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CHAPTERR 1 

X-Linke dd Lymphoproliferativ e Disease, 

AA Progressive Immunodeficiency 

Massimoo Morra, Duncan Howie, Maria Simarro Grande, Joan Sayos, 

Ninghaii  Wang, Chengbin Wu, Pablo Engel and Cox Terhorst 

Divisionn of Immunology, RE-204, Beth Israel Deaconess Medical Center, Harvard 

Medicall  School, 330 Brookline Ave, Boston, Massachusetts 02215 
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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 

INTRODUCTIO N 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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Chapterr 1 

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 
MI T T 
Mi ll  Y7C 

I31P P 
A22PP S28R 

32TT G39V 
S34G G :42W W 

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  Y76 X 

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 MEMBER S OF A GENE FAMIL Y 

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 INHIBITO R OF SH2 DOMAI N 

DEPENDENTT INTERACTION S 

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 structur e 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 OTHE R PROTEIN S 

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 FAMIL Y 

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]. 

32 2 



Introduction n 

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 MIC E 

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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SUMMAR Y Y 

X-linkedd lymphoproliferative disease (XLP) is a primary immunodeficiency characterized by 

extremee susceptibility to Epstein Barr virus. The XLP disease gene product SAP (SH2D1A) 

interactss via its SH2-domain with a motif (T.I.Y.x.x.V) present in the cytoplasmic tail of the 

celll  surface receptors CD150/SLAM, CD84, CD229/Ly-9 and CD244/2B4. Structural studies 

havee shown that the interaction between SH2D1A and Tyr281 of CD 150 uses a unique three-

prongedd modality of binding that occurs independently of phosphorylation of the tyrosine in 

CDD 150. Here, we analyze the effect of missense mutations identified in the SH2D1A protein 

off  XLP patients. Two sets of mutants were found in ten XLP families: i) mutants with a 

markedd decreased protein half-life (e.g. Y7C, S28R, Q99P, PI OIL, V102G and X129R), or ii) 

mutantss with structural changes that differently affect the interaction with the four membrane 

receptors.. In the second group, mutations that disrupt the interaction between SH2D1A 

hydrophobicc cleft and Val +3 of its binding motif (e.g. T68I) and mutations that interfere with 

thee SH2D1A phosphotyrosine-binding pocket (e.g. C42W) abrogate SH2D1A binding to all 

fourr receptors. Surprisingly, a mutation in SH2D1A able to interfere with Thr -2 of the 

CDD 150 binding motif (mutant T53I) severely impaired non-phosphotyrosine interactions, 

whilee preserving unaffected the binding of SH2D1A to phosphorylated CD150. Mutant T53I, 

however,, did not bind to CD229 and CD224, suggesting that SH2D1A control several critical 

signall  transduction pathways in T and NK cells. Because no correlation is present between 

thee identified types of mutation and XLP patients clinical presentation, additional unidentified 

geneticc or environmental factors must play a strong role in XLP disease manifestations. 
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INTRODUCTIO N N 

X-linkedd lymphoproliferative (XLP) disease is an immune disorder characterized by an 

extremee vulnerability to Epstein-Barr virus (EBV) (1-7). Fatal infectious mononucleosis, dys-

gammaglobulinemiaa or malignant lymphoma are the major XLP phenotypes (1). While XLP 

patientss can develop dys-gammaglobinemia and B cell lymphomas after an EBV infection, a 

causall  relationship between the virus and these XLP phenotypes has not been established. 

Indeed,, immunoglobulin deficiencies and B cell non-Hodgkin's lymphomas have now been 

observedd in XLP patients who were sero- and/or PCR-negative for EBV (8-10). Patients 

infectedd with EBV mount an uncontrolled polyclonal expansion of T and B cells that leads to 

deathh through hepatic necrosis and bone marrow failure (1). NK cell dysfunctions are 

detectedd in some, but not all XLP patients (11-14). 

Thee XLP gene encodes a 128 residue protein (SAP or SH2D1A), which comprises an SH2 

domainn and a 26 C-terminal amino acid tail (15-17). The SH2D1A SH2 domain, expressed in 

thee cytoplasm of T cells, NK cells and possibly B cells (18) binds to a consensus motif in the 

cytoplasmicc tail of CD 150 (16), CD244 (11, 13, 19-20) and CD229 and CD84 (21-22). These 

glycoproteinss are members of the CD150 family (5, 23) and are expressed on a variety of 

hematopoieticc cells. CD150 is found on CD45ROhlgh memory T cells, immature thymocytes, a 

smalll  fraction of B cells and activated dendritic cells, and is rapidly up regulated upon 

activationn of T-, B- and dendritic cells (24). Anti-CD 150 antibodies are also particularly 

effectivee in inducing IFN-y by both Thl clones and mitogen activated human or mouse T 

lymphocytess (25-26). Importantly, SH2D1A has been shown to block recruitment of the SHP-

22 phosphatase to the tail of phosphorylated CD 150 (16). As CD 150 is a self ligand it is 

thoughtt to be involved in T/B cell interactions and is therefore relevant to a model for 

pathogenesiss of XLP (5, 16, 24) (24, 27). CD 150 was also recently identified as another 

receptorr for the measles virus (28). 

CD2444 is an N-glycosylated protein predominantly expressed on NK cells, yö T cells, 

monocytess and a subset of CD8+ T cells (29). The high affinity between CD244 and its 

ligandd CD48 (30-31) is of particular relevance to NK and CD8+ T cell responses in XLP, 

becausee CD48 is one of the major receptors upregulated on B cells following EBV 
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transformation.. Moreover, a defect in NK cell mediated cytotoxicity in some XLP patients 

wass attributed to dysfunctional signaling by CD244 (11-12, 14). 

SH2D1AA has recently been shown to interact with a 62kDa adapter, Dokl (p62dok), present in 

hematopoieticc cells (32), where Dokl constitutively associates with the pi20 RAS-GTPase 

activatingg protein pi20 RAS-GAP (32). 

Classically,, high affinity association of SH2-domains with Tyr-containing motifs i) depends 

uponn phosphorylation of the Tyr in the ligand and ii) requires that the phospho-Tyr be 

embeddedd within a specific amino acid sequence, where an additional contact C-terminal 

(usuallyy at the +3 position) to the pTyr is established. In order to bind to the CD 150 Tyr281-

non-phosphoo motif the SH2 domain of SH2D1A uses a "three-pronged" modality of binding 

insteadd of a conventional "two pronged" recognition (16, 33-34). The SH2D1A structure 

characteristicallyy includes a central (3 sheet with a helices packed against either side (33). The 

additionall  interactions of SH2D1A involve the side chains of residues -2 and-1 (Thr279 and 

Ile280)) adjacent to Tyr281 in the CD150-peptide. These interact with residues in the 0D 

strandd of the SH2 domain (33). The SH2D1A binding motif T.I.pY.x.x.V is also found in the 

cytoplasmicc domains of CD229 and CD84 (35-36). 

Severall  classes of SH2D1A mutations have so far been identified in XLP patients: a) 

micro/macro-deletions;; b) mutations interfering with mRNA transcription or splicing; c) 

nonsensee mutations or amino acid substitutions. Because missense mutations spanning the 

entiree SH2D1A coding sequence have been identified in XLP patients (9, 15-16, 37, and M 

Morraa et al, unpublished), SH2D1A provides a unique model to study structure/function 

relationshipss in a SH2 domain. 

Heree we analyze a series of SH2D1A proteins with missense mutations by in vitro and in vivo 

studies.. We report differential binding of these mutants to the hematopoietic cell receptors 

CD150,, CD244, CD229 and CD84. Two major classes of SH2D1A missense mutations are 

identifiedd depending on their protein half-life. Particular attention was focused on the 

SH2D1AA T53I amino acid substitution because its ability to bind to non-phosphorylated 

CDD 150 is affected, whilst it binds normally to phospho CD 150. However, further studies 

showedd that T53I does not bind to the receptors CD229 and CD244. The study emphasizes 

54 4 



Characterizationn of SAP/SH2D1A missense mutations 

thatt SH2D1A controls multiple signal transduction pathways relevant to the pathogenesis of 

XLP. . 

MATERIAL SS AND METHOD S 

Cellss and antibodies. 

COS-77 cells were cultured as described (16). The Jurkat T-cell line was obtained from ATCC. 

Monoclonall  anti-human CD 150 was a gift from DNAX (25). Anti-FLAG M5 mAb (Kodak) 

andd anti-SHP-2 rabbit polyclonal antibody (Santa Cruz) were used in Western Blotting. Goat 

anti-mousee and anti-rabbit IgG horse-radish peroxidase conjugated polyclonal antibodies 

weree purchased from Santa Cruz. The anti-phosphotyrosine antibody was purchased from 

Zymed.. The monoclonal antibody anti-mouse CD244 was purchased from Pharmingen. Anti-

humann CD229 (clone HCD229.1.84) and CD84 (clone CD84.1.2.21 and CD84.1.7) were 

producedd by immunizing BALB/c mice with 300.19 murine cells stably transfected with full-

lengthh cDNA. 

Plasmidd construction and transfection. 

Humann SH2D1A cDNA was cloned in vector pFLAG-CMV2 (Kodak) to generate a FLAG-

SH2D1AA construct. cDNAs coding for SH2D1A mutants based on XLP patient sequences 

weree generated by site-directed mutagenesis in PCR reactions using oligonucleotide primers 

incorporatingg the point mutation. Human SH2D1A wt or mutants R32Q, T53I and T68I 

codingg regions were cloned in vector pGEX2T (Pharmacia) to generate GST-SH2D1A 

constructs.. The mouse CD244 coding region was cloned in vector pCDNA3.1. The human 

CDD 150 cDNA in vector pJFE14-SRct was a gift from DNAX Research Institute. Human 

CD2299 and human CD84 cDNAs were expressed by a pCDNA3.1 vector. 

COS-77 cells (10xl06) were transfected with different expression vectors, containing the 

appropriatee cDNA insert, by the DEAE-Dextran method (38) or using the lipofectamine 

methodd (Roche). Cells were harvested 72 h after transfection. 

Forr cloning of rhesus monkey (Macaca mulatto) and cotton-top tamarin (Sanguinus oedipus) 

SH2D1A,, total mRNA was extracted from peripheral blood lymphocytes using the Trizol 

extractionn method (GIBCO BRL). Oligonucleotides based on the 5' (FWD: GCC TGG TGG 
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ACTT CTT GG) and 3' (REV: GAA CTG TAT TAT CTA CAA TAT ATA AGA C) un-

translatedd regions of human SH2D1A were generated and used to amplify monkey SH2D1A 

cDNAA by RT-PCR. Products were sub-cloned in a TA-cloning vector (TA-cloning kit, 

Invitrogen)) and sequenced. 

