to limit the duration of signal 

transduction. Two of the most common mechanisms employed by cells to 

downregulate receptor tyrosine kinases, as well as tyrosine kinase-associated 

receptors are: 1.) inactivation by the action of protein tyrosine phosphatases, and 2.) 

receptor-mediated endocytosis (268). The latter method can be further divided into 

receptor recycling back to the plasma membrane, and ubiquitin-directed proteolysis 

in the lysosome. This presents two mechanisms which could differentially regulate 

receptor expression between the two Sle1b haplotypes. First, the two alleles of either 

receptor may be endocytosed and/or reexpressed at varying rates. Alternately, the 

two alleles of CD244 and Ly108 might undergo disparate trafficking through the 

various endosomal compartments, resulting in a larger portion of one allele being 

recycled back to the surface, while the other is preferentially targeted to the 

lysosome. We will discuss each of these scenarios below.   

 

As discussed above, our analyses of CD244 surface densities on cultured NK 

cells (figure 3.8) demonstrate that ligand-induced receptor endocytosis is at least one 

mechanism specifically used to downregulate CD244 signals. Furthermore, the 

results of figures 3.7 and 4.4 indicate that CD244 phosphorylation profiles are 

subjected to negative regulatory processes within minutes of receptor crosslinking. 

These findings prompted us to reevaluate some of our previous results, including 

figure 3.6A-B, where we found that CD244-z phosphorylation profiles were reduced, 

when compared with CD244-b. Since these cells were incubated for 15 minutes or 

longer at high densities (which enhances tonic CD244:CD48 signaling), we can 

therefore assume that the CD244 phosphorylation profiles shown in figure 3.6A-B 

represent receptors that have undergone partial endocytosis. In this case, the reduced 

phosphorylation of CD244-z, versus CD244-b, may indicate that the z allele is 
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endocytosed at an accelerated rate. As additional evidence for this, the allelic 

differences in receptor phosphorylation after 15-minute incubations (panel A) were 

magnified further when NK cells were incubated for longer periods of time (panel 

B).  

 

In addition, we also found evidence that CD244 and Ly108 are at least 

partially regulated by lysosomal degradation, following ligand-induced endocytosis. 

In figures 3.4, 5.7, 5.8, and a number of other experiments using primary and 

transfected cells, we frequently observed changes in total receptor levels, in response 

to receptor crosslinking or pervanadate treatment. We reason that altered degradation 

rates contribute to these changes in receptor levels, since similar results were also 

seen in cells transfected with cDNA expression vectors. These observations may 

provide clues to our results in figure 5.10, where Ly108.2 was preferentially 

localized to the nuclear compartment.     

 

Epidermal growth factor receptors (EGFRs) are some of the most extensively 

studied molecules, with regard to ligand-mediated endocytosis and vesicle 

trafficking [reviewed in ref (269-272)]. Therefore, understanding the processes that 

control EGFR internalization and recycling may provide insight into the mechanisms 

involved in the downregulation of SLAM family receptors. EGFRs undergo basal 

consititutive recycling, with a receptor turnover of t½ = 6-10 hrs, as well as ligand-

induced endocytosis via clathrin-coated vesicles, which accelerates receptor turnover 

by increasing the rate of receptor internalization. Following endocytosis, EGFR is 

transported to the sorting endosome, which then directs these receptors to one of 

three trafficking pathways: 1.) fast recycling, 2.) slow recycling, or 3.) lysosome-

mediated proteolysis. The particular fate of EGFR, and many other enzyme-linked 

receptors, is dependent upon the extent of receptor ubiquitination, and whether or not 

ligand has dissociated from the receptor in the mildly acidic early endosome. In the 
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fast recycling pathway, nonubiquitinated receptors that are unoccupied with ligand 

are returned directly to the plasma membrane for immediate reexpression. 

Meanwhile, ligand-bound receptors are retained within sorting endosomes, which 

gradually acidify, while undergoing maturation into late endosomes. 

