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Chapterr 1 

SUMMARY Y 

Ourr understanding of the X-Iinked lymphoproliferative syndrome (XLP) has 

advancedd significantly in the past few years. The gene which is aberrant in the 

conditionn (SAP/SH2D1A) has been cloned and its protein crystal structure solved. 

Att least two sets of target molecules for this small SH2 domain-containing protein 

havee been identified: one family of hematopoietic cell surface receptors, i.e. the 

SLAMM family, and the src-like kinase FynT. A SAP-like molecule, EAT-2, has also 

beenn found to interact with this family of surface receptors. Several lines of 

evidence,, including analyses of missense mutations in XLP patients, support the 

notionn that SAP/SH2D1A is a natural blocker of SH2-domain dependent interactions 

withh members of the SLAM family as well as an adapter. However, details of its role 

inn signaling mechanisms are yet to be unravelled. Further analyses of the 

SAP/SH2D1AA gene in XLP patients have made it clear that the development of dys-

gammaglobulinemiaa and B cell lymphoma can occur without evidence of prior EBV 

infection.. Moreover, results of virus infections of a mouse in which the 

SAP/SH2D1AA gene has been disrupted suggest that EBV infection is not per se 

criticall  for the development of XLP phenotypes. It appears that the SAP/SH2D1A 

genee plays a more fundamental role in T cell and APC interactions by controlling the 

signalingg of SLAM family surface receptors and through a set of adapter molecules. 
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Introduction n 

INTRODUCTION N 

AA familial disorder affecting males with a rapidly fatal course in response to Epstein-

Barrr virus (EBV) infection was first reported by David Purtilo more than twenty-five 

yearss ago [1]. Six male maternal cousins out of 18, who were born in one generation, 

diedd of fulminant infectious mononucleosis while none of their sisters were affected. 

Thee disease was characterized by proliferation of lymphocytes and histiocytes, 

variablee hepatic abnormalities and alterations in serum immunoglobulins ranging 

fromm agammaglobulinemia to polyclonal hypergammaglobulinemia. Two of the 

cousinss who were half brothers from separate fathers had lymphomas of the ileum 

andd central nervous system. It was proposed to call the disease X-linked recessive 

progressivee combined variable immunodeficiency or Duncan's disease after the 

family'ss name. Subsequently, the possibility of a lymphoproliferative disorder was 

entertainedd and it was speculated that a cytotoxic effect of EBV on B-cells or an 

abnormall  T cell response to transformation of B-cells by EBV might lead to B-cell 

dysfunctionn and agammaglobulinemia. In the ensuing years the disease syndrome 

becamee known as X-linked lymphoproliferative disease (XLP) [2, 3]. 

XLPP is clinically characterized by three major phenotypes: Fulminant Infectious 

Mononucleosiss (FIM) (50%), B-cell lymphomas (20%), or dys-gammaglobulinemia 

(30%)) [2, 4]. Additionally, aplastic anemia, vasculitis and pulmonary lymphomatoid 

granulomatosiss are often associated with the syndrome. The majority of the 

malignantt lymphomas are extra-nodal non-Hodgkin lymphomas, usually of the 

Burkittt type, and most involve the ileocecal region of the intestine. Uncontrolled 

lymphocytee proliferation, organ infiltration and T cell cytotoxic activity lead to 

multi-organn failure: hepatic necrosis and bone marrow failure constitutes the most 

commonn events that determine death in these patients. XLP mortality is 100% by the 

agee of 40. An XLP registry was established in 1978 and has approximately 300 

patientss registered from over 80 families [2]. 
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Chapterr t 

EPSTEIN-BARRR VIRUS AND XLP 
Althoughh EBV is carried by a vast majority of individuals, the percentage of 

individualss who develop clinical evidences of Infectious Mononucleosis is 

remarkablyy low. Similarly, the percentage of immuno-suppressed individuals 

(transplantt patients or AIDS patients) who develop immunoproliferative diseases 

thatt may turn into monoclonal lymphoma or a malignant tumor of the lymph nodes is 

small.. This is most likely due to a finely tuned equilibrium between the regulation of 

virall  gene expression and the immune system, in particular T cell responses [5-7]. T 

celll  responses to EBV are thought to be dominated by primary and memory CTL 

responsess that are directed towards MHC/peptide complexes derived from the 

EBNA3A,, 3B, 3C latent proteins. Responses to other latent proteins (EBNA1, 2, -LP 

andd LMP1 and 2) and to lytic cycle proteins are not dominant and therefore less well 

studiedd [8, 9]. 

Inn spite of the potential immune responses against EBV infected cells, during 

infectiouss mononucleosis the CTL responses may last from two to three months 

beforee the number of B cell blasts has been reduced to a manageable size [10]. This 

mayy be because of the daunting task for CTLs to control as many as 10% of all B 

cellss in the human body. Whereas the XLP gene is affected in Fulminant Infectious 

Mononucleosiss (FIM), there is no indication that a genetic predisposition exists for 

infectiouss mononucleosis itself. 

Studiess of the immune-responses in XLP patients with FIM suggest that abnormal T 

andd B cell proliferation occurs in response to EBV induced lymphoblasts [11]. This 

impressivee polyclonal T cell and B cell proliferation infiltrates many organs leading 

too fulminant hepatitis and bone marrow failure with a hemophagocytic component. 

Thee cellular mechanisms that lead to the B cell expansion are not understood. The B 

lymphocytess of XLP males do not appear to be resistant to T-cell-mediated 

immunity.. XLP-derived EBV transformed B cells resemble normal LCLs with 

respectt to induction of EBV-specific cytotoxic T cells, the ability to present EBV 

antigenss and the susceptibility to MHC-restricted CTL-mediated lysis. Thus, the 

failuree to eliminate EBV transformed B cells in XLP does not seemed to be caused 

byy a B-cell-specific defect [12]. 
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Variablee defects in both T and NK cells have been reported [11]. In some cases NK 

celll  numbers are low and in others patient have normal numbers of NK cells, but 

theyy have lost the ability to lyse the appropriate target cells ([13-15]; and A Etzioni, 

personall  communication). 

Althoughh dysgammaglobinemia and B cell lymphomas have been detected after an 

EBVV infection, a causal relationship between the virus and these XLP phenotypes 

hass not been established. Immunoglobulin deficiencies and B cell non-Hodgkin's 

lymphomass have now been observed in XLP patients who were sero- and/or PCR -

negativee for EBV (R Sorensen, personal communication) [16, 18]. Because XLP 

diagnosiss is at times difficult, the role of EBV can only be assessed with more 

certaintyy now that the XLP gene has been identified. The development of 

dysgammaglobulinemiaa and lymphoma without evidence of prior EBV infection 

havee made it clear that SAP/SH2D1A, the gene that is altered in XLP, has a more 

fundamentall  role in T/B cell homeostasis. 

THEE XLP GENE 

Inn 1998, two groups independently reported the cloning of the gene responsible for 

thee XLP disease. Identification of the gene stemmed from two different approaches, 

namelyy a classical positional cloning effort and the linking of a gene that codes for a 

protein,, which associates with a lymphocyte surface marker to XLP. 