Immunoprecipitatio nn and Western Blotting. 

Afterr lysis of the cells with 0.5 % CHAPS, immunoprecipitations were done by using the 

indicatedd antibodies and 30 ul protein G-agarose beads for 2 h at 4 °C. Proteins were 

separatedd on SDS-PAGE and transferred to PVDF Immobilon membrane (Millipore Corp.). 

Filterss were blocked for 1 h with 5% skim milk (or 3% BSA) and then probed with the 

indicatedd antibodies. Bound antibody was revealed using horseradish peroxide-conjugated 

secondaryy antibodies using enhanced chemiluminescence (Supersignal, Pierce). For 

antiphosphotyrosinee blotting, we used a directly conjugated horseradish peroxide antibody 

cocktaill  (Zymed). 

Pulse-chasee assay. 

Transfectedd COS-7 cells were starved for methionine and cysteine for 1 h, and then pulse-

labeledd for 3 h with [35S] methionine and [35S] cysteine using Trans 35S-label (ICN 

Radiochemicals,, Cleveland, OH) (39). Newly synthesized proteins were chased for various 

timess in complete media containing cycloheximide (final concentration 25 mg/ml). Cell 

aliquotss (5xl06 cells per lane) were lysed, and the fate of radiolabeled SH2D1A was analyzed 

byy immunoprecipitation with the M5 antibody to FLAG. SDS-PAGE was performed using 

15%% density. Gels were fixed and incubated with Amplify (Amersham) before 

autoradiography. . 

Fluorescencee polarization binding assay. 

Interactionss between GST-SH2D1A proteins and a synthetic fluorescent peptide of eleven 

aminoo acids [KSLTI(p)YAQVQK] corresponding to residues 276-286 of human CD150 were 

measuredd in a fluorescence polarimeter according to Danliker et al (40). Polarization values 

weree determined in a Beacon System and were expressed in millipolarization units (mP). 

Beforee performing equilibrium binding experiments, the time to reach equilibrium was 

56 6 



Characterizationn of SAP/SH2D1A missense mutations 

determined.. Under the conditions used, the time required was less than 2 min (data not 

shown).. Equilibrium binding isotherms were constructed by titrating a fixed concentration of 

fluorescentfluorescent peptide (below the probable kD) with increasing amounts of the GST-SH2D1A 

mutantt chimeric proteins. The same data were also used to construct a Klotz plot (mP vs log 

[GST-SH2D1AA mutants]). The curves were fit by nonlinear regression using the Prizm curve-

fittingg software (Graphpad Software, San Diego, CA). 

RESULTS S 

Singlee amino acid substitutions affect stability of the SH2D1A protein. 

Onee XLP patient was found to carry a mutation in the 3' splice acceptor of the second intron 

off  SH2D1A determining an inefficiency in mRNA processing (16). Because of this mutation 

onlyy 5-10% of wt mRNA was present in the patient's T cells, whereas most of the SH2D1A 

mRNAA did not contain exon two (16). This prompted us to investigate whether missense 

mutationss can affect stability of the SH2D1A protein and thus the SH2D1A level in the cell, 

leadingg to a disease phenotype. To test this hypothesis the protein half-life of ten mutant 

SH2D1AA proteins [Y7C (pA2), S28R ((3B1), R32T (PB5), C42W (pC4), T53I ((5D4), T68I 

(pE6),, Q99P, P101L ((3G2), V102G (pG3) and Stopl28R (tail)] (Figure 1) was determined. 

Thee location of each mutation in the 3D structure of the protein (33) is indicated between the 

brackets.. These mutations exclusively correspond to amino acid residues that are highly 

conservedd in human, rhesus monkey (GenBank accession number: AF322912), cotton-top 

tamarinn (GenBank accession number: AF322913) and mouse SH2D1A genes (Figure 1). 

Specifically,, COS-7 cells were transiently transfected with SH2D1A cDNAs (wt or mutant) 
355 35 

inn a FLAG-tagged vector and were metabolically labeled with [ S] methionine and [ S] 

cysteinee for 3 hours. The cells were then incubated in medium containing cycloheximide and 

non-radioactivee amino acids for the indicated time intervals (0, 3, 6, 10 and 20 hours) (Figure 

2a).. The half-life of the SH2D1A wt protein was also measured in the Jurkat T cell line 

(Figuree 2b). Jurkat cells were labeled under the same conditions and the endogenous 
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77 28 32 42 

XL PP C R Q W 

hu-SH2DlAA MDAVAVYHGKISRETGEKLLLATGLDGSYLLRDSESVPGVYCLCVL 

rh-SH2DlAA - _ _ _- _ 
ta -SH2DlAA — 

mo-SH2DlAA T - _ _— 

533 68 

XL PP I I 
hh SH2D1A YHGYIYTYRVSQTETGSWSAETAPGVHKRYFRKIKNLISAFQKPDQ 

rh-SH2Dl AA "  _ 

ta-SH2Dl A A 
mo-SH2Dl AA - Q F—V 

999 101-2 129 

XL PP P LG RKIKHLVLYF L 

hu-SH2DlAA GIVIPLQYPVEKKSSARSTQGTTGIREDPDVCLKAP . 

rh-SH2Dl AA — . 
ta-SH2Dl AA — __*__ P , 

mo-SH2Dl AA T  — --*--G-GP-AP--*-R-S-I--N — . 

Figuree 1. Location of missense mutations in the SH2D1A protein sequence. 

SH2D1AA coding region of different species and XLP patient missense mutations analyzed in this work are 

reported.. Missense mutations found in XLP patients are located in residues that are fully conserved 

betweenn human, rhesus monkey, cotton-top tamarin and mouse SH2D1A coding regions (hu = human; rh = 

rhesuss monkey; ta = cotton-top tamarin; mo = mouse). XLP patients amino acid substitutions are indicated 

abovee the sequences [Y7C (pA2), S28R (0B1), R32T (pB5), C42W (pC4), T53I (pD4), T68I (pE6), Q99P, 

P101LL (PG2), V102G <pG3) and Stopl28R (tail)]. Conserved amino acid positions in the human 

homologouss sequences are indicated by a dash (-). Residues that lack in the cotton-top tamarin and mouse 

homologuee sequences are indicated with an asterisk (*). 
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2a. . 
Figuree 2. Determination of SH2D1A 

mutantss protein half-lif e 

Panell  a. Determination of SH2D1A 

mutantss protein half-lif e in COS-7 cells. 

SH2D1AA mutants protein half-life was 

determinedd as described in the Material and 

Methodss section. In the figure, each panel 

showw an autoradiograph of [35S] Methionine 

andd Cysteine labeled SH2D1A at different 

timess (0, 3, 6 10, and 20 hours) after 

removall  of the protein synthesis inhibitor 

cyclohexamide.. Mutants designation is 

indicatedd at the left of each panel. As 

evident,, most of the mutant proteins 

presentedd extremely shortened half-life, 

whilee three of them (C42W, T53I and T68I) 

maintainedd stability comparable to the wt 

protein. . 

Panell  b. Determination of SH2D1A 

proteinn half-lif e in Jurkat T cell line 

Timee (hours): 0 3 6 10 20 

SH2DlAwt t 

SH2D1AA Y7C 

SH2D1AS28R R 

SH2D1AR32Q Q 

SH2D1AC42W W 

SH2D1AA T53I 

SH2D1AT68I I 
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SH2D1AA protein immunoprecipitated. Figure 2b shows that the half-life of T cell 

endogenouss SH2D1A is comparable to that measured in the COS-7 cell assay (Figure 2a). 

Whenn FLAG-tagged proteins were immunoprecipitated and analyzed by SDS-PAGE (Figure 

2a)) a number of missense mutations were found to dramatically shorten the half-life of 

SH2D1A.. This was readily detectable because the wt SH2D1A protein was stable with an 

apparentt half-life of approximately 18 hours (Figure 2a, upper panel). The half-life of three 

SH2D1AA mutant proteins (C42W, T53I and T68I) was unaffected by the mutation (Figure 

2a),, while the majority of the amino acid substitutions resulted in an extremely shortened 

proteinn half-life (Figure 2a). Inspection of the SH2D1A 3D structure (33) indicated that most 

off  the amino acids substitutions that affect protein half-life localized to the back-bone of the 

SH2D1AA SH2 domain. Surprisingly, mutant Stopl29R, the only point mutation outside of the 

SH22 domain, also had a drastically shortened half-life. Taken together, these observations 

supportt the notion that SH2D1A needs to be present in the cell at an optimal level in order to 

functionn normally. 

InIn vivo binding of selected SH2D1A mutants to CD150. 

Previouss experiments had shown that the tyrosine phosphatase SHP-2 binds to the 

cytoplasmicc tail of human CD 150 upon phosphorylation of its tyrosines (16). Mutational 

analysess showed that SHP-2 binds to phosphorylated tyrosines 281 and 327 of the 

cytoplasmicc tail of CD150. The peptide segment around Tyr327 also binds SH2D1A, but this 

interactionn appears to be more dependent upon phosphorylation of the tyrosine than the Y281 

sitee (D Howie and C Terhorst, manuscript submitted). To test whether mutant SH2D1A 

proteinss had lost their ability to block recruitment of the tyrosine phosphatase SHP-2 to 

CDD 150, a COS-7 cell assay was used. COS-7 cells were transiently transfected with 

combinationss of plasmids coding for SH2D1A (wt or mutant) and CD 150. To phosphorylate 

thee tyrosines in the cytoplasmic tail of CD 150, a cDNA encoding the tyrosine kinase fyn was 

co-transfected.. After 72 hours cells were lysed and post-nuclear lysates were 

immunoprecipitatedd with anti-CD 150 antibodies. As shown in Figure 3, wt SH2D1A bound 

too both phosphorylated and non-

60 0 



Characterizationn of SAP/SH2D1A missense mutations 
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Figuree 3. In vivo binding analysis of SH2D1A mutants to the CD150 receptor. 

InIn vivo interactions were examined after co-transfection of combinations of SH2D1A wt or mutant proteins 

R32Q,, C42W, T53I, and/or T68I (in pCMV-FLAG) with human CD 150 into COS-7 cells. Combinations of 

cDNAss used in the transfections are indicated above each set of panels {+ = transfection of the indicated 

molecule;; - = transfection with an equal amount of empty vector). 