Nonubiquitinated receptors progressing through the slower recycling pathway are 

also eventually reexpressed at the plasma membrane, although the process is delayed 

as receptors are first sorted to the recycling endosome, or trans-Golgi network, 

before being delivered to the surface. Ubitiquitinated receptors destined for the 

lysosome, are sequestered within the lumen of the endosome, forming intraluminal 

vesicles (ILVs). Due to their distinct appearance, late endosomes that contain ILVs 

are commonly referred to as multivesicular bodies (MVB). MVBs then fuse with 

primary lysosomal vesicles, which deliver proteolytic enzymes that degrade any 

receptors trapped within ILVs.  

 

Reports of SLAM family members interacting with molecules that are crucial 

to the regulation of EGFR trafficking provide convincing evidence that CD244 and 

Ly108 are recycled through a pathway similar to the one described above. Among 

these is the E3 ligase Cbl, which is involved in both ligand-induced internalization 

and lysosomal targeting of multiple receptors (273). Cbl-mediated receptor 

ubiquitination enables receptors to bind ubiquitin-binding domains (UBD) of the AP-

2 complex, which links proteins to the clathrin lattice (274). Once internalized, these 

ubiquitin moieties interact with UBDs of the ESCRT-0 complex, including HRS, 

which incorporates receptors into the intraluminal vesicles of MVBs, prior to 

lysosomal degradation (275, 276). In immune cells, increased Cbl phosphorylation 

has been detected, following receptor crosslinking of SLAM members CD244, 

Ly108, and CRACC (135, 173, 223). The adaptor protein Grb2 is another important 

mediator of EGFR receptor recycling, which is thought to be required for receptor 

recruitment to clathrin-coated pits (277). In recent studies, the SH2 domain of Grb2 
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has been shown to bind directly to a sequence in the cytoplasmic tail of SLAM 

family member Ly9 (278). The mutation of these binding domains in Ly9 or Grb2 

was found to inhibit mAb-mediated internalization of the receptor. In earlier studies 

by this group, Ly9 was also found to contain a binding site for a subunit of the AP-2 

complex, which is required for ligand-induced receptor endocytosis (279). Thus, 

CD244 or Ly108 endocytosis may be an important regulator of receptor surface 

densities and effector functions, through a mechanism involving interactions with 

Cbl, Grb2, or other unidentified signaling intermediates, as proposed in figure 6.3. 

SLAM family polymorphisms that differentially affect receptor endocytosis rates 

may contribute to altered immune responses in B6 and B6.Sle1b mice. Alternately, 

Sle1b polymorphisms may modify receptor trafficking, leading to a shift in the 

proportion of receptors or isoforms that are degraded in the lysosomal compartment. 

Studies which compare the trafficking of CD244/Ly108 alleles and isoforms may 

contribute to our understanding of divergent SLAM family function.      

 

Interestingly, figures 3.4D, 4.4, and 5.11C suggest that the surface densities of 

CD244 and Ly108 may be regulated, in part, through their interactions with EAT-2. 

If so, we can speculate that this might involve the, as of yet, undefined ability of 

EAT-2 to recruit other signaling intermediates to the cytoplasmic tails of these 

receptors, in a manner analogous to SAP. The C-terminal domain of EAT-2 contains 

the sequence, Y
120

-E-N-T, which may be crucial to EAT-2 function, since Y
120
F 

mutations have been reported to alter the function of this adaptor in transgenic NK 

cells (146). As discussed in section II, the adaptor 3BP2 is a potential binding partner 

of EAT-2, since it has been shown to associate with the motif, pY-E-N-x. In addition 

to linking human CD244 to downstream signaling intermediates, 3BP2 also interacts 

with two other molecules: CIN85 and HIP-55 (280). CIN85 is involved in the 

regulation of receptor internalization and protein tyrosine kinase signaling (273, 

281), while HIP-55 helps to regulate endocytic trafficking and cytoskeletal 
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reorganization (282). Thus, EAT-2 may contribute to the regulation of CD244 or 

Ly108 internalization and recycling by recruiting 3BP2, which can then link this 

receptor to endocytic machinery (fig. 6.4). Although we were able to detect a faint 

association of 3BP2 with CD244 in primary NK cells, and with Ly108 in WEHIs 

(data not shown), our attempts to address this possibility further were limited by the 

low availability and selection of 3BP2-specific Abs. However, upon transferring 

these studies to transfected 293 cells, we were unable to reproduce our previous 

results. Since this could suggest that 293 cells lack an essential molecule which may 

connect CD244 to 3BP2 in NK cells, it may be worthwhile to investigate the 

potential role of EAT-2 as this linker. 