Coffeyy et al [19] employed a multi-step positional cloning strategy starting with the 

constructionn of a YAC contig based upon a patient (IARC739) who's X-chromosome 

lackedd two-thirds of Xq25, in addition to two other patients with deletions [20-24]. A 

specificc marker (DXS739) was found absent in all three deletions [25]. Information 

fromm YAC and bacterial contigs was then integrated in a physical map of 

approximatelyy 3Mb located between DXS6791 and DXS100; 2.3Mb of which were 

sequenced.. Using sequence analysis and exon-trapping only four genes could be 

identifiedd within the DNA segment. Two genes were immediately excluded because 

theyy were found to be located outside of the deleted Xq25 region of the referral 

patientt [20], while Tenascin-M (TNM) and an SH2-domain containing gene, termed 

SH2D1A,, were entirely within the region. Full-length coding cDNA's and exon-
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intronn boundary sequences were obtained for both genes. Subsequently, the SH2D1A 

genee was proven to be responsible for XLP by analysis of 16 unrelated XLP patients. 

Mutationss interfering with transcription or translation were found in nine of these 

patients.. No sequence alterations were detected in any of the samples derived from 

healthyy individuals. Consequently, the SH21DA gene was identified as the gene 

alteredd in XLP. 

Sayoss et al [26] cloned the XLP gene serendipitously, while focusing their studies on 

thee characterization of biochemical pathways induced by engagement of a recently 

identifiedd lymphocyte cell surface co-receptor termed SLAM (Signaling 

Lymphocytes-Activationn Molecule) [27]. A cDNA encoding a novel SLAM-

associatedd protein (SAP) was isolated in a yeast two-hybrid system by virtue of its 

specificc binding to the cytoplasmic tail of SLAM. SAP, identical to SH21DA, is a 

1288 amino acid protein consisting of an SH2 domain and a 24 amino acid tail 

(Figuree 1). Since the protein was primarily expressed in T-lymphocytes and also 

boundd to SLAM with high selectivity, mouse genomic SAP was isolated to facilitate 

inn depth functional analyses. A BAC clone, which contained all four exons of mouse 

SAP,, was mapped within band A5.1 of the murine X chromosome. Synteny between 

thiss mouse chromosome region and the human Xq25 locus prompted an analysis of 

thee integrity of the SAP gene in XLP patients. Moreover, as the major clinical 

phenotypee of XLP is uncontrolled B and T lympho-proliferation and 

dysgammaglobulinemia,, and because SAP binds to a glycoprotein SLAM that 

functionss on the interface of T and B lymphocytes, the possibility that SAP was the 

productt of the XLP gene was appealing. Next, two brothers in an XLP family were 

foundd to have a deleted SAP gene, whereas the gene was present in a healthy sibling 

[26].. A third patient with clinical features that were consistent with XLP, had a CG 

mutationn in the intron sequence adjacent to the exon 2 splice acceptor site, a 

substitutionn which leads to a partial skipping of exon 2. The possibility that this 

nucleotidee alteration represented a genetic polymorphism was excluded by the 

analysiss of 108 healthy individuals, definitively proving the involvement of SAP in 

XLPP pathogenesis. We will refer to the XLP gene as the SAP/SH2D1A gene and to 

itss product as SAP. 
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Exonl Exonl 
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I31P P 
A22PP S28R 

32TT G39V 
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HUSAPP MDAVAVYHGKISRETGEKGLLATGLDGSYLLPDSESVFGVYCLCVL 

ASAPP MDAVAVYHGKISRETGEKLLLATGLDGSYLLRDSESVPGVYCLCVL 

LASAPP MDAVAVYHGKISRETGEKLLLATGLDGSYLLRDSESVPGVYCLCVL 

ODSAPP MDAVTVYHGKISRETGEKL:.LATGLDGSYLLP:;SESVPGVYCLCVL 
HUEAT-22 -MDTPYYIIGRLTKQDCÏTLL I KEGVDGNFLLRDSESIPGVLCLCVS 

NR>EAT-22 -MDLPYYHGCL1KRECEALLLKGGVEGNFLIP::AESVE<;ALCLCVS 

PA A «A A pB B PC C 

T53I I 
F.xon2 F.xon2 

X54C C 

R55LL " 
Q58X X 

PD D PE E 

huSAP P 
ASAP P 
taSAP P 

ncSAP P 
huEAT-2 2 
moEAT-2 2 

Exon3 Exon3 

T68II Y76X 

Exon4 Exon4 
Q99P P 

F87SS D93G Y100X 
P101L L 
|| |V102G 

-TAPGVHKRYERKIKNLISAFQKPD.2GIVIPLQYPVEKKSSARSTQGTT T 

-TAPGVHKRYFRKIKNLISAFQKPDQGIVIPLQYPVEKKSSARSTQGTT T 
-TAPGVHKRY-'RKIKNLISAFQKPDCGIVIPLQYPVEK-SSPRSTQGTT T 

-TAPGVHKRFERKVKNLISAFQKPDQGIVTPLQYPVEK-SSGRGPQFTPT T 
ATAEGSPKQVEPSTKELISKFEKPNQGJR^HLLKFIKRTSPSLRWRGLKLELETFV V 
ETDAHTPRTI-PNLQE[.VSKYG:-;PGCC;1,WH:.SNPIMRNNLCQRGRRMELELNVYE E 

X129R R 
(RRKIKHLVLYFL L 

PF F aB B PG G Proteinn Tail 

Figuree 1. Amino acid sequences of members of the SAP family. 

SAPP family members sequence alignment The highest degree of similarity is observed for the first three 

exonss that encode the SH2 domain. The borders between each of the four exons are indicated by 

introductionn of spaces between them. Elements of secondary structure based on the crystal structure are 

indicatedd at the bottom. In the top row amino acid residue substitutions found in XLP patients are 

indicated.. Asterisks indicate SAP critical amino acids involved in the interaction with the FynT SH3 

domain. . 

OrganizationOrganization and Regulation of Expression ofSAP/SH2DlA 

Humann and mouse SAP/SH2D1A consist of four exons and three introns spanning 

approximatelyy 25kb [19, 28]. The SH2 domain of SAP is encoded by the first three 

exonss (Figure 1) whereas exon 4 encodes part of the tail sequence and all of the 3'UT 
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[19,, 28]. Sequences immediately upstream of exon 1 include putative binding sites for 

transcriptionn factors that are important for T lymphocyte development and function 

includee multiple GR (Glucocorticoid Receptor) binding sites, c-Ets-1, and IRF-1 [19, 

28].. Human SAP/SH2D1A is highly homologous to monkey and murine SAP (Figure 

1). . 

Northernn blotting experiments and isolated cDNA's show that human SAP/SH2D1A 

existss as two RNA species of 2.5kb and 0.9kb [26]. SAP/SH2D1A is highly expressed in 

thee thymus: at a low level in double negative thymocytes and at a high level in double 

positivee thymocytes. Expression is moderately high in single positive thymocytes, with a 

slightlyy higher level in CD8+ cells than in CD4+ cells [28]. In the peripheral 

compartment,, SAP/SH2D1A is expressed in T cells, including CD8+, CD4+ single 

positivee T cells [26, 28]. Its expression is prevalent in Thl cells but also Th2 cells 

containn the transcript [28]. 

Interestingly,, SAP expression is down-regulated upon anti-CD3 stimulation of both 

CD4++ and CD8+ single positive T cells, while SLAM expression is markedly 

augmentedd upon activation. A similar observation has been made with antigen 

specificc mouse Thl cells [28] and in human T cells using cytoplasmic staining with a 

monoclonall  antibody [29]. The rapid down-regulation is the result of the presence of 

ATTTAA in the 3'UT region of both the long and the short mRNA species. The 

importancee of this finding is that, the variable ratio between SAP/SLAM in different 

stagess of activation may have a functional role in this pathway's regulation. 