AA cDNA encoding human fyn was co-transfected as indicated (+). In the first two lanes of each figure an 

equall  amount of pCMV-FLAG empty vector was used (CMV). In each figure, panels are either 

immunoprecipitatess (I.P.) or lysates (W.L.), as indicated on the right side. All cells were biotinylated prior 

too subjecting to detergent lysis. Cell lysates (lxIO7 cells equivalent) were subjected to I.P. with monoclonal 

antibodyy (mAb) recognizing the CD 150. Samples were analyzed by Western Blotting (W.B.) with anti-

phosphotyrosinee (a-PY), Avidin (AV-HRP), anti-FLAG and anti-SHP-2, as indicated on the left side of the 

panels. . 

Panell  a: mutants SH2D1A R32Q and T68I binding to CD 150 

Panell  b: mutants SH2D1A C42W and T53I binding to CD150 

phosphorylatedd CD 150 and as expected blocked SHP-2 recruitment to phospho-CD150 

completelyy (Figure 3a, lane 3 and 4). Almost all SH2D1A mutants had lost their ability to 

blockk SHP-2 recruitment; as expected, the proteins that had shortened half-lives belonged to 

thiss group (data not shown). 

Twoo mutants that disrupt the phosphotyrosine binding pocket of SH2D1A were analyzed. 

Mutantt R32Q, which was predicted to affect interactions with both the phospho-Tyr281 and 

thee Tyr281 peptides (33), was unable to bind the phosphorylated and the non-phosphorylated 

CDD 150 protein (Figure 3a lane 5 and 6). R32Q also completely failed to block SHP-2 

recruitment.. Because mutant R32Q does not only have a mutation that grossly disrupts 

bindingg to phospho and non-phospho-CD150, as R32Q is present in reduced copies in the 

cell,, its lack of SHP-2 competition is likely to be the result of both properties. By contrast, 

mutantt C42W is a relatively stable protein (Figure 2a) and its position in the SH2D1A 

structuree predicts that it could also interfere with binding to both phospho- and non-phospho-

CD150.. This is indeed the case as shown in Figure 3b, lane 7 and 8. This lack of binding is 
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thereforee consistent with an important role for Cys42 in the interactions with the CD 150 

tyrosinee site. 

AA second stable mutant protein T68I did bind phospho-CD150, but not the non-

phosphorylatedd CD 150 protein (Figure 3a, lane 7 and 8). However, its ability to block SHP-2 

bindingg to phospho-CD150 was reduced. This mutation affects the interaction of Val284 in 

thee +3 position of the CD 150 peptide with the hydrophobic cleft of SH2D1A. Taken together, 

thee COS-7 in vivo protein binding experiments emphasized the importance of SH2D1A 

proteinn stability to block recruitment of SHP-2. Moreover, as predicted from the structure of 

thee SH2D1A SH2-domain mutations that affect the tyrosine binding pocket or the 

hydrophobicc cleft of SH2D1A reduces the affinity of the mutant protein for both the phospho 

andd non-phospho-CD150. 

Onee of the stable mutants of SH2D1A found in XLP patients displayed an unexpected in vivo 

bindingg pattern. As shown in Figure 3b, lane 5, mutant T53I fails to bind to non-phospho 

CDD 150 in COS-7 cells. However, its ability to bind CD 150 after phosphorylation was 

preservedd and the T53I protein excluded the tyrosine phosphatase SHP-2 out of its docking 

sitee in CD 150 (Figure 3b, lane 6). Because of this unique binding pattern, T53I was studied 

further. . 

Mutatio nn T53I  in SH2D1A selectively disrupts binding to the not-phosphorylated form 

off  the CD150 Tyr281 peptide. 

Bindingg of T53I SH2D1A to CD 150 peptides Y281 and pY281 was compared with the 

bindingg of wt SH2D1A to the same peptides by fluorescence polarization. For these 

experiments,, an 11-mer amino acid peptide encompassing the CD 150 cytoplasmic region 

276-286276-286 was labeled with FITC in its a-amino group. This peptide, which represents the 

majorr SH2D1A binding site in CD 150, was used previously for fluorescence polarization 

studiess with wt SH2D1A (34). Binding of this peptide to SH2D1A (either in presence or 

absencee of CD 150 Tyr281 phosphorylation) was determined by incubating varying 

concentrationss of GST-SH2D1A with the peptides. As shown in Figure 4a SH2D1A T53I 

bindss to the 
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Figuree 4. In vitro binding of SH2D1A mutants T53I  and T68I  to a CD 150 peptide. 

Fluorescentt polarization measurements of the interaction between scalar concentrations of GST-SH2D1A 

wt,, GST-SH2D1A T53I or GST-SH2D1A T68I, and a 11-mer synthetic peptide identical to amino acid 

residuess 276-287 of human CD150 are shown. The peptide tyrosine residue was either phosphorylated or 

nott (pY281 or Y281); a fluorescein group was attached to the a-NH2 group of each peptide. Panel a. GST-

SH2D1AA (circles and solid lines) or GST-T53I (triangles and dashed lines) or GST-T68I (squares and dash 

dott lines) binding to pY281. Panel b. GST-SH2D1A (circles and solid lines) or GST-T53I (triangles and 

dashedd lines) or GST-T68I (squares and dash dot lines) binding to Y281 (JC axis: protein concentration 

[uM] ;; y axis: polarization unit [mP]). The table c summarizes the apparent dissociation constant (kD) of 

SH2D1AA wt, T53I and T68I for each peptide calculated as described in the Material and Methods section. 

phosphorylatedd peptide with an affinity comparable to that of the wt protein (kD = 0.25 uM) 

(Figuree 4c). By contrast, SH2D1A T53I binds the non-phospho peptide with a significantly 

decreasedd affinity (kD = 8.7 \xM) (Figure 4b and 4c). 

Inn a parallel study, the SH2D1A T68I mutant protein was also assayed for peptide binding 

usingg fluorescence polarization. T681 displayed a dramatically reduced affinity for the 

phosphorylatedd peptide (kD = 5.08 uM) (Figure 4a and 4c), while it failed completely to bind 

thee non phospho peptide (Figure 4b and 4c). Thus, mutant T68I is incapable of binding to 

CD1500 Tyr281 in both the phosphorylated and the non-phosphorylated states. 

Structurall  modeling of mutant SH2D1A T53I 

Highh affinity association of SH2-domains with Tyr-containing motifs depend upon 

phosphorylationn of the Tyr embedded in the ligand motif. The SH2 domain of SH2D1A 

representss the first example of an SH2 domain able to bind a motif in absence of tyrosine 

phophorylation.. The three-pronged modality of SH2D1A binding to CD 150 was originally 

proposedd as responsible for its ability to block recruitment of SH2 domain containing 

adapterss and enzymes. Because our results indicate that mutant SH2D1A T53I selectively 

interferess with CD 150 binding in the absence of Tyr281 phosphorylation, a structural model 

forr T53I was generated based on the structure of SH2D1A (33). To this aim, the structure of 

thee SH2D1A SH2 domain was altered by substituting Thr53 with an isoleucine. A model of 

thee SH2D1A T53I mutant SH2 domain in complex with the CD150 Tyr281 peptide is shown 
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inn Fig. 5. Replacement of the Thr53 with an isoleucine eliminates the binding pocket for Thr -

22 (Thr279) of CD 150. This prevents the interaction of Thr -2 with a buried water molecule 

andd with E17 thus blocking interactions of one of the amino acids located N-terminal to 

Y281.. Thus, this selective amino acid substitution changes the unique SH2 domain of 

SH2D1AA into a more conventional SH2 domain structure that predominantly binds to a 

phosphorylatedd state of the ligand. 

5a. . 

-22 T(279) 

SH2D1AA 153 

5b. . 

SH2DlApY Y 
pocket t 

Y281 1 

SH2D1AT53 3 
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Figuree 5. Structural modeling of the interaction between SH2D1A T53I  mutant and the CD150 

cytoplasmicc tail peptide Y281. 

Inn the figure, the surface representation of SH2D1A T53I (panel a) or SH2D1A wt (panel b) are shown. 

Arrowss indicate the phospho-Y pocket in SH2D1 A, the position 53 in SH2D1 A, and T279 and Y281 of the 

CDD 150 peptide. The bound peptide is shown in a stick representation. Replacement of the T53 by an 

isoleucinee residue severely affects the binding pocket for the T279 (-2) of the CD 150 peptide, severely 

impairingg SH2D1 A/CD 150 non-phospho interaction. 

Bindingg to CD229, CD244, and CD84. 

Inn addition to CD 150, SH2D1A binds to at least three other transmembrane glycoproteins of 

thee CD150 family: CD244 (2B4) (19-20), CD229 (Ly-9) and CD84 (21). Therefore, mutants 

C42W,, T53I and T68I were tested for their ability to bind to these receptors. COS-7 cells 

weree transiently transfected with combinations of plasmids coding for SH2D1A (wt or 

mutant)) and CD244 (Fig. 6a and 6b) or CD84 (Fig. 6c) or CD229 (Fig. 6d). Lanes 1-2 of 

FiguresFigures 6a-d are the negative controls (where a FLAG-tagged empty vector was used), while 

inn lanes 3-4 a FLAG-tagged SH2D1A wt vector was used as a positive control. 

Comparedd to wt SH2D1A, binding of mutants SH2D1A C42W (Fig 6a, lanes 5 and 6), T53I 

(Figg 6a, lanes 7 and 8) or T68I (Fig 6b, lanes 5 and 6) to the CD244 receptor was totally 

disrupted.. Binding of these mutants to CD84 (Fig 6c) and CD229 (Fig 6d) was also severely 

impairedd albeit that of mutant T53I preserved a marginal binding to CD84 (Fig 6c, lanes 9 

andd 10). 

Thesee results indicate that amino acid substitutions that disrupt the phospho-Tyr binding 

pockett (R32Q or C42W) or that interfere with the recognition of residues at positions -2 (Thr) 

orr +3 (Val) of the binding motif (mutants T53I and T68I, respectively) differentially 

compromisee SH2D1A binding to CD150-related receptors. 
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Figuree 6. In vivo binding analysis of SH2D1A mutants to CD244, CD229 and CD84. 

InIn vivo interactions were examined after co-transfection of combinations of SH2DIA wt or mutant proteins 

R32Q,, C42W, T53I, and/or T68I (in pCMV-FLAG) with CD244 or CD229 or CD84 into COS-7 cells. 