 

In addition to 3BP2, the adaptor Grb2 is another candidate binding partner for 

EAT-2. Although Grb2 is generally known for its ability to bind the sequence: pY-x-

N-x, more specific motifs have also been verified, including pY-E-N-x, in the 

cytoplasmic tail of Ly9 (278). As discussed above, Grb2 is a crucial component of 

the process which mediates Ly9 and EGFR internalization. Other findings may also 

support a role for Grb2 in the regulation of CD244 and Ly108 function. Sugiyama et 

al. have demonstrated that the C-terminal SH3 domain of Grb2 directly binds p27, 

and contributes to its degradation through an unknown mechanism (283). If future 

investigations were to show that Grb2 preferentially binds Ly108.2, this could be 

another mechanism that may explain the reduction of p27 in B6 thymocytes (fig. 

6.5).  

 

Recently, studies have begun to emerge regarding a new trafficking pathway 

for EGFR, which may shed light on some of our own results with thymocytes. In 

these reports, EGFR, and growing number of other transmembrane receptors, were 

detected in the nuclear compartment (284). This is intriguing, given our findings in 

transfected cells, showing that ly108.2 is preferentially targeted over Ly108.1 to the 
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nucleus. In addition, mechanisms for membrane extraction of the intact receptor and 

nuclear import have also been proposed. Following internalization, EGFR is 

trafficked to the endoplasmic reticulum (ER), in a process known as retrograde 

transport (285). Once in the ER, the interaction of EGFR with the Sec 61 translocon 

mediates its extraction from the lipid bilayer (286). Interaction with the chaperone 

Hsp 70 is also important, and is thought to interact with the transmembrane domain 

of EGFR, in order to keep the receptor in a soluble state, following extraction from 

the vesicular membrane. Finally, association with importin-β delivers EGFR into the 

nucleus (287), where the receptor is capable of functioning as a transcription factor, 

to upregulate gene expression. Although this pathway may represent a potential 

mechanism for nuclear trafficking of Ly108, our observations in 293 cells are 

preliminary, at best, and additional studies would first require similar findings of 

nuclear Ly108 in thymocytes. Nonetheless, it is interesting to note that Ly108 (as 

well as CD244, Ly9, and CRACC), contain protein sequences, K-(K/R)-x-(K/R), that 

correspond to classical nuclear localization signals (288).         
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Figure 6.1 
 

 

 

 

 
 

 

 

 

 

 

 
Figure 6.1: Strain-specific differences mediate altered CD244 surface densities. Model 

indicates how inherently lower surface levels of CD244-b, compared to CD244-z, may cause 

B6 NK cells to be more susceptible to environmental influences, or other variables. These 
differences may result in CD244-b surface densities which are much closer to the activation 

threshold in B6 mice, allowing for both activating and inhibitory receptor function.   

activation 
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Figure 6.2A 
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Figure 6.2B 
 

 
 

Figure 6.2: Ly108 polymorphisms may influence tolerance in developing thymocytes 

through direct interactions with SAP family proteins or p27. A.) In B6 mice, SAP-Fyn 

and/or EAT-2 may preferentially bind Ly108-2 and then recruit and phosphorylate the 
adaptor protein 3BP2. Next, 3BP2 could activate the GTPase Rac (through vav), leading to 

the activation of MAP kinases p38 and JNK, which are thought to be involved in negative 

selection (1). In addition, PI3K/Akt may be activated by Rac (2), or by Ras, due to the 
association of 3BP2 with Grb2, which can then recruit the GEF Sos (3). Activated Akt can 

then phosphorylate Thr157 of p27 (4), which can prevent nuclear import of p27, and 

enhance its rate of degradation. As a result, Cdk2 would become activated, and able to carry 
out apoptosis (5). Alternately, Akt can also activate FoxO transcription factors, which enter 

the nucleus and upregulate transcription of the pro-apoptotic protein Bim (6). B.) Similar 

processes may also be mediated through direct interactions between Ly108-2 and p27, which 

can bind Grb2 directly. Grb2 may activate Ras (1), or Cbl (2), which may be involved in 
PI3K/Akt activation. As in panel A, activated Akt may upregulate P-p27(T157) (3), which is 

excluded from the nucleus and unable to inhibit Cdk2 (4), or it may promote apoptosis 

through the activation of FoxO and Bim (5).  