Mousee SAP/SH2D1A mRNA was found at low levels in resting NK cells, but 

increasess upon infection with MCMV or LCMV. Kinetics of SAP expression in 

culturedd murine NK cells differed from that in T lymphocytes, because SAP 

expressionn increased upon activation in the presence of IL2 [26]. Taken together, the 

expressionn data are consistent with the notion that SAP is a highly regulated gene 

andd that it acts predominantly in T cells and NK cells. The latter observation is 

relevantt to the disease because some XLP patients have an impaired NK cell 

functionn [11, 14, 15]. 

Whetherr SAP is expressed in a subset of normal B cells remains uncertain. 

Significantly,, the gene is not expressed in EBV transformed lymphoblastoid cell 
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liness and only a small number B cell tumors express SAP/SH21DA [26, 30, 31]. 

Whereass EBV-carrying Burkitt's Lymphoma (BL) lines with the type I program, 

whichh resemble B cells at the GC stage of differentiation, are mostly SAP-positive, 

Lymphaticc Chronic Leukemia (LCL) lines are negative [32]. Recent results by 

Feldhahnn et al [33] of gene expression profiles using the Serial Analysis of Gene 

Expressionn (or SAGE) show that the SAP transcript might be expressed by GC and 

memoryy B cells in the human. Although its presence in human lymph nodes has also 

beenn reported ([31]; and E Clark, personal communication), SAP was not found in 

thee B cells isolated from mutant mice that lack T cells and NK cells (tge26) (C 

Gullo,, unpublished). 

SAP/SH2D1ASAP/SH2D1A in XLP patients 

Differentt SAP/SH2D1A mutations have been identified in XLP patients [18, 19, 26, 

34-36]:: a) micro/macro-deletions; b) mutations interfering with mRNA transcription 

orr splicing; c) non-sense or missense mutations leading to premature stop codons or 

aminoo acids substitutions. No correlation between mutation and clinical phenotype 

hass been found for this disease. Identical mutations manifest different phenotypes 

withinn the same family [19, 26, 31, 34] and no significant differences are detectable 

inn phenotypes or severity of the disease based on type (deletion, truncation, 

missense)) or location of mutations [34]. 

Thee percentage of patients originally diagnosed with the XLP syndrome that have a 

mutationn in SAP/SH2D1A is relatively low (50-60%) [19, 26, 31]. The possibility of 

aa mutation in an undetected critical cis-regulatory element distal from the gene or in 

onee of the introns can not be excluded. In a large study by Sumegi et al [34] of 35 

individualss with two or more maternally-related male family members that manifest 

ann XLP phenotype, 34 had a mutation in SAP/SH21A. By contrast, no mutations 

weree found in 25 males with "sporadic XLP" [34]. In our own studies 11/11 patients 

hadd a SAP/SH2D1A mutation in 5 families that were analyzed. However, no 

SAP/SH2D1AA mutations were found in patients with an XLP like syndrome without 
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familyy history. Therefore, a positive familiar history is a key element that relates to 

whetherr or not SAP is mutated in clinical presentations compatible with XLP. 

Ass discussed previously, XLP clinically present with a variable combination of at 

leastt three major phenotypes. Sometimes the XLP presentation is totally polarized 

towardd a clinical situation as variable degree of immunoglobulins deficiencies 

associatedd with chronic respiratory infections. Therefore, some XLP patient may 

clinicallyy resemble CVID (Common Variable Immuno Deficiecy), a clinical 

heterogeneouss syndrome that recognizes a multi-factorial/multi-gene origin [37]. 

Indeed,, two groups found mutations in the SAP/SH2D1A gene in some patient 

previouslyy reported as CVID (Chapter 4) [38-41]. 

SAP/SH2D1AA AND EAT-2 ARE MEMBERS OF A GENE FAMILY 

Thee mouse and human EAT-2 genes encode a 132 amino acid protein that, like SAP, 

consistss of a single SH2 domain followed by a short C-terminal sequence (Figure 1) 

(Humann EAT-2 GenBank Accession Number: AF256653) [42]). Like 

SAP/SH21DA,, the human EAT-2 gene consists of four exons that are distributed in 

thee same pattern as the SAP exons (Chapter 3) [43] . Human EAT-2 is located on 

thee long arm of chromosome 1 (lq23) approximately 700kb from the SLAM gene 

[43,, 44]. 

Thee mouse EAT-2 gene was first identified as a transcript induced by transformation 

off  NIH3T3 mouse fibroblasts by the EWS/FLI1 oncogene [42]. A 1.5kb long mouse 

EAT-22 transcript is detected in murine spleen and lung. And a 1.2kb transcript is 

foundd in liver, skeletal muscle and kidney [42]. Using PCR and cell separation 

techniquess starting with spleens from immunodeficient mice we found that mouse 

EAT-22 is expressed in macrophages and B cells, but not in thymus derived 

lymphocytess (Chapter 3) [43]. Thus, it appears that the SAP/SH21DA and EAT-2 

geness represents the first two identified members of a new family of genes, which 

aree expressed in different tissues. It is conceivable that similar genes exist that plays 

aa role in regulating signal transduction in different cell types. 
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SAPP IS A NATURAL INHIBITOR OF SH2 DOMAIN 

DEPENDENTT INTERACTIONS 

Basedd on its simple structure comprising an SH2 domain with a short N terminal tail 

andd its known properties, SAP has been postulated to be a natural blocker of events 

involvingg its binding site [26]. The notion of SAP as a blocking molecule has found 

considerablee support from biochemical assay, physico-chemical studies and analysis 

off  SAP mutations found in XLP patients. 

DetailsDetails of the SAP/SLAM interaction 

Becausee the SAP/SLAM interaction involves a free SH2 domain and as it was 

discoveredd in yeast in which no phosphotyrosine residues are found, the contact area 

betweenn the two proteins was investigated in greater detail. SAP (and not its tail) 

boundd to a 14 amino acid peptide in the proximity of Y281 cytoplasmic tail of 

SLAMM in the absence of phosphorylation [26]. Further studies indicated that amino 

acidss N- and C-terminal to the Y281 are important for stabilizing the in vitro 

interaction.. In vivo, in transiently transfected COS-7 cells or in T lymphocytes, SAP 

boundd to the cytoplasmic tail of SLAM without detectable phosphorylation [26]. 

Importantly,, a mutation in R32Q of the SAP molecule eliminated the binding of SAP 

too the non-phospho SLAM. SAP binds to a second sequence motif in the 

cytoplasmicc tail of SLAM, Y327, in a phosphotyrosine dependent manner [29]. 

TheThe SAP crystal stucture 

SAPP has the overall characteristics of an SH2 domain fold, which includes a central 

sheett with helices packed against either side (Figure 2) [45]. The uniqueness of the 

SAP/SLAMM binding lies in the fact that, in addition to the classical "two-pronged " 

interactionn between an SH2 domain and its ligand peptide, a third contact point is 

formedd [45-47], Specific features include: 

11 phosphorylated and non-phosphorylated SLAM Y281 peptides bind in the 

samee manner in a pocket of the central B sheet. The pY281 coordinates a set 

off  hydrogen bonds with residues R32, S34, E35, S36 and R55 in a manner 
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similarr to that observed in the N-terminal SH2 domain of SHP-2. In spite of 

itss non-phosphorylated state the hydroxyl group of Y281 organizes an 

extensivee network of hydrogen bonds; 

Figuree 2. Crystal structure of SAP and location of missense mutations identified in XLP patients. 

A)) Ribbon diagram showing the SAP/SLAM pY281 peptide complex. The phospho-peptide is shown in a 

stickk representation. Selected SAP residues that form the binding site are shown. B) Point mutations 

identifiedd in XLP patients cluster along the peptide binding site and at the back of the SH2 domain. 