Combinationss of cDN As used in the transfections are indicated above each set of panels (+ = transfection 

off  the indicated molecule; - = transfection with an equal amount of empty vector). A cDNA encoding 

humann Jyn was co-transfected as indicated (+). In the first two lanes of each figure an equal amount of 

pCMV-FLAGG empty vector was used (CMV). In each figure, panels are either immunoprecipitates ( IP) or 

lysatess (W.L.), as indicated on the right side. All cells were biotinylated prior to subjecting to detergent 

lysis.. Cell lysates were subjected to I.P. with monoclonal antibody (mAb) recognizing the CD150-related 

surfacee receptors. Samples were analyzed by Western Blotting (W.B.) with anti-phosphotyrosine (a-PY), 

Avidinn (AV-HRP), anti-FLAG and anti-SHP-2, as indicated on the left side of the panels. Panel a: mutants 

SH2D1AA C42W and T53I binding to CD244; Panel b: mutant SH2D1A T68I binding to CD244; Panel c: 

mutantss SH2D1A R32Q, C42W. T53I and T68I binding to CD84; Panel d: mutants SH2D1A R32Q, 

C42W.. T53I and T68I binding to CD229. 

DISCUSSION N 

Thee SH2D1A gene encodes a single SH2-domain protein involved in signal transduction 

eventss in T-lymphocytes. The availability of missense mutations throughout the SH2D1A 

sequencee provides a useful tool to dissect SH2-domain structure-function relationships. The 

presentt study represents the analysis of ten single amino acid substitutions found in XLP 

patients.. Each of these mutation affects an amino acid residue that is conserved among 

differentt species: human, rhesus monkey, cotton-top tamarin and mouse (Figure 1). 

AA summary of the SH2D1A biochemical characterization is shown in Table I. The missense 

mutationss of SH2D1A are clustered into two major groups, according to their effect on 

proteinn stability and binding to the receptors. A structural evaluation of the mutations allows 

furtherr classification (Fig. 7). 

Thee two protein groups are determined by: 

1.. protein instability, as judged by a substantially decreased half-life (e.g. 

mutantss Y7C, S28R, Q99P, PI OIL, V102G and XI29 R); or 

22 an impaired ability of binding to CD 150 and CD 150-related receptors while 

maintainingg protein stability (e.g. C42VV, T53I and T68I). 

73 3 



Chapterr 2 

Mutantt SH2D1A R32Q belongs to both groups as its failure to bind CD150-related receptors 

iss accompanied by a substantially decreased half-life. 

Figuree 7. Ribbon diagram of the SH2D1A SH2-domain with location of the XLP amino acid 

substitutionss studied in this manuscript. 

Inn the figure, the ribbon diagram of the SH2D1A SH2 domain is represented. Lateral chains of amino acid 

positionss where missense mutations have been identified in XLP patients are indicated. 

Groupp 1 mutants are all in principle capable of binding to the CD 150 motif via a three-

prongedd interaction. The observation that some of them (i.e. P101L, Stopl29R) are capable of 

bindingg the CD 150 peptide in vitro (data not shown) while fail to block recruitment of SHP-2 

inn the COS-7 cells indicates that there is a threshold level of SH2D1A in the cell below which 

aa propensity for XLP develops. This is consistent with the partially defective transcription of 

SH2D1AA in an XLP patient who has a mutation in the 5'-splice acceptor site of the second 
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Tablee I. Summary of SH2D1A mutants biochemical characterization 

SH2D1A A 

half-lif e e 

Bindingg to 
CD150 0 

CD244 4 

CD229 9 

CD84 4 

Y7C C 

11 1 

ND D 

ND D 

ND D 

ND D 

S28R R 

11 1 

ND D 

ND D 

ND D 

ND D 

R32Q Q 

11 1 

--

ND D 

--

--

C42W W 

= = 

--

--

--

--

T53I I 

= = 

+ + 

--

--

+/--

T68I I 

= = 

+/--

--

--

--

Q99P P 

11 1 

ND D 

ND D 

ND D 

ND D 

P101L L 

11 1 

ND D 

ND D 

ND D 

ND D 

V102G G 

11 1 

ND D 

ND D 

ND D 

ND D 

X128R R 

11 1 

ND D 

ND D 

ND D 

ND D 

111 highly decreased half-life - absence of binding 
== half-life similar to SH2D1A wt + presence of binding 

NDD not determined +/- weak binding 

exonn (16). This XLP patient still produces 5-10% of wt SH2D1A mRNA, which must result 

inn a below threshold protein level (16). A limited amount of a wt protein may therefore lead 

too the pathogenesis of XLP, strongly supporting the notion that SH2D1A acts as a natural 

inhibitor.. Group 1 of mutants contains also a protein with an amino acid substitution located 

outsidee of the SH2-domain sequence. This mutant contains a SH2D1A tail prolonged of an 

additionall  11 residues because a mutation that transform the stop codon to an arginine. At 

firstt we assumed that the SH2D1A tail might have a significant, yet unknown, functional role. 

Surprisingly,, pulse chase labeling experiments showed, however, that the additional amino 

acidss provide a degradation signal resulting in a shortened half-life of the protein. Therefore, 

thiss mutant also falls in the first category. Its degradation could not directly involve the 

ubiquitinn system, because it lacks a known recognition site for the ubiquitin system. However, 

thee additional eleven amino acid sequences contained a PDZ recognition motif, which might 

servee as a link to a protein degradation system (Scansite Software, MB Yaffe and LC 

Cantley). . 
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Groupp 2 mutants are stable but functionally inefficient proteins due to a decreased ability to 

interactt with CD150-related receptors. Two mutants, C42W and T68I, do not bind to any of 

thee four cell surface receptors. The Cys42 to Trp amino acid substitution affects interactions 

withh the classical phosphotyrosine-binding pocket as well as with the threonine residue in the 

-22 position of the CD 150 Y281 motif, and consequently result in a severe loss in binding 

affinity.. According to the SH2D1A structure (33), T68 articulates interactions with the Val 

residuee in position +3 in the Y281 CD 150 peptide. A Thr68 to He mutation thus disrupts the 

bindingg of CD150-Val284 to the hydrophobic cleft. This amino acid substitution points to a 

criticall  role that Val +3 plays in stabilizing SH2 domain interactions. 

Off  particular interest is the group 2 mutant T53I. Mutant T53I is unusual in that it binds in a 

wtt fashion to the phosphorylated tail of CD150 (KD -250 nM) and compete against SHP-2 

recruitment.. However, it displayed a severely decreased binding affinity versus the non-

phosphoo CD 150 peptide (Dissociation constant of 8-9uM). Analysis of the SH2D1A structure 

indicatess that the isoleucine replacing the T53 eliminates the binding pocket for Thr279 of 

CDD 150 (Thr -2). This prevents the interaction of Thr -2 with the buried water molecule and 

withh E17, and thereby blocking interactions of one of the amino acids located N-terminal to 

Y281.. While mutant SH2D1A T53I still efficiently binds to phosphorylated CD150, T53I 

failss to efficiently bind to other three SH2D1A interacting molecules as CD244, CD229 and 

CD84.. These results indicate the important role that Y -2 motif interactions play in stabilizing 

SH2D1AA SH2 domain binding to its receptors. Conventional SH2 domains contain He or Leu 

residuess in amino acid position 0D4, which is Thr53 in SH2DIA. Replacing threonine by an 

isoleucinee in mutant T53I may change the unique SH2 domain of SH2D1A into a more 

conventionall  SH2 domain structure that is able to bind to a phosphotyrosine motif only. All 

together,, these data suggest that the ability of SH2D1A to bind non phosphorylated Tyr 

peptidess (probably the most striking SH2D1A feature) depends at least partially on its 

peculiarityy to coordinate Tyr N-terminal interactions. 

Al ll  the missense mutations in the SH2D1A gene investigated in the present study had fatal 

consequencess for the XLP patients. The clinical analysis of several members of six families 
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affectedd by SH2D1A missense mutations (Y7C, S28R, C42W, T53I, Q99P and V102G) show 

thatt for a given mutant a combination of different phenotypes are found (Table II) . In 

particular,, we could not find significant differences in terms of onset of the disease, frequency 

off  fatal infectious mononucleosis, median age of death, the frequency of lymphoma and the 

presencee or absence of EBV virus (Table II) . Whether other elements are able to shape the 

clinicall  phenotype remains to be investigated. 

Tablee II . Summary of clinical data 

SH2D1A A 

\ffectedd males 
inn the family 

Clinical l 
phenotypes s 

Mediann age 
off  onset 

Median n 
agee of 

survivals s 

Y7C C 

3 3 

FIM M 
AA A 

8.99 y 

No o 
survival l 

S28R R 

6 6 

LPD D 
dys-G G 

11.18y y 

333 y, 
Two o 

survivals s 

C42W W 

5 5 

FIM M 
dys-G G 

8.00 y 

411 y, 
One e 

survival l 

T53I I 

14 4 

FIM M 
LPD D 
dys-G G 

4.55 y 

21.55 y, 
Four r 

survivals s 

Q99P P 

17 7 

FIM M 
LPD D 
dys-G G 

7.155 y 

355 y, 
Five e 

survivals s 

V102G G 

2 2 

FIM M 

25.66 y 

No o 
survival l 

FIMM = Fatal Infectious Mononucleosis dys-G = dys-Gatnmaglobulinemia 
LPDD = Lymphoproliferative disorders AA = Aplastic Anemia 

Inn conclusion, our results indicate a correlation between different types of SH2D1A signal 

transductionn abnormalities (i.e. stability or binding) with the location of the amino acid 

substitution.. Taken together, the analysis of these selective alterations in the SH2D1A 

structuree indicated two distinct mechanisms underlying the pathogenesis of XLP. First, 

limitedd amount of SH2D1A, attributable to proteinn instability, lead to the disease. Second, the 

disruptionn of binding to the CD150-related receptors per se leads to XLP. Because these 

biochemicall  findings are not paralleled by differences in terms of XLP disease clinical 

phenotypess or severity, we conclude that signal transduction through CD 150, CD229, CD244, 

andd CD84 receptors is likely redundant. Additional unidentified genetic or environmental 

factorss must account for the variability in XLP disease manifestations. Moreover, these 
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resultss indicate that SH2D1A controls several distinct signal transduction pathways in T and 

NKK cells. 
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SUMMARY Y 
Thee T and NK cells specific gene SAP (SH2D1 A) encodes a "free SH2 domain" that 

bindss a specific Tyr motif in the cytoplasmic tail of SLAM (CD150) and related cell 

surfacee proteins. Mutations in SH2D1A cause the X-linked lymphoproliferative 

disease,, a primary immunodeficiency. Here we report that a second gene encoding a 

freee SH2-domain, EAT-2, which is expressed in macrophages and B-lymphocytes. 