apoptosis 
 

apoptosis 
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Figure 6.3 
 

 
 

Figure 6.3: Potential mechanism describing how SLAM family polymorphisms may 

affect receptor expression through endocytic trafficking. Following ligand-induced 
endocytosis, receptors are trafficked through one of many endocytic pathways, which 

usually lead to reexpression at the cell surface (blue numbers), or proteolysis in the lysosome 

(red numbers). Proteolysis (blue): Receptors are marked for lysosomal degradation by 
monoubiquitination, through a process involving interactions with the adaptor Grb2 and E3 

ligase Cbl (1). Ubiquitin moieties then bind clathrin and associated adaptor and coat proteins 

(i.g. AP2, HRS) (2), which mediate receptor endocytosis into early endosomes (EE) (3). As 
EEs mature into late endosomes (LE), ubiquitin binds the coat protein HRS, which mediates 

further endocytosis into multivesicular bodies (MVB) of LEs (4). Trapped within MVBs, 

receptors and associated proteins are degraded by lysosomal enzymes (5). Alternately, some 

receptors (possibly Ly108) avoid internalization in MVBs, and instead, are trafficked to the 
Golgi (6), and ER (7), in a process called retrograde transport. There, Sec61 translocon 

(orange) facilitates the release of receptors from the ER membrane, into the cytosol, where 

some migrate to the nucleus. Recycling (red): Non-ubiquitinated receptors are internalized 
into clathrin coated pits (1), and then delivered to the cell surface immediately (2), or sent to 

the recycling endosome (3), and reexpressed at a slower rate (4). If SLAM family alleles 

and/or isoforms are differentially trafficked through these two pathways, surface densities 

and total protein levels could be altered, which may ultimately affect receptor function.    
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Figure 6.4 
 

 
 

 

 
 

Figure 6.4: Model predicting how EAT-2 may contribute to the endocytosis of SLAM 

family receptors. A.) EAT-2 interacts with CD244, and preferentially binds Ly108-2 over 

Ly108-1. The adaptor 3BP2 may be linked to SLAM family receptors, through its ability to 
bind the P-tyr-based motif, pY-E-N-x, located in the C-terminus of EAT-2. 3BP2 could then 

recruit known binding partners, Grb2 and Cbl, both of which are crucial regulators of 

receptor endocytosis, and can directly bind proteins that function in receptor internalization, 

including clathrin, POB, Eps15, CIN85, and HIP55 (not shown). B.) The E3 ligase, Cbl, 
along with E2 Ub-conjugating enzymes, mediate ubiquitination of receptors, which targets 

them for lysosomal degradation. Ubiquitin also serves to physically link receptors to 

components of the endocytic machinery, such as CIN85 and Eps15, which contain ubiquitin 
binding domains (UBD).  
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Figure 6.5 
 

 
 

 

 
 

Figure 6.5: Model predicting how p27 may contribute to the endocytosis of Ly108. A.) 
p27 preferentially binds Ly108-2 over Ly108-1, which may contribute to differential surface 

expression or protein levels of these isoforms by linking Ly108-2 to endocytic machinery. 
p27 can interact with the adaptor Grb2, which constitutively binds the E3 ligase Cbl and 

3BP2. Grb2 and Cbl are required for ligand-mediated receptor endocytosis of various surface 

receptors, and- along with 3BP2- can bind proteins that function in the internalization of 

surface proteins, including clathrin, HIP55, POB, Eps15, and CIN85. B.) The E3 ligase, Cbl, 
along with E2 Ub-conjugating enzymes, mediate ubiquitination of receptors- and possibly 

nearby p27- which targets them for lysosomal degradation. Ubiquitin also serves to 

physically link receptors to endocytic proteins, such as CIN85 and Eps15, which contain 
ubiquitin binding domains (UBD).   
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