22 Val +3 is buried in a mostly hydrophobic cleft, similar to other SH2 domain 

interactionss [45, 46]; 

33 a third interaction involves three residues N-terminal to Y281. The SLAM N-

terminall  residues at positions pY-1, and pY-3 intercalate with hydrophobic 

residuess in B strand D of the SAP SH2 domain. Of particular interest is, 

however,, Thr -2 (Thr 279 of SLAM), which hydrogen bonds with Glu 17 

andd a buried water molecule that also involves R32. 

Thesee N-terminal interactions provide the additional binding energy that explain the 

extremelyy high affinity of the SAP/SLAM binding as judged by fluorescence 
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polarizationn [45]. Detailed peptide binding studies confirmed the important 

contributionss of the amino acids N- and C-terminal to the pTyr281. 

Thee "three pronged" interaction between SAP and the SLAM peptide predicted that 

thee affinity would be highest in the case of the binding to the phosphorylated form of 

SLAM.. Indeed, fluorescence polarization studies support that view with a binding 

constantt of 600-700nM for SAP with the non-phosphorylated SLAM Y281 peptide 

andd lOOnM for SAP with the pY281 peptide (Chapters 2 and 3) [45, 48]. These 

valuess indicate a high affinity of SAP for its binding site as compared to other SH2 

domainss and their peptide motifs [49]. The high affinity interactions of the Src SH2 

domainn and the p85N SH2 domain with their optimal peptides are recognized with 

dissociationn constants in the order of 500nM [49], Thus, the high affinity between 

SAPP and phospho-SLAM strongly supports the idea that SAP functions as a blocker 

off  recruitment of signal transduction molecules to the Y281 site in the cytoplasmic 

taill  of SLAM. 

SAPSAP blocks recruitment ofSHP-2 to the cytoplasmic tail of SLAM 

Becausee the protein tyrosine phosphatase SHP-2 had been shown to bind tyrosine-

phosphorylatedd SLAM in the absence of SAP, the blocking hypothesis could be 

tested.. Indeed, in COS-7 cells SAP completely blocks binding of SHP-2 to phospho-

SLAMM [26]. Although this provided formal proof for the concept of SAP as a natural 

blocker,, the number of molecules that bind to this site is as yet unclear. Nevertheless, 

thee experiments suggest that two states of SLAM signal transduction exist: one with 

SAPP and another without SAP. This is plausible because of the down regulation of 

expressionn of the SAP gene in the early phases of T cell activation followed by a re-

expressionn late in T cell activation. 

Maximumm levels of catalysis by the SHP-2 phosphatase (PTPase) are dependent 

uponn occupation of both of its SH2 domain [50], because regulation of SHP-2 is 

controlledd by the N-terminal SH2 domain [51-53]. It binds either to the PTPase 

domainn and blocks its active site or it binds a phospho-tyrosine residue [54-56]. The 

C-terminall  SH2 domain, although not directly involved in this regulation, 

contributess affinity and specificity to the target interaction. SHP-2 binds to pY281 
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andd pY327 of the SLAM cytoplasmic tail, the same site that SAP binds too. Because 

off  its high affinity SAP will block recruitment of SHP-2 completely, provided a 

sufficientt number of SAP molecules is present. If not, blocking by SAP of one of the 

sitess only might recruit an inactive or less active enzyme. 

Itt is conceivable that although SLAM binds SHP-2, it itself is not a substrate of the 

PTPase.. Thus, SLAM may provide a scaffold for SHP-2 to act at the immune 

synapse,, where multiple targets such as TCR, Fyn, Lck, and ZAP-70 are 

phosphorylatedd immediately following TCR engagement [57-59]. In this fashion, by 

blockingg PTPase recruitment, SAP could function indirectly to prolong 

phosphorylationn of important substrates during TCR triggering. 

FurtherFurther analysis of SAP mutations in XLP patients provides support for 

thethe natural inhibitor model 

Elevenn missense mutations identified in XLP families were analyzed in vitro and in 

vivo.vivo. (Chapter 2) [48] . The missense mutations that are distributed throughout the 

threee dimensional structure of SAP (Figure 1 and 2b) [45, 48] fall under three 

categories: categories: 

1.. instability of the protein as judged by a substantially decreased half-

lif ee {e.g. mutants Y7C, S28R, Q99P, P101L, V102G and Stop 

codonl29R; ; 

22 disruption of the specific interactions with both phosphorylated and 

non-phosphorylatedd SLAM forms. R32Q, C42W affect interactions 

withh the classical phosphotyrosine binding pocket as well as with the 

threoninee residue in the -2 position of the SLAM Y281 motif. T68I 

disruptss the binding of V284 to the hydrophobic cleft. Thus, binding 

too both pospho and non- phospho SLAM is affected; 

33 in mutant T53I only the non-phospho interaction appears to be 

disrupted. . 

Thee notion that limited amounts of a wild-type protein may lead to the pathogenesis 

off  a fatal disease is particularly remarkable. The mutant proteins in category 1 are all 
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inn principle capable of binding to the SLAM motif via a three-pronged interaction. 

Thee type 1 mutations are functionally similar to those with partial transcriptional 

defect,, an example of which is the patient with a mutation in the second exon's splice 

acceptorr area in intron 1 [26], This XLP patient still produces 5-10% of wild-type 

SAPP protein [26]. The mutation of the stop codon (129R) suggested at first that the 

SAPP tail might have a significant functional role. Pulse chase labeling experiments 

showed,, however, that the additional 12 amino acids provide a degradation signal 

resultingg in a short half-life of the protein. 

Off  particular interest is the group three mutant T53I. Binding studies indicate its 

inabilityy to bind normally to non-phospho SLAM (Dissociation constant 8-9mM), 

whilstt it preserves unaffected binding features when the SLAM Tyr is 

phosphorylatedd (KD ~100nM). Analysis of the SAP crystal structure indicates that 

thee isoleucine replacing the T53 eliminates the binding pocket for Thr (-2) of 

SLAM.. This prevents the interaction of Thr -2 with the buried water molecule and 

withh El7 [48] , thus blocking interactions of one of the amino acids located N-

terminall  to Y281. This suggests that the non-phospho interactions involving SAP 

playy a major role in XLP. 

Thee unique ability of the SH2 domain of SAP to bind the non-phosphorylated Y281 

off  SLAM suggests several modes in which SAP might function. Firstly, it is clear 

thatt SAP block SHP-2 binding to SLAM. It is likely that if there are other proximal 

signalingg molecules capable of binding the peptide segment around Y281 of SLAM, 

theyy too will be prevented from binding by SAP. Secondly, by binding to non-

phosphorylatedd Y281 of SLAM, SAP may block src kinase mediated 

phosphorylationn of this site, further reducing the chance of other SH2 molecules 

bindingg at this position. Thirdly, SAP might act as a scaffold or adapter protein to 

coordinatee larger signaling complexes following SLAM triggering. 
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SAPP AND OTHER PROTEINS 

SAPSAP and the src-like kinase FynT 

Recentt studies show that SAP is an adapter molecule that recruits the tyrosine kinase 

Fynn and probably other src-like kinases to SLAM and the related receptors [60-63]. 