Thee EAT-2 structure in complex with a phosphotyrosine peptide containing a 

sequencee motif with Tyr^ol of the cytoplasmic tail of CD 150 is very similar to the 

structuree of SH2D1A complexed with same peptide. This explains the high affinity 

off  EAT-2 for the pTyr motif in the cytoplasmic tail of CD 150, but unlike SH2D1A, 

EAT-22 does not bind to non-phosphorylated CD 150. EAT-2 binds to the 

phosphorylatedd receptors CD84, CD 150, CD229 and CD244, and acts as a natural 

inhibitor,, which interferes with the recruitment of the tyrosine phosphatase SHP-2. 

Wee conclude that EAT-2 plays a role in controlling signal transduction through at 

leastt four receptors expressed on the surface of professional APCs. 
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INTRODUCTIO N N 

Thee SAP (or SH2D1A) gene encodes a 15kDa protein whose absence or mutation 

causess X-lymphoproliferative (XLP) primary immunodeficiency (Coffey et al, 

1998;; Nichols et al, 1998; Sayos et al, 1998), a disease characterized by an extreme 

sensitivityy to infection with Epstein Barr virus (EBV) (Purtilo et al., 1975; Hamilton 

etet al, 1980; Seemayer et al., 1995; Sullivan, 1999; Howie et al, 2000; Morra et al, 

2001a).. Both T and NK cell dysfunctions have been observed in XLP patients 

(Sullivann et al, 1980; Parolini et al, 2000; Benoit et al, 2000; Lanier, 1998). 

Uniquely,, the SH2D1A protein it comprises only a single SH2 domain with a 26 C-

terminall  amino acid tail (Coffey et al, 1998; Sayos et al, 1998; Nichols et al, 

1998).. SH2D1A, which is expressed in T and NK cells (Nagy N et al, 2000), binds 

too a motif [TIpYxx(V/I) ] in the cytoplasmic tail of SLAM (CD 150) (Sayos et al, 

1998),, 2B4 (CD244) (Lanier, 1998) (Tangye et al, 1999; Parolini et al, 2000; Sayos 

etet al, 2000) and Ly-9 (CD229) and CD84 (Sayos et al, 2001) via its SH2-domain. 

Classically,, SH2-domain binding depend upon phosphorylation of the Tyr in the 

ligandd and require additional contacts C-terminal to the pTyr, usually at the +3 

position.. Characteristically, SH2D1A uses a "three pronged" modality of binding to 

thee Tyr281 motif of CD150 (Sayos et al, 1998; Poy et al, 1999; Li et al, 1999), 

wheree residues N-terminal to the phosphotyrosine, He (-1) and Thr (-2 ), interact in a 

specificc manner with the p-pleated sheet pD and with the tyrosine pocket of 

SH2D1A,, respectively (see Figure 3a and 3b for SH2 domain nomenclature). 

SH2D1AA can bind to the un-phosphorylated cytoplasmic tail of CD150 (Sayos et al, 

1998),, and it blocks recruitment of the SHP-2 phosphatase to the tail of 

phosphorylatedd CD 150 (Sayos et al, 1998), CD244 (Tangye et al, 1999; Sayos et 

al,al, 2000), CD84 and CD229 (Sayos et al, 2001). Recently, SH2D1A has been 

shownn to bind to a 62kDa phospho-protein adapter (p62dok) (Sylla et al, 2000). 

CDD 150 is not only found on cells of T and NK lineage, but also on resting B cells, 

dendriticc cells and macrophages (Cocks et al, 1995; Sidorenko and Clark et al, 

1993;; Wang et al, 2001). Because CD150 is a self-ligand, it is involved bi-
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directionallyy in antigen presenting cells (APC)/T cell interactions (Punnonen et al, 

1997;; Sayos et al, 1998; Mavaddat et al, 2000). CD244 is expressed on APCs such 

ass macrophages or monocytes, and on NK cells, and a subset of CD8+ T cells 

(Nakajimaa and Colonna, 2000). CD229 and CD84 are expressed on myeloid cells, 

macrophages,, B cells and cells of T lineage (Sandrin et al, 1992; De la Fuente et al, 

1997).. Thus, all four receptors, which interact with SH2D1A, are expressed on the 

surfacee of professional APCs, where SH2D1A is absent. 

Becausee of the importance of SH2D1A in T and NK cell signaling, we reasoned that 

APCss must contain a regulator with similar properties as SH2D1A. We focused on a 

previouslyy reported cDNA, termed EAT-2, which encodes a 132 amino acids single 

SH2-domainn protein with unknown functions (Thompson et al, 1996). Here we 

showw that EAT-2 is the SH2D1A equivalent in B-lymphocytes and macrophages for 

itt binds to CD84, CD150, CD244, andd CD229 through its SH2 domain. The structure 

off  a complex of EAT-2 with a phospho-Tyr peptide (pTyr281) derived from the 

CDD 150 cytoplasmic tail is very similar to that of SH2D1A with the same peptide. 

Thus,, EAT-2 and SH2D1A are free SH2-domains that define a new class of proteins, 

whichh play a role either in T cells or in APCs. 

RESULTS S 

Thee human EAT-2 gene. 

AA cDNA library made with RNA from human splenocytes was used to clone a 

cDNAA encoding human EAT-2. The human EAT-2 cDNA has a coding region of 

3999 nucleotides (GenBank AF256653) (Figure la). Its nucleotide sequence is 83% 

identicall  with the mouse cDNA (Figure la). The complete genomic organization of 

humann EAT-2 was obtained using the BLAST analysis (Altschul et al., 1990) of the 

Highh Throughput Genomic (HTG) database and the human EAT-2 cDNA sequence. 

Usingg seven different GenBank sequences of pBACs containing the EAT-2 exons, 

butt in particular pBAC AL359699 and AC068536, the EAT-2 gene was shown to 

havee an exon-intron organization similar to that of mouse and human SH2D1A 
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1A. . 
hEAT T 
mEAT T 

hEAT T 
mEAT T 

hEAT T 
mEAT T 

hEAT T 
mEAT T 

hEAT T 
mEAT T 

p.p. Ex l 
atggatctgccttactaccatggacgtctgaccaagcaagactgtgagaccttgctgctc a a 
t̂cgatctgccttactaccatggctgcctgaccaagcgagagtgtgaagccctgctcctc a a 

aggaaggggtggatggcaactttcttttaagagacagcgagtcgataccaggagtcctgt g g 
agggaggtgtggatggcaactttctgataagagacagcgagtctgtgccaggagccctgt g g 

..  p. Ex 2 
c c t c t g t g t c t c g t t t a a a a a t a t t g t c t a c a c a t a c c g a a t c t t c a a g a g a g a a a c a c gg g 
c c t c t g t g t c t c g t t t a a a a a g c t t g t c t a c a g c t a c c g a a t c t t c a a g a g a g a a a c a t gg g 

-p.-p. Ex3 
g ta t t acagga tacagac tgcagaagg t t c t ccaaaacagg tc t t t ccaagcc taaaggaa a 
a t a t t a c a g g a t a g a g a c t g a t g c t c a t a c t c c a a g a a c g a t c t t t c c a a a c c t a c a g g aa a 

c t g a t c t c c a a a t t t g a a a a a c c a a a t c a g g g g a t g g t g g t t c a c c t t t t a a a g c c a a t aa a 
t t g g t c t c c a a a t a t g g a a a a c c g g g t c a a g g a t t g g t g g t t c a c c t t t c a a a c c c a a t aa a 

hEATT agagaaccagccccagc t tgaga tggagagga t tgaaa t tagag t tggaaaca t t t g tqaa 
mEATT tgagaaacaacc ta tgccaaagagggagaagaa tggag t tagagc tgaa tg t t ta tgagaa 

hEATT c a g t a a c a g c g a t t a t g t g g a t g tc 
mEATT cac tga tgaggag ta tg tggacg tc 

t t g c ctt tga 
t t g c ctt tga 

61 1 

183 3 

244 4 

Ex4 4 

366 6 

IB . . 5'uT T ""  (1UA) HI IV IV 3'uT T 

h E A T -2 2 o o 4M-0^i« — — 

5'' uT 

h S H 2 D lA A 

19,220 0 4,353 3 1,035 5 

3 ' uT T 

Figuree 1. The human EAT-2 gene. 

1A.. Al ignment of the human and mouse EAT-2 nucleotide sequences. 

Thee coding region sequences of the human (hEAT-2) and mouse (mEAT-2) EAT-2 cDNAs are compared. 

Exonn boundaries are indicated (bold font = identity of nucleotides; regular font = difference of nucleotides). 

I B .. Genomic organizat ion of the human EAT-2 gene. 

Thee human EAT-2 gene consists of four exons that present an overall organization similar to the SH2D1A 

gene.. The putative exon III A represents part of exon II I (see text). 
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(Coffeyy et al, 1998; Wu et al., 2000) (Figure lb). Like the SH2D1A gene, EAT-2 

consistss of four exons spanning approximately 14 kb. The coding region of the first 

andd second exons are highly conserved between human and mouse (87% and 90% of 

identities,, respectively), while exon three is slightly less conserved (81%) (Figure 

la).. Two additional sequences highly homologous to the first and third exon are 

locatedd in the same chromosomal area (exon IA, which is located approximately 

30Kbpp upstream to the first exon, and exon IIIA ) (Figure lb). Interestingly, the 

sequencee of the coding region of the fourth exon is extremely conserved between 

speciess (Figure la). Exonl, exon 2 and approximately the first 2/3 of exon 3 code 

forr the EAT-2 SH2 domain (Figure 3a), while the terminal portion of the third exon 

andd the exon four account for the EAT-2 tail (Figure 3a). A human est sequence 

whichh is 99% identical to human EAT-2 and derived from a lung cDNAs library has 

beenn recently found (#BG569733). 

Thee nucleotide region 5' to the ATG contains a canonical TATA box at 335 

nucleotidess upstream of the ATG. The length of the 3' untranslated area was 

determinedd by comparing the genomic DNA sequence downstream of the stop codon 

withh three ests (#BE896279, #BF375549 and #AW613569). We therefore predict 

thatt the major human EAT-2 mRNA will be approximately 2,400 nucleotides, 

similarr to a major 2.5 kb cDNA encoding murine EAT-2 (Thompson et al., 1996). 

Thee 3'UT region of EAT-2 contains three ARE recognition sites, which indicates that 

EAT-22 mRNA levels may be controlled post-transcriptionally by triggering cell 

surfacee receptors, as is the case with SH2D1A (Wu et al., 2000). 

EAT- 22 is expressed in B-lymphocytes and macrophages. 