Transfectionn experiments of SAP and SLAM into COS-7, 293-T or T-T hybridoma 

cellss have shown that the presence of SAP markedly increases the phosphorylation 

off  SLAM and related receptors [26, 62, 64]. These studies also show that 

phosphorylationn of SLAM and CD229 induced by receptorr ligation does not occur in 

SAP-deficientt thymocytes or peripheral T cells and was markedly reduced in Fyn-

deficientt cells [62, 63]. Furthermore, in vitro binding assays and yeast two-hybrid 

analysess indicated that SAP binds directly to Fyn and Lck. However, whereas SAP 

bindss to both the SH3 domain and the kinase domain of Fyn, SAP only binds to the 

kinasee domain of Lck. Ternary complexes that contain SLAM, SAP and Fyn or Ly-

9/CD229,, SAP and Fyn have been isolated, but no Lck-containing complexes have 

beenn detected so far [60, 62, 63]. The interaction between SAP and the SH3 domain 

off  Fyn does not involve an intact SH2 domain, because mutant of SAP that are 

impairedd in binding to the cytoplasmic tail of SLAM do bind to the SH3 domain of 

Fyn.. Structural analysis of a ternary complex of SAP associated with the SLAM 

Tyr2811 peptide and the SH3 domain of Fyn show that SAP binds the SH3 domain of 

Fynn through a new surface-surface interaction that does not involve the canonical 

SH3-bindingg motifs [62, 63] (contact residues are indicated in Figure 1). A 

positivelyy charged surface of SAP interacts with a negatively charged surface of the 

Fynn SH3 domain. Mutation of SAP Arg78 completely abrogates its binding to the 

Fynn SH3 domain and mutation of Asp 100 of the Fyn SH3 domain reduces most of 

thee binding between SAP and the Fyn SH3 domain. This association is highly 

specificc for Fyn, because the SH3 domains of other kinases (Lck, Fgr, Lyn, Hck, Yes 

andd Src) cannot bind to the SH2 domain of SAP due to amino-acid replacements that 

disruptt the interaction [62, 63]. Structural analysis of the SAP-Fyn complex further 

indicatedd that binding of SAP to Fyn competes with the intermolecular auto-

inhibitoryy interaction between the Fyn-SH2 domain and the Fyn-SH3 domain, and 
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thatt SAP can only bind to activated Fyn. Indeed, in vitro addition of SAP to the auto-

inhibitedd form of Fyn caused a large increase in the catalytic activity of Fyn. By 

contrast,, the SAP mutant Arg78Glu, which is unable to bind to the Fyn SH3 domain, 

didd not increase the activity of Fyn and also has a reduced adaptor function after 

transfectionn into T cells (M.Simarro et al., unpublished observations). So, SLAM-

associatedd SAP can activate Fyn or can recruit already activated Fyn, and it is 

probablee that both mechanisms can operate in a cell. 

SAPSAP and the SLAM family 

Screeningg of a phospho-peptide library of random peptides indicated an optimal SAP 

bindingg motif (T-S-I-Y-x-x-V/I) [45] (Figure 3). This motif is present in the 

cytoplasmicc domain of SLAM, CD84, Ly-9/CD229, 2B4/CD244, NTBA and CS1. 

Thee genes that encode these proteins are located in a segment on human 

chromosomee lq23 (Figure 4). As the SAP/SLAM association had originally been 

discoveredd in a two-hybrid system, the same method was used to examine binding of 

SAPP to these other cell surface structures. Whereas none of the cytoplasmic tails 

interactedd with SAP/SH2D1A in a classical yeast two hybrid system, 2B4, CD84 and 

Ly-99 did bind to SAP if a mutated form of the src-kinase c-fyn was co-introduced 

intoo the yeast cell. This altered two-hybrid system therefore showed that the 

interactionss between SAP and SLAM are different from those between SAP and the 

otherr proteins [26]. 

Thiss principle was then confirmed in lymphoid cells where SAP binds to human 2B4 

inn transfected BaF3 cells [65] and in an NK cell line (YT) [66]. SAP binds also to 

Ly-99 in mouse thymocytes and to CD84 in transfected Jurkat or in Raji cells, which 
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Figuree 3. Schematic representation of SLAM and related molecules. 

SLAMM family members are schematically represented. The location of tyrosine-based motifs present 

inn the cytoplasmic region of SLAM receptors is shown (Y). Squared Y symbols indicate potential or 

provenn SAP / EAT-2 binding sites whose sequence is T-I/V-Y-x-x-V/I . The SLAM receptors known 

ligandss (top) and expression patterns (bottom) are indicated (B, B cells; Baso, basophils; DC, 

Dendriticc Cells; Macro, macrophages; Mono, monocytes; Myelo, myeloid cells; NK, NK cells; T, T 

cells).. Ig-like domains in the extra-cellular region of SLAM receptors are indicated (C2, constant 2-

typee Ig-like domain; V, variable-type Ig-like domain). 
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Figuree 4. Genomic organization of the SLAM-gene family. 

SLAMM family member genes are located on human chromosome lq23 (top) and mouse chromosome 

1H22 (bottom). The genomic map shown in this figure reflects information derived from the analysis 

off  several BAC clones. Seven genes of the SLAM family are clustered in a genomic segment of 359 

kbb in humans and 392 kb in mice, known as the SLAM locus. Six out of these seven genes encode 

proteinss that bind to SLAM-associated protein (SAP) and EAT2 (indicated by an asterisk). Human 

EAT-22 and mouse EAT-2A and EAT-2B are also located close to the SLAM locus. The arrangement 

off  the SLAM-gene family is identical in mouse and human genomes with the exception of an opposite 

orientation.. The genes that in humans are closer to the centromere are situated in mice closer to the 

telomere.. Boxes represent blocks of sequence containing a complete set of exons of a gene. Bottom 

arrowss indicate the direction of transcription. 
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expresss CD84 [64] . In all of these cases phosphorylation of the cytoplasmic tail 

tyrosinee residues with either pervanadate pretreatment or with receptor specific 

monoclonall  antibody was required for binding. SHP-2 binds to phosphorylated 2B4, 

Ly-99 and CD84, but blocking of SHP-2 recruitment by SAP in a COS-7 cell assay 

provedd to be less efficient than in the case of SLAM [64, 65]. Thus CD84, Ly-9, 

2B4,, NTBA and CS1 do not bind constitutively to SAP and require tyrosine 

phosphorylation.. It should be mentioned that basal levels of phosphorylation of 

SLAMM receptors that might favour the initial recruitment of SAP have been observed 

inn several cell types [60]. These distinctions between SLAM and the other cell 

surfacee proteins are somewhat surprising, given the homology of the consensus 

motifss in these receptors. Thus the SAP/SLAM interaction is unique in its binding in 

thee absence of tyrosine phosphorylation. Nevertheless, interactions of SAP with 

thesee SLAM family members are thought to be of significance for their function on 

thee interface between activated T and B cells. It is likely that following TCR 

triggeringg 2B4, Ly-9 and CD 84 are rapidly tyrosine phosphorylated thus recruiting 

SAPP to the T/B cell contact site. 

Thee other members of the SLAM family do not bind SAP: CD48 is linked through a 

glycosylphosphatidylinositoll  (GPI) tail, whereas BLAME and CD84-H1 have short 

cytoplasmicc tails with no apparent signal-transduction motifs [67]. Cell-surface 

receptorss of the SLAM family are adhesion molecules that function in the immune 

synapsee between T cells and antigen-presenting cells (APCs) (Figure 6). Receptor-

ligandd interactions occur between members of the SLAM family (Figure 3). In 

addition,, SLAM is a receptor for measles virus, as well as CD46 [68, 69]. Measles 

viruss can infect and suppress the proliferation of T cells in transgenic mice that 

expresss human SLAM [70]. CD48 is a receptor for the lectin FimH present on the 

pilii  of a subset of fimbriated enterobacteria [71]. CD244 and CD48 interact with 

relativelyy high affinity (KD=10 uM), whereas SLAM binds to SLAM with low 

affinityy (KD= >200 uM) [72, 73]. 
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SAPandp6fSAPandp6fok ok 

SAPP has been shown to bind to a 62kDa phospho-protein which serves as an adapter 

molecule,, p62dok in a number of hematopoietic cells [74]. p62dok was cloned as a 

constitutivelyy tyrosine phosphorylated molecule associated with pi20 RAS- GTPase 

activatingg protein (pi20 RAS-GAP) [75-77]. 