SH2D1AA is mostly expressed in T-lymphocytes and NK cells (Nagy et al, 2000). To 

establishh whether EAT-2 was expressed in cells of the immune system that are 

SH2DlA-negative,, several populations of immunocytes were tested. EAT-2 is 

highlyy expressed in organs such as spleen, lymph nodes, lung and small intestine 

(Thompsonn et al., 1996) (M Morra, data not shown). To enrich for B cells and other 
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Figuree 2. EAT-2 is expressed in B-lymphocytes and macrophages. 

RT-PCRR and TaqMan analysis of murine EAT-2 and SH2D1A expression. 2A. EAT-2 and SH2D1A 

expressionn in spleen and lymph nodes (LFN) of wt mice and T-NK cell deficient tge26 mice (Wang et 

al.,al., 1994). 2B. Expression of the mouse EAT-2 transcript in the murine B leukemia M12 and K46, but 

nott in the T cell line EL-4. 2C. Purified B-lymphocytes (B220+ cells) and macrophages (CDllb+ 

cells)) from wt mice are positive for EAT-2 transcript by TaqMan analysis (see methods). 

APCs,, splenocytes from an immuno-deficient mouse, tge26 (Wang et al., 1994) that 

lackss NK and T cells were used. EAT-2 but not SH2D1A is expressed in tge26 

spleenn and lymph nodes (Figure 2A). No murine EAT-2 transcript was detected in 

thee thymus (Figure 2B). The murine B cells leukemia lines K46 and M12 tested 

positivee for the EAT-2 transcript, while the T-leukemia EL-4 is negative (Figure 

2B).. Human EAT-2 nucleotide sequences were amplified using RNA from five out 

off  the six B lymphoma or lymphoblastoid cell lines tested (CESS, DAUDI, 

NAMALWA ,, RAJI and RPMI1888) (M Morra, data not shown). Expression of 

mousee EAT-2 in highly purified cell-sorted B-lymphocytes (B220+ cells) and 

macrophagess (CDllb+ cells) was confirmed by TaqMan analysis (Figure 2C). 

Peritoneall  exudate macrophages isolated from RAG-2 null mice that lack T and B 

cellss also tested positive for EAT-2 expression (M Morra, data not shown). Taken 

together,, these results show that within the hematopoietic cell lineage EAT-2 is 

expressedd in APCs such as B-lymphocytes and macrophages. 

Thee structur e of EAT-2 is similar  to that of SH2D1A. 

Thee amino acid sequences of the SH2 domains of human and mouse EAT-2 share 

sequencee homologies with all other SH2-domains (Figure 3A, lower  panel). The 

EAT-22 SH2 domain is homologous to the SH2 domain of Grb2 (35%), Csk (30%), 

Lckk (30%) and Syk (30%). However, the highest homology of the mouse and human 

EAT-22 SH2 domain is with the SH2 domain of mouse and human SH2D1A (47% 

andd 40%, respectively) (Figure 3A, upper  panel). To enable a comparison of the 
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structuress of EAT-2 and SH2D1A an attempt was made to grow crystals of mouse 

EAT-22 with a short (14-mer) peptide segment of the cytoplasmic tail of CD 150 

includingg Tyr^Sl. Although both the un-phosphorylated (Tyr^Sl) and the 

phosphorylatedd (pTyr^Sl) peptide had co-crystallized with human SH2D1A (Poy et 

al.,al., 1999; Li et al.t 1999), only a crystal of the mouse EAT-2 SH2 domain 

complexedd with the pTyr^Sl peptide was obtained. 

Wee expressed and purified a fragment of EAT-2 (residue 1-103) lacking the C-

terminall  tail and crystallized it in complex with a 14 residue CD150 phosphopeptide 

(residuess 273 to 286, with the Tyr281 phosphorylated). The structure was solved by 

molecularr replacement with the SH2D1A SH2 domain and refined to an R value of 

21.6%% at 2.15 A resolution (see methods) (Figure 3F). The final model included all 

1033 residues of EAT-2, residues 277 to 286 of CD 150, and 86 water molecules. 

EAT-22 has a characteristic SH2 fold (Kuriyan and Cowburn, 1997), which includes a 

centrall  (3 sheet with a helices packed against either side (Figure 3B). Canonical SH2 

domainss bind phospho-peptides in a "two-pronged" fashion; the phospho-Tyr residue 

bindss in a pocket on one side of the central sheet, and the 3-5 residues C-terminal to 

itt bind in a pocket on the opposite side (Kuriyan and Cowburn, 1997). The CD 150 

phospho-Tyrr peptide retains these general binding features in the complex with 

EAT-22 (Figure 3B). Further, EAT-2, like SH2D1A (Poy et al, 1999), forms 

additionall  interactions with the three amino acids N-terminal to CD 150 Tyr^^l (He -

1;; Thr -2 ; Leu -3) (Figures 3B, 3C AND 3D). The CD150 peptide makes a parallel 

pp sheet interaction with the PD strand of the domain and the side chains of residues 

Leuu -3 and He -1 of the CD150 peptide pack with Leu 49 and Tyr 51 in strand pD of 

EAT-22 (Figure 3B and 3D). Thr-2 (Thr279 of CD 150) hydrogen bonds with Glu16 

off  EAT-2, and with a buried water molecule that is also coordinated by Arg 31 

(Figuree 3D). Corresponding interactions are also observed in SH2D1 A/CD 150 

complexess (Poy et al, 1999). 
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Thee phosphorylated Tyr^Sl is coordinated in a manner similar to that observed in 

otherr SH2-domains complexes; the conserved Arg^l forms the expected bidentate 

hydrogenn bonds with phosphate oxygens (Figure 3D). The five residues following 

jy r2811 a re coordinated by interactions with the EF and BG loops, and the (3D strand 

off  the central sheet (Figure 3D). These C-terminal interactions are similar to those 

seenn in other SH2-domain/phosphopeptide complexes. Val284 (py +3) inserts into a 

hydrophobicc cleft in a manner analogous to that of an isoleucine at this position in 

Srcc family SH2 complexes (Eck et al., 1993; Waksman et al, 1993) (Figure 3D). 

Wee conclude that the interactions between the CD 150 peptide and EAT-2 are very 

similarr to those of SH2D1A with the same peptide and utilize the same unusual three 

prongedd binding mode (Poy et al, 1999; Li et al, 1999). Although similar to other 

SH22 domains in their phosphotyrosine and C-terminal (+3) recognition, they are 

differentt in their ability to specifically recognize residues N-terminal to the 

phosphotyrosine.. Thus, SH2D1A and EAT-2 represent a distinct class of SH2 

domains.. These results validate previous data obtained by screening of a library of 

randomm peptides with the EAT-2 SH2 domain (Poy et al, 1999). 

Inn spite of only 40% identical residues between mouse EAT-2 and human SH2D1A, 

theirr structures are very similar. This point is clearly illustrated by superimposing the 

EAT-22 SH2-domain onto the SH2D1A SH2-domain. The two structures 

superimposee with a r.m.s. deviation of 0.69A for Ccc atoms (Figure 3E). Moreover, 

aminoo acid residues which are substituted in the SH2D1A protein of XLP patients, 

andd which severely affect the functions of SH2D1A (Morra et al, 2001b), are 

conservedd in mouse and human EAT-2 as well as in mouse and human SH2D1A 

(Figuree 3A, upper  panel). These residues are mostly located in positions that are 

keyy for the interaction between the EAT-2 SH2 domain and the CD 150 phospho-

peptidee (indicate with the symbol"+" in Figure 3A, upper  panel), or in positions 

criticall  for the SH2D1A protein stability (Morra et al, 2001b). 
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Figuree 3. Structure of mouse EAT-2 CD150-phospopeptide complex. 

Figuree 3A. Structure based sequence comparison of EAT-2 with other  SH2 domains . 

Upperr  panel. The human and mouse EAT-2 and SH2D1A protein sequences are compared. Exon 

boundariess are indicated (Ex = exon). Elements of secondary structure are indicated at the top and 

labeledd using the standard SH2 domain nomeclature (Eek et al, 1993). Key residues for the 

peptide/SH22 domain interactions are indicated with the symbol "+". Amino acid substitutions found 

inn XLP patients are indicated at the bottom. An arrow indicates Cysl5 of EAT-2 and Glyl6 of 

SH2D1A.. Lower  panel. The mouse EAT-2 SH2 domain is compared with the SH2 domain of the 

humann inositol polyphosphate-5-phosphatase (h SHIP), viral Abelson leukemia oncogene (v abl), 

Rouss sarcoma virus oncogene (v src), human tyrosine kinase lck (h lck) and human tyrosine 

phosphatasee SHP-2 (h SHP-2). 
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Figuree 3B. Ribbon diagram showing the EAT-2 SH2 domain in complex with the CD150 

phospho-peptide.. The bound phospho-peptide is shown in a stick representation. Selected EAT-2 

residuess that form the binding site are shown. The N-terminal residues of the peptide make a parallel 

PP sheet interaction with strand PD; the side chains of these residues make hydrophobic contacts with 

Leuu 49 and Tyr-51 in strand pD (see text, and Figure 3D). Interestingly, R12 (at position ccA2), 

whichh is conserved in most SH2 domains and generally contributes to phosphotyrosine 

coordination,, does not participate in phosphate binding in the EAT-2 complex. Instead, Arg54 

(PD6)) hydrogen bonds with the phosphate group. Similar coordination was described for the 

SH2D1AA SH2 domain/CD 150 phosphotyrosine peptide complex (Poy et ah, 1999). Interactions C-

terminall  to the phosphotyrosine are dominated by Val +3 pY which binds in a hydrophobic cleft. 
Figuree 3C. Surface representation of the EAT-2 SH2 domain with the bound CD150 pTyr281 

peptide.. Hydrophobic residues at the -1 and -3 positions of the peptide (in a stick representation) 

intercalatee with hydrophobic and aromatic residues on the surface of the SH2 domain. Thr-2 (Thr 

2799 of SLAM) hydrogen bonds with Glu'". C-terminal to the phosphotyrosine, Val +3 is buried in a 

mostlyy hydrophobic groove. Key residues for the SH2 domain/peptide interaction are represented. 
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Figuree 3D. Stereo view showing the details of CD1S0 coordination. 

Residuess 278-286 of the CD 150 phosphopeptide and EAT-2 residues surrounding the bound peptide 

aree shown. N and C indicate the respective termini of the CD150 peptide. Note the p-sheet hydrogen 

bondingg pattern between the mainchain of residues 49-53 of EAT-2 and the N-terminal residues of 

thee CD150 phosphopeptide. The peptide essentially forms an additional strand in the central (5-sheet 

off  EAT-2. 
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Figuree 3£. Superimposition of the mouse EAT-2 and human SH2D1A structures bound to the 

CD150pTyr2811 peptide. 

Mousee EAT-2 and human SH2D1A alpha carbon traces are superimposed. Note that the peptides 

aree bound in essentially identical conformations. 
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Figuree 3F. Stereo view of the Electron Density Map for  the CD1S0 phospho-peptide bound to 

thee EAT-2 SH2-domain. 

Thee 2Fo-Fc annealed omit map was calculated at 2.15 A resolution and contoured at 1.2 a. 

EAT-22 binds to the phosphorylated cytoplasmic tail of CD84, CD 150, 

CD2444 and CD229. 

Thee structural analysis revealed that EAT-2 binds to a phosphorylated peptide 

derivedd from the cytoplasmic tail of CD150 in a three-pronged fashion. To measure 

thee affinity of binding between EAT-2 and the CD 150 Tyr^81 peptide, a 

fluorescencee polarization assay was used. An 11-mer amino acid peptide 

encompassingg the CD 150 cytoplasmic region 276-286 was labeled with fluorescein 

isothiocyanatee (FITC) in its ct-amino group. The affinity of binding of this peptide, 

eitherr with or without phosphorylation of Tyr^ol, w as determined in a polarimeter 

usingg varying concentrations of GST-EAT-2 and GST-SH2D1A. GST-EAT-2 

(Figuree 4, upper  panel) binds the phosphorylated pTyr^81 peptide with an affinity 
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Figuree 4. EAT-2 binds exclusively to a phosphorylated peptide ( pY^ l ) derived from the 

cytoplasmicc tail of CD150 . 

Figuree 4A. Fluorescence polarization analysis of the EAT-2 binding to a phosphorylated 

pY2811 peptide. 

Differentt concentrations of GST-mouse EAT-2 (or GST-human SH2D1A) and an 11-mer synthetic 

peptidee identical to amino acid residues 276-287 of human CD150 (Sayos et al., 1998), tyrosine 

phosphorylatedd or not, were used. Top panel: Binding of GST-mouse EAT-2 to the pY281 

(closedd triangles and continued line) or the Y281 peptide (empty squares and dashed line). Bottom 

panel::  Binding of GST-human SH2D1A to the pY281 (closed triangles and continued line) or the 

Y281Y281 peptide (empty squares and dashed line) (x axis: protein concentration [nM]; y axis: 

polarizationn unit [mP]). The table summarizes the apparent dissociation constant (kD). 
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Figuree 4B. Hybri d system analysis of the interaction between EAT-2 and the cytoplasmic tail 

off  CD150 in presence or  absence of fyn. 

Dashedd bars indicate the interaction between the EAT-2 (or SH2D1A) full-length protein fused to a 

-GAL44 DNA binding domain and the -GAL4 DNA activation fused to the cytoplasmic tail of the 

CDD 150 receptor. An empty pGAD424 vector was used as a control (solid bars). The test was 

conductedd either in presence or absence of ryo^o, 531 Y-F- y axis = B-galactosidase (U/ml). 

comparablee to GST-SH2D1A (Figure 4, middle and lower  panel) (Kd = 131nM for 

EATT -2 / pTyr281; Kd = 127nM for SH2DlA/pTyr281). However, in contrast to 

SH2D1A,, EAT-2 fails to bind the Tyr28l peptide in the absence of phosphorylation 

(Figuree 4, upper  and lower  panel). Taken together, these in vitro binding studies 

distinguishh between the SH2-domains of EAT-2 and SH2D1A in that only SH2D1A 

cann bind to the peptide in the absence of phosphorylation. 

Next,, we determined whether EAT-2 binds to the complete cytoplasmic tails of 

CDD 150 and of the related receptors CD84, CD229 and CD244, as SH2D1A (Sayos et 

ah,ah, 2000; Sayos et ah, 2001). An altered yeast two-hybrid system was used. We 

chosee the yeast two-hybrid system because there is no tyrosine phosphorylation in 

yeastt cells. Moreover, we had previously developed an altered yeast two-hybrid 

systemm in which phosphorylation of tyrosine could be established without interfering 
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withh the read-out of the assay (Sayos et al., 2001). Briefly, yeast cells were co-

transformedd with two vectors: 

1)) the first is a bi-cistronic vector, containing coding sequences for either the EAT-2 

sequencee alone (two-hybrid system) or EAT-2 and mutant tyrosine kinase fyn 

420,, 531 Y-F (modified two-hybrid system) and 

2)) the second vector contains the coding sequences for the cytoplasmic tail of human 

CD84,, CD 150, CD229 or mouse CD244. 

Inn line with the fluorescence polarization results, EAT-2 interacted with CD 150 only 

inn presence of fyn while no reporter activity was detected without fyn (Figure 4B). 

SH2D1AA was used as a control for its ability to interact with CD 150 in absence of 

fynn (Sayos et al, 1998) (Figure 4B). 

Next,, we expanded the analysis to the CD150-related receptors CD84, CD229 and 

CD244.. As in the case of CD 150, a reporter activity was evident only in presence of 

fynn (Figure 5). Thus, this assay demonstrated the ability of EAT-2 to interact with 

CDD 150, CD244, CD229 or CD84. This interaction requires the presence of fyn 42o, 

5311 Y-F (Figure 5) and is dependent upon tyrosine phosphorylation of the receptors. 

EAT-22 partiall y blocks recruitment of SHP-2 to the APC receptors. 

Thee apparent high affinity of the interaction between EAT-2 and the pTyr 281 

peptidee predicted that EAT-2, like SH2D1A, could potentially block recruitment of 

signall  transduction molecules to the cytoplasmic tails of the four APC cell surface 

receptors.. To avoid interference by endogenous EAT-2 or receptor molecules, we 

utilizedd a previously published COS-7 cell assay. Cells were transiently transfected 

withh different combinations of plasmids encoding EAT-2, fyn and either CD84, 

CDD 150, CD229 or CD244. As expected EAT-2 binds to all four proteins in COS-7 

cellss (Figures 6A-D). As shown in Figures 6A-D, EAT-2 binding blocks the SHP-2 
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Figuree 5. EAT-2 binds only to the phosphorylated cytoplasmic tail of CD1S0, CD84, CD229 

andd CD244 in a modified yeast hybrid system. 

5A.. Interactions between EAT-2 and CD 150, CD244, CD229 or CD84 require the presence of the 

tyrosinee kinase fyn. Yeast cells (strain Y187) were co-transformed with full-length mouse EAT-2 

andd mutant fya^o, 531 Y-F in pBRIDGE, and with vector pGAD424 containing the cytoplasmic tail of 

CD150,, CD244, CD229 or CD84. An empty pGAD424 vector was used as a control. Protein 

interactionss were detected by measuring activation of P-galactosidase (U/ml) in the yeast 

lysate.Interactionss in the presence of the protein tyrosine kinase fya^o, 531 Y-F are indicated by dashed 

bars. . 

Inn control experiments with the same transformed yeast cells fyri42o. 531 Y-F expression was 

specificallyy repressed by adding L-methionine to the culture medium (solid bars). 

5B.. Schematic representation of the putative EAT-2 binding motifs in the cytoplasmic tail of 

thee CD150 family members. The motifs in the cytoplasmic tail of CD150 and CD229 that have 

beenn shown to bind SH2D1A by mutational analyses are indicated by an asterisk (Sayos et al, 

2001) ) 

recruitmentt to the CD 150, CD84, CD229 and CD244 receptors, albeit less efficiently 

thann SH2D1A. This difference might be explained by the absence of the non-

phosphoo binding in the case of EAT-2, which could affect the transient triple 

transfectionn assay. 

Interestingly,, as previously observed for SH2D1A (Sayos et al., 1998; Sayos et al., 

2001),, over-expression of EAT-2 apparently induces tyrosine phosphorylation of the 

CD150-relatedd receptors. This explains the binding of EAT-2 to the CD150 family 

off  glycoproteins in the absence of fyn (Figures 6A-D), whilst they fail to do so in 

thee phosphorylation-free environment of the yeast cell. Recent findings (Latour et 

al.,, 2001; Lanyi et al., manuscript in preparation) indicate that SH2D1A selectively 

activates/recruitss fyn to CD 150. Thus, phosphorylation of CD150-related receptors 

byy SH2D1A would derive by both inhibition of SHP-2 recruitment and activation of 

fyn.. According to our phosphorylation results (Figures 6A-D), we predict that EAT-

22 might play a similar role as SH2D1A in activating fyn or src-related kinases in B-

lymphocytess and macrophages. 
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Figuree 6. In vivo binding of EAT-2 to CD ISO family members. 

Interactionss were examined after co-transfection of combinations of mouse EAT-2 (in pCMV-

FLAG)) with CD 150, CD244, CD229 or CD84, and fyn into COS-7 cells (plasmid combinations are 

indicatedd above each set of panels). All cells were surface biotinylated prior to subjecting to 

detergentt lysis. Immunoprecipitates (LP.) made with an antibody anti CD 150-related receptors 

{panelss on the left of each Figure) are analyzed by Western Blotting. Anti-phosphotyrosine 

(W.B.. a-PY). Avidin (W.B. AV-HRP). EAT-2 (W.B. a-FLAG). SHP-2 (W.B. a-SHP-2). In the 

panelss on the right of each Figure, lysates of the same transfections are analyzed by Western 

Blotting. . 

6A.. EAT-2 and CD 150. 

6B.. EAT-2 and CD244. 

6C.. EAT-2 and CD84. 

6D.. EAT-2 and CD229. 

Next,, we tested EAT-2 binding in presence of CD 150 and CD229 receptors where 

thee cytoplasmic tyrosines were mutated to Phe. Using a direct interaction hybrid 

systemm in presence of fyn, we observed that mutation CD150 Y1F (CD150 Y281F) 

(Figuree 7A) or the double mutation CD229 Y23F (CD229 Y558F, Y581F) (Figure 

7B)) totally ablated EAT-2 binding. These findings perfectly parallel 

CD150/SH2D1AA (Howie et al, manuscript submitted) and CD229/SH2D1A (Sayos 

etet al., 2001) results. In vivo binding experiments supported and extended these 

findings.. EAT-2, as SH2D1A (Howie et al., manuscript submitted), bind to both 

phosphorylatedd Tyr281 and Tyr327 in CD 150 (Figure 7C). Combined mutation of 

thesee binding sites totally ablated EAT-2 binding to the CD 150 and CD229 receptors 

(Figuress 7A, 7B, 7C). These results unambiguously indicate that EAT-2 binding to 

thee CD 150-related receptors is dependent upon phosphorylation of the motif in the 

receptors. . 