SAPP binds specifically to a phosphorylated site in p62dok, ALY449SQVQK, which is 

similarr to the SAP binding site in SLAM ( TIY28iAQVQK). Sylla et al hypothesize 

thatt SAP might serve to block SHP-2 binding to p62dok, thus prolonging the 

inhibitionn induced by p62dok of the Ras pathway by maintaining tyrosine 

phosphorylationn of p62dok. Alternatively, SAP may block the binding of the Src 

kinasee inhibitor Csk to Y449 of p62dok thus inhibiting Csk recruitment to the plasma 

membrane.. The role of p62dok of B cells negative signaling has been well 

characterizedd [75, 78, 79]. Studies with the p62dok null mouse support the role of 

p62dokk in inhibition of the Ras pathway in B cells [75]. The role of p62dok in T cells 

needss to be investigated further. 

THEE SLAM GENE FAMILY 

Sequencee comparisons suggest that the SLAM family of cell surface hematopoietic 

receptorss consists of at least nine related members of the immunoglobulin 

superfamilyy [80] [81] [82]: NTBA (also known as SF2000) [83], CD84 [84, 85], 

SLAMM (CD 150) [27, 44, 86], CD48 [87, 88], CS1 (also known as CD2-like receptor 

activatingg cytotoxic cells, CRACC or 19A) [89-93], CD229 (also known as Ly-9) 

[94-96],, CD244 (also known as 2B4) [97, 98], B-lymphocyte activator macrophage 

expressedd (BLAME) [99] and CD84-H1 (also known as SF2001) [100-102] (Figures 

33 and 4). These genes appear to share similar sequences and have the same basic 

exonn / intron organization [44, 88]. The SLAM genes are located in a 260kb fragment 

onn chromosome 1 (lq23). Their location, in addition to their sequence similarities, 

suggestss that these receptors arose via successive duplications of a common ancestral 

genee [67, 80, 82, 103, 104]. Sequence comparisons have revealed that the members of 

thiss SLAM family are closer related to each other than to CD2 as suggested 
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previouslyy [85]. In addition to sharing binding of SAP to specific recognition sites in 

theirr cytoplasmic tails, a number of SLAM gene family members form homo and 

heterotypicc receptor-ligand pairs (Figures 3 and 6). SLAM [73, 105], Ly-9 and CD84 

(PP Engel, personal communication) are homophilic adhesion molecules. Furthermore 

CD488 is the ligand for 2B4. Whereas some insights have been obtained about the 

signall  transduction event ensuing triggering SLAM, CD48 and 2B4, littl e is known 

aboutt the others 

Humann SLAM (CD 150) is found on CD45ROhigh memory T cells, immature 

thymocytes,, a small fraction of B cells and dendritic cells; and is rapidly up 

regulatedd upon activation of T-, B- and dendritic cells [27, 106, 107]. In mice, 

SLAMM is normally expressed on all thymocytes, T- and B cells and is also up 

regulatedd after activation [29, 86]. 

Anti-SLAMM antibodies are also particularly effective at inducing IFN-y by both Thl 

cloness and mitogen activated human or mouse T lymphocytes [27, 29, 86] (Figure 

5).5). Furthermore, polarized Th2 populations either from rheumatoid arthritis or atopic 

dermatitiss patients, are reverted to a ThO phenotype in the presence of mAbs to anti-

SLAMM [108, 109]. These mAbs promote proliferation of human and mouse T cells in 

aa CD28 and IL-2 independent fashion [27, 29, 105]. 

SLAMM is a heavily N-glycosylated type I glycoprotein (Mw 70 to 95 Kda) [27, 44, 

86].. That SLAM self-associates is readily detected upon transfection of SLAM or 

SLAM-GFPP into cells that do not express the molecule, resulting in a dramatic 

increasee in cell adhesion. In vitro plasmon resonance studies confirm this self-

association,, although the observed dissociation constants differ widely. These 

discrepanciess could be caused by the aggregation of the soluble SLAM ecto-domains 

[73,, 105, 110]. Because antibodies to SLAM cause the formation of a SLAM plaque 

onn the surface of human peripheral blood T cells, this membrane protein might play 

aa role in the immune synapse [29]. This could explain the function of SLAM as a co-

stimulatorr [27, 86]. The notion that SLAM-specific antibody might block a negative 
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Figuree 5. Model for SLAM (CD1S0) and 2B4 (CD244) signaling. 

Engagementt of SLAM (by SLAM-SLAM homophilic interaction) modulates IFN-y production by T 

cells.. In contrast, stimulation of 2B4 (by its ligand, CD48) triggers NK cell-mediated cytotoxicity. In 

thee case of SLAM, SAP allows a signal leading to recruitment of the inhibitory molecules SHIP, Dok-

relatedd adapters and Ras-GAP. By opposition, 2B4 triggers an activating signal implicating PLC-y 

andd LAT. Depending on the sequences surrounding the sites of tyrosine phosphorylation, the SLAM-

relatedd receptors would then recruit distinct sets of SH2 domain-bearing effectors, thus giving rise to 

differentt signals with distinct biological consequences. 
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signall  is supported by the observation that SLAM-SAP-mediated signaling inhibits 

thee production of IFN-y by a T-cell line [61], but not by cells from S^P-deficient 

micee [111, 112]. Moreover, in vitro studies with SLAM-deficient T cells show that 

thesee cells produce increased levels of IFN-y in response to CD3-specific antibody 

[113]. . 

SLAMM on B cells associates with the Src-family kinase Fgr and the SH2-containing 

inositoll  polyphosphate 5'-phosphatase SHIP [114]. Both Fgr and SHIP interact with 

phosphorylatedd tyrosines in SLAM cytoplasmic tail. Ligation of SLAM induces the 

rapidd dephosphorylation of both SHIP and SLAM as well as the association of Lyn 

andd Fgr with SHIP [114]. Curiously, mAbs against SLAM fail to enhance human B 

celll  proliferation but seem to potentiate CD95-mediated apoptosis in some B cell 

liness [114, 115]. Nevertheless, some studies have shown that soluble SLAM and 

membranee SLAM increase B cell proliferation and production of IgM, IgG and IgA 

normallyy induced by CD40 mAb or other co-stimuli [110, 116]. Based on these 

observations,, it appears that ligation of SLAM in human B cells triggers different 

eventss from those in T lymphocytes. 

2B42B4 (CD244) is an N-glycosylated protein of relative molecular mass of 66 to 

80kDaa [117] [118]. As is common among the SLAM related proteins, murine 2B4 is 

expressedd as more than one isoform. In this case there are two alternately spliced 

variants,, a long (-L) and a short (-S) one, which differ in their cytoplasmic tails 

[119]]  [97, 117, 120]. The cytoplasmic tail of mouse and human 2B4-L contains three 

tyrosiness embedded in a potential SAP motif (Figure 3). The shorter form is missing 

thee three distal tyrosine-based motifs at the C-terminal [119]. 

Thee high affinity between 2B4 and its ligand CD48 [72, 121, 122] is of importance 

forr our thinking about XLP for CD48 is one of the major receptors that is-up 

regulatedd on B cells following EBV transformation (Figure 6). 

Murinee and human 2B4 are expressed on all NK cells, yö T cells, monocytes, some 

CD8++ thymocytes and on a subset of CD8+ peripheral T cells [123-126]. Expression 
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Figuree 6. A model summarizing interactions between the members of the SLAM family and 

SAPP / EAT-2 associated molecules at the interface between T lymphocytes and Antigen 

Presentingg Cells (APCs). 