Fynn phosphorylation of mutants CD 150 Y1F, Y2F or Y123F is much lower as 

comparedd with phosphorylation of CD 150 wt (Figure 7C). Similar results were 

obtainedd using SH2D1A (D Howie, manuscript submitted). Both tyrosine 315 and 

3355 in the cytoplasmic tail of mouse CD 150 (equivalent to Tyr307 and Tyr327 of 
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Figuree 7. Analysis of EAT-2 binding to Y to F CD150 and CD229 mutant receptors. 

7A.. EAT-2 binding to CD150 Y to F mutants in a direct interaction hybrid system. Hybrid 

systemm direct-interaction analysis of the binding between EAT-2 in pBRIDGE- Fyr^o, 531 Y-F 

(dashedd bars) and different CD 150 Y to F mutations in pGAD424. As control, vector pBRIDGE 

wass used (solid bars). In particular, mutants CD 150 Y1F (Tyr281 to Phe), Y3F (Tyr327 to Phe) or 

Y13FF (Tyr281 and Tyr327 to Phe) were used in this study. The lower part of the Figures depicts the 

mutationss in the CD150 cytoplasmic tail. 

7B.. EAT-2 binding to CD229 Y to F mutants in a direct interaction hybrid system. Hybrid 

systemm direct-interaction analysis of the binding between EAT-2 in pBRIDGE- Fya^o, 531 Y-F 

(dashedd bars) and different CD229 Y to F mutations in pGAD424. As control vector pBRIDGE 

wass used (solid bars). In particular, mutants CD229 Y2F (Tyr558 to Phe), Y3F (Tyr581 to Phe) or 

Y23FF (Tyr558 and Tyr581 to Phe) were used in this study. The lower part of the Figures depicts the 

mutationss in the CD229 cytoplasmic tail. 

7C.. EAT-2 binding to CD 150 Y to F mutants in an in vivo system. Full-length CD 150 wt, 

CD1500 Y1F (Tyr281 to Phe), CD150 Y2F (Tyr307 to Phe), CD150 Y3F (Tyr327 to Phe), CD150 

Y123FF (Tyr281, Tyr307 and Tyr327 to Phe) were co-transfected with EAT-2 and fyn in a COS-7 

celll  system. Mutant CD 150 cDNAs used in the transfections are indicated above each set of panels. 

Immunoprecipitatess (I.P.) were made with an antibody anti-CD 150 and analyzed by Western 

Blotting.. Anti-phosphotyrosine (W.B. a-PY). Avidin (W.B. AV-HRP). EAT-2 (W.B. a-FLAG). 

Thee bottom panel shows the lysates of the same cell extracts used for the precipitation. 

humann CD150) are required for fyn binding to CD150 (Latour et al., 2001). We 

speculatee that the lower phosphorylation of CD 150 of Y to F mutants might be 

becausee of an inefficient ternary complex formation among the CD 150, EAT-2 and 

fynn molecules. Because a similar pattern of CD150-mutants phosphorylation and 

EAT-22 binding to CD 150 in COS-7 cells was also detected in absence of fyn (M 

Morra,, data not shown), EAT-2 might activate src-related kinases other than fyn. 
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DISCUSSION N 

Heree we show that EAT-2 is an SH2D1 A-like molecule in professional APCs such 

ass B-lymphocytes and macrophages. Although the SH2D1 A/CD 150 interaction is 

uniquee in its binding in the absence of tyrosine phosphorylation (Sayos et al., 1998; 

Poyy et al., 1999), this distinction between CD 150 and the other cell surface proteins 

cannott easily be explained. The presence of a Cyŝ  in EAT-2 instead of a Gly^ in 

SH2D1AA might be of significance. Residue 15 lies behind Arg^l (Arg32 in 

SH2D1A)) in the phosphotyrosine binding pocket; substitution with cysteine 

eliminatess a buried water molecule, which in SH2D1A hydrogen bonds to the 

arginine.. It is possible that the more hydrophobic environment surrounding Arg31 of 

EAT-22 makes binding of a non-phosphorylated tyrosine residue energetically 

unfavorable.. Thus, while EAT-2 and SH2D1A SH2-domains share a "three-

pronged""  mode of interaction, the interaction with non-phosphorylated tyrosines may 

bee unique to the interaction of SH2D1A with Tyr281 in CD150. 

Thee interactions of EAT-2 and SH2D1A with the CD 150 family members are 

summarizedd in Figure 8. We speculate that SH2D1A and EAT-2 are introduced into 

thee immune synapse via CD 150 and CD229, CD84 or CD244 to ensure their 

presencee at the T cell/APC interface. It is likely that following T cell receptor (TCR) 

triggeringg CD244, CD229 and CD84 are rapidly tyrosine phosphorylated, thus 

recruitingg EAT-2 and SH2D1A. In this fashion, SH2D1A and EAT-2 could function 

indirectlyy to prolong phosphorylation of important substrates during TCR triggering. 

Becausee our results indicate that over-expression of EAT-2 induces tyrosine 

phosphorylationn of the CD 150-related receptors as SH2D1A (Sayos et al, 1998; 

Latourr et al, 2001), EAT-2 might activate fyn or other src-related kinases in B-

lymphocytess and macrophages. 

Thee difference between EAT-2 and SH2D1A binding to CD 150 could partly account 

forr the differences in CD 150 signaling in T and B-lymphocyte (Cocks et al, 1995; 

Punnonenn et al., 1997), respectively SH2D1A and EAT-2 expressing cells. 

Preliminaryy binding experiments using peptides with an amino acids sequence 
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Figuree 8. A possible model for  the interactions between EAT-2, SH2D1A and the four  cell 

surfacee receptors at the interface of B-lymphocytes, macrophages (Mi))) and T cells. The 

receptorr ligand interactions of CD48/CD244 (Brown et al, 1998) and CD150/CD150 (Punnonen et 

al.,al., 1997; Mavaddat et al., 2000) have been reported. 

surroundingg EAT-2 Tyrl27 indicated that the phospholipase-C-y enzyme might bind 

thee EAT-2 tail if phosphorylayted (M. Morra, data not shown). The fact that EAT-2 

mayy act as an adapter articulating interactions with SH2-domain containing 

moleculess through its tail might also account for differences in CD 150 signaling in 

differentt lymphocytes populations. 

EAT-22 and SH2D1A have a similar exon/intron organization that suggests their 

originn by duplication from a common ancestor gene. The EAT-2 gene maps closely 

too the CD 150 cluster, which includes CD48, CD84, CD229, CD244 and 19A (Morra 

etet al., 2001a; Wang et al, 2001), and which is a located in a 260kb fragment on 

chromosomee lq22. Thus, a relationship between genomic localization and function 

off  these genes and EAT-2 is suggested. The SH2D1A gene deletion leads to multiple 
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defectss in cell signaling (Wu et al., 2001). In addition to typical XLP patients, the 

SH2D1AA gene has been found altered in some patient affected by lymphomas 

(Brandauu et al., 1999) or common variable immunodeficiency syndrome (CVID) 

(Gilmourr et al., 2000; Morra et al., 2001c). Patients characterized by a chronic 

infectionn by EBV and XLP-like patients with a negative family history tested 

negativee for SH2D1A mutations (Sumegi et al., 2000) (and M Morra, unpublished 

data).. Searching for mutations in EAT-2 in these patients may be necessary. In 

particular,, because EAT-2 is mostly expressed in B-lymphocytes and macrophages it 

iss plausible that the gene may be involved in lymphomagenesis or other proliferative 

diseases.. Because EAT-2 can be found in ests derived from a variety of human 

tumors,, it is likely that the gene plays an important role in signal transduction events 

inn non-hematopoietic cells. Furthermore, the EAT-2 protein may interact with novel 

memberss of the CD 150 family that are expressed in a variety of different tissues. The 

creationn of a mouse with a disrupted EAT-2 gene or by over-expression of the gene 

wil ll  permit a deeper understanding of the function of EAT-2 in different cell types of 

itss role in cell signal transduction. 

MATERIA LL  AND METHOD S 

Cellss and antibodies. 

Thee A20, Ml2, K46, EL-4 and COS-7 cells (ATCC) were grown as previously 

describedd (Sayos et al, 1998). Anti-human CD150 2E7 mAb was a gift from DNAX 

(Cockss et al., 1995). Anti-mouse CD244 mAb was purchased from BD Pharmingen. 

Anti-humann CD229 (clone HCD229.1.84) and CD84 (clone CD84.1.2.21 and 

CD84.1.7)) antibodies were produced as previously described (Sayos et al, 2001). 

Forr Western Blotting anti-FLAG M5 mAb (Kodak) and polyclonal rabbit anti-SHP-2 

weree used (Santa Cruz). The detection system consisted of anti-mouse or anti-rabbit 

IgGG horse-radish peroxidase conjugated polyclonal antibodies (Santa Cruz). For 

antiphosphotyrosinee blotting, we used a directly conjugated horseradish peroxide 

antibodyy cocktail (Zymed). 
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Plasmm id construction 

Mousee EAT-2 cDNA was cloned in the vector pCMV-2/FLAG (Kodak). The CD 150 

constructt was generated by subcloning the human CD 150 cDNA in vector pJFE14-

SRaa (a gift from DNAX Research Institute). The mouse CD244, human CD229 and 

humann CD84 cDNAs were subcloned in the pCDNA3.1 vector. 

Humann CD150 mutants (Y281F or Y1F; Y307F or Y2F; Y327F or Y3F; Y281,327F 

orr Y13F; Y281,307,327F or Y123F) were generated by PCR-mediated mutagenesis 

(Howiee et al., manuscript submitted). 

Immunoprecipitatio nn and Western Blotting. 

COS-77 cells (lOxlO6) were transfected by the DEAE-Dextran method (Ausubel et 

al,al, 1995). Proteins were immunoprecipitated as previously described (Sayos et al., 

1998)) and precipitates separated on SDS-PAGE and transferred to PVDF Immobilon 

membranee (Millipore Corp.). Filters were blocked with 3% BSA and then probed 

withh the indicated antibodies. 

Cloningg of the human EAT-2 cDNA. 

AA cDNA containing the complete human EAT-2 sequence was obtained by PCR 

usingg spleen cDNA as template (Marathon library, Clontech). Primers recognizing 

thee first exon were paired with primers recognizing sequences surrounding Y120 and 

Y1277 of the mouse EAT-2 sequence. Thus, a sequence fragment of approximately 

400bpp was generated using the pair of primers recognizing Y127. Amplified 

fragmentss were sub-