Thee SLAM cell-surface receptors are characterized by two N-terminal Ig-like domains. The exception 
iss CD229 (Ly-9), which consists of a tandem repeat of two Ig-like set domains. Receptor-ligand 
interactionss occur between members of the SLAM family (see text). CD244 (2B4) is a receptor for 
CD48,, but it also binds with low affinity to CD2. As in the case of SLAM, CD84 and CS1 bind 
homophilically.. The binding of the SLAM-family immunoglobulin-like receptors to their ligands 
inducess the phosphorylation of their cytoplasmic tails, allowing the subsequent binding of SLAM-
associatedd proteins SAP (closed rectangles) and EAT-2 (closed triangles) through a tyrosine-
containingg motif located in their cytoplasmic regions. SAP is widely expressed by T / NK cells and 
EAT-22 is expressed by antigen presenting cells (APCs). SAP can recruit and activate FynT, a src-like 
kinase,, modulating cell activation mediated by signals generated through the T-cell receptor (TCR) 
andd co-stimulatory proteins such as CD28. EAT-2-interacting src-like kinases await identification. 
Signalss mediated by the SLAM receptors can also affect the function of APCs. SLAM receptors 
recruitt different SH2-domain containing proteins giving rise to different signals that determine distinct 
and,, in some cases, opposite biological outcomes. CTLA-4, cytotoxic 
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off  2B4 is upregulated on CD8+ and CD4+ T cells after activation. Expression of 2B4 

iss also upregulated in NK and CD8+ cells after infection with LCMV or MCMV 

[66]. . 

2B44 regulates NK cell activation independently of MHC class I [127]. Ligation of 

m2B44 with mAb triggered cell-mediated cytotoxicity, IFN-y and IL-2 secretion [123] 

[126],, granule exocytosis [123] and proliferation of resting y5 T cells [126], In 

humans,, cross-linking of 2B4 on NK cells triggers redirected lysis of FcR+ cells in 

cytotoxicc assays and cytokine secretion (IFN-y, IL-8 and TNF-a) [98, 124, 125]. 

Similarly,, 2B4 activates NK-mediated lysis upon binding CD48 on target cells [124]. 

Stimulationn of 2B4 was also found to elicit tyrosine phosphorylation of several 

proteinss in NK cells, including 2B4, phospholipase C (PLC)-y, linker for activation 

off  T cells (LAT) and Vav-1 [128, 129] (Figure 5). Additionally, 2B4 stimulation 

cann lead to increased intracellular calcium and phosphatidylinositol turnover [125]. 

Mostt notably, it was found that the capacity of 2B4 to induce NK cell-mediated 

cytotoxicityy was severely compromised in LAT-deficient mice [130] and 2B4 has 

beenn shown to associate constitutively with LAT [130, 131]. In a study Parolini et al 

observee that the failure of NK cells from XLP patients to kill EBV(+) B cell lines is 

thee consequence of inhibitory signals generated by the interaction between 2B4 and 

CD48,, as the antibody-mediated disruption of the 2B4-CD48 interaction restored 

lysiss of EBV(+) target cells [14]. 

Thee function of 2B4 in human CD8+T cells is unknown. Preliminary data on human 

CD8++ T cells indicate that 2B4 induces modest lytic activity, and no proliferation or 

cytokinee production [124]. It has been suggested that interaction between 2B4 on 

CD8++ T cells and CD48 on target or antigen presenting cells (APC) may increase 

cell-celll  adhesion rather than directly activating T cells. Therefore, 2B4/CD48 

interactionss may enhance the recruitment of rafts into the immune synapse, as has 

beenn demonstrated for interactions between T cell surface CD2 and APC surface 

CD488 [132]. 
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Muchh less is known of the signalling pathways triggered by NTBA engagement. 

Onee report showed that stimulation with anti-NTBA antibodies was capable of 

inducingg NTBA tyrosine phosphorylation in NK cells [83], implying that NTBA 

probablyy operates via the induction of protein tyrosine phosphorylation. The 

involvementt of SAP in the signalling mechanisms of 2B4 and NTBA was 

demonstratedd by analysing NK cells from XLP patients [14, 15, 83, 117, 133]. These 

studiess revealed that 2B4- or NTBA-mediated cytotoxicity is abrogated in NK cells 

lackingg SAP. Whether the ability of these receptors to mediate protein tyrosine 

phosphorylationn signals is also dependent on SAP remains to be evaluated. 

Intriguingly,, one group showed that, in the absence of SAP, 2B4 and NTBA had an 

inhibitory,, rather than a stimulating, impact on NK-cell activation [14, 83]. Although 

thee mechanism of this inhibitory influence was uncertain, this observation suggests 

thatt 2B4 and NTBA may also have biological functions in the absence of SAP. It 

shouldd be pointed out, however, that NK cells express EAT-2. Thus, 2B4- or NTBA-

mediatedd inhibition may be caused by a preferential interaction with EAT-2 in the 

absencee of SAP. 

CS1,CS1, like 2B4 and NTBA regulate NK-cell cytotoxicity [83, 91, 123]. CS1 might 

activatee NK cell-mediated cytotoxicity through an extracellular signal-regulated 

kinasee (ERK)-mediated pathway in a SAP-independent manner [91]. SLAM and 2B4 

signallingg results in the activation of phosphatidylinositol 3-kinase (PI3K) and PI3K-

dependentt phosphorylation of AKT, which are SAP dependent [114, 134]. By 

contrast,, CS1, 2B4 and SLAM-mediated activation of ERK1 and ERK2 is SAP 

independentt [82, 91, 135, 136]. So, SLAM-family receptors are likely to signal 

throughh both SAP-dependent and SAP-independent pathways. 

CD48CD48 is widely expressed on lymphocytes and upregulated on B cells after EBV-

mediatedd transformation [87] (Figures 3 and 6). CD48 null mice are severely 

impairedd in CD4+ T cell activation: proliferative responses to mitogens, anti-CD3 

mAb,, and alloantigen are all reduced. In line with its tissue distribution, CD48 effect 
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onn TCR driven responses depends on its function in both T and antigen-presenting 

cells.. It is likely that the disruption of the 2B4 gene will result in an overlapping 

phenotype. . 

Murinee and human Ly-9 (CD229) expression is restricted to mature T cells, B cells 

andd thymocytes [94]. There are two murine allelic variants Ly-9.1 and Ly-9.2 [137, 

138].. Ly-9 is a 100 kDa glycosylated protein [94, 95, 138]. The cytoplasmic tail of 

Ly-99 contains two SAP binding motifs (Figure 3), in addition to another motif that 

lackss Thr-2. 

CD84CD84 is predominantly expressed by B cells, platelets and myeloid cells. It is also 

expressedd at low levels on T cells [84, 139]. CD84 is a glycosylated protein ranging 

fromm 70 to 95KDa in size [84, 85]. The cytoplasmic tail of CD84 contains two 

putativee SAP binding motif (Figure 3) [85, 140]. 

CRACCCRACC is expressed widely on immune cells, including T cells and NK cells [91]. 

Althoughh one group found that CRACC was unable to associate with SAP and EAT-

22 [91], another group reported that human, but not mouse, CRACC could bind to 

SAPP [93]. In human NK cells, ligation of CRACC by antibodies was observed to 

inducee NK-cell mediated cytotoxicity [91]. In keeping with the idea that CRACC 

mightt not interact with SAP, this response was not altered in NK cells from XLP 

patients. . 

INTERACTIONSINTERACTIONS BETWEEN SLAM FAMILY MEMBERS AND EAT-2 

Fluorescencee polarization assays indicate that EAT-2 binds to the phosphorylated 

Y2811 SLAM peptide with an affinity which is comparable to that of SAP. But no 

bindingg is detected to the not phosphorylated peptide [43]. This observation was 

confirmedd and extended in the altered yeast two hybrid system, where EAT-2 binds 

too the cytoplasmic tails of SLAM, 2B4, Ly-9 and CD84 after co-expression of c-jyn 

onlyy [43]. Results in COS-7 cells and B cells are in agreement with this finding [43]. 
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Inn mice, but not in humans, two EAT-2 genes (EAT-2A and EAT-2B) have been 

identified,, which differ in exons II and III , but are identical in exons I and IV [67]. 

Thesee two genes are close together in the genome (26 kb) and encode two proteins 

withh 84% homology. The functional significance of the two mouse EAT-2 A genes, 

whichh are arranged in tandem, is not known. Interestingly, EAT-2B contains a 

canonicall  Pro-Xaa-Xaa-Pro sequence in its EF-loop, which is not present in EAT-

2A.. A similar Pro-Xaa-Xaa-Pro motif in the same position is present in SAP of the 

Fuguu fish. Whether these are recognition motifs for SH3 domains in kinases and 

otherr signal-transduction molecules will require further experimental evidence. 

EAT-22 is expressed by macrophages, B cells and probably dendritic cells, different 

tissuess from SAP [43]. So, EAT-2 might control signal transduction through 

memberss of the SLAM family in professional APCs, in which SAP is not present as 

welll  as having a role in signal transduction in non-haematopoietic cells. 

Thee interactions of SAP and EAT-2 with the SLAM family members are 

summarizedd in Figure 6. As discussed previously it remains to be determined 

whetherr SAP is expressed in human B cells and if so in which subsets. Nevertheless 

thiss model predicts that in spite of the unique interaction between SAP and SLAM, 

disruptionn of the SAP gene provides a more complex phenotype than that of SLAM 

alone.. Perhaps more importantly, SLAM and SAP are present in the immune synapse 

formedd between antigen specific CTL clones and antigen pulsed B lymphoblastoid 

cellss as APCs [111]. Thus, SAP is introduced into the immune synapse at high 

concentrationss via SLAM and perhaps via Ly-9, CD84 or 2B4 to ensure it's presence 

att the T cell / APC interface. EAT-2 may serve a similar role in other hematopoietic 

cells.. We conclude that SAP and EAT-2 control signal transduction through 

memberss of the SLAM family in other tissues as well as T and B cells. Thus, the two 

SAPP family members may control functions of the SLAM family of hematopoietic 

cellss in a variety of ways, independent of XLP. 
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LESSONSS FROM SAP-DEFICIENT MICE 

SAP-deficientt mice have been generated [112, 141, 142]. T cells in SAP-'" mice 

havee an impaired ability to differentiate into Th2 cells, which results in increased 

resistancee to infection with Leishmania major. The production of IL-4 is markedly 

lowerr in these mice and correlates with the reduced production of IgE. As there is no 

mousee equivalent to EBV infection, SAP"/" mice have been infected with 

lymphocyticc choriomeningitis virus (LCMV). SAP"'" mice fail to resolve infection 

withh LCMV, resulting in increased mortality. These mice had increased numbers of 

IFN-y-producingg CD4+ and CD8+ T cells in the spleen and the liver. SAP-deficient 

TT cells activated in vitro with CD3-specific antibody produces 12 times more IFN-y 

thann wild-type T cells. The phenotype of these mice recapitulates many aspects of 

XLPP and indicates a crucial role for SAP in the modulation of cytokine synthesis. A 

recentt report shows that mice lacking SAP generate a strong primary antibody 

responsee after infection with LCMV, but do not generate long-lived virus-specific 

plasmaa cells and memory B cells, despite the presence of normal numbers of virus-

specificc memory CD4+ T cells [143]. Adoptive transfer experiments show that SAP-

deficientt B cells are normal and that the defect is in the CD4+ T cells. So, SAP has a 

cruciall  role in CD4+ T-cell function and it is essential for late B-cell help and the 

developmentt of long-term humoral immune responses, but is not required for early 

B-celll  help or immunoglobulin class switching [143]. This is in contrast to the 

observationn of the marked reduction of CD4+ Th-cell responses found in other mice 

deficientt for molecules such as CD40-Ligand, CD28 and CD80 or CD86 that disrupt 

B-celll  help [144]. In another study [145] (Chapter 5) SAP~^~ mice primary and 

secondaryy responses of all Ig subclasses are severely impaired and in keeping with a 

class-switchingg defect germinal centers (GCs) are absent. Employing the adoptive 

transferr of CD4+ T and B cells from hapten primed SAP~^~ mice into irradiated wt 

mice,, this study provides evidence that signal transduction controlled by SAP is 

essentiall  for both T and B cell activities. Moreover, defects in non-primed CD4 cells 

andd B cells from SAP~^~ mice were also demonstrated after transfer into RAG2~'~ 
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recipientss and subsequent measurements of Ig production, indicating that early T and 

BB cell defects are responsible for the progressive dysgammaglobulinemia in the 

absencee of SAP. Thus, dysgammaglobulinemia in XLP patients may take place in 

thee absence of an infection with EB V or any other virus and is caused by defects in 

thee cognate interactions between T and B cells. Together, these data indicate that 

SAPP can both positively and negatively influence signal-transduction events that are 

initiatedd by at least six SLAM receptors in T cells. A disrupted SAP gene may 

thereforee render the animal more susceptible to a variety of viral infections. It is 

conceivablee that repeated infections with viruses other than EBV may have a 

cumulativee effect on XLP patients, which may influence the other XLP phenotypes. 

Thus,, XLP must be seen as a progressive immunodeficiency. Similarly, the NK cell 

defectt observed in some, but not all XLP patients could develop with cumulative 

immunologicall  insults. Further studies of the SAP null mouse will provide additional 

insightss into the role of this gene and of the SLAM family genes in normal immune 

responses. . 

CONCLUSIONS S 

Inn the past few years there have been a number of exciting advances in the study of 

X-Linkedd Lymphoproliferative disease. Most importantly, the gene which is 

defectivee in this condition, SAP /SH2D1A was identified. Initial data on the function 

off  this small tailed-SH2 domain protein suggest that it serves to block critical events 

inn T and NK cell signal transduction and perhaps in B cells. Moreover, SAP binds to 

sixx members of the SLAM family and to DOK1. Despite this important 

breakthrough,, there are a number of important issues remaining to be resolved which 

concernn the function of SAP in T/B cell homeostasis during viral infection. To 

unravell  the role of SAP in this complicated process it will be necessary to answer 

fundamentall  questions about the signaling pathways in which SAP participates. It is 

temptingg to speculate that disruption of SAP function in suppressor cells such as the 

recentlyy described T-regulatory type 1 cells might lead to loss of T cell homeostasis 

followingg clearance of viral infections. Mice in which genes of the SLAM and the 
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SAPP family members are disrupted will shed light on these questions. The 

observationss made thus far support a model in which XLP is likely to be an 

immunodeficiencyy that can manifest progressively after viral infections as well as 

defectss may be present prior to viral encounter. The ubiquitous thread of EBV 

acceleratess the clinical situation in the case of the fulminant infectious 

mononucleosis.. Additional studies of the process in which the immune responses of 

XLPP patients deviate are of equal importance. In the process of further studies, we 

wil ll  not only learn about the molecular etiology of XLP, but about more fundamental 

issuess of T cell activation and interactions between T cells and APCs. 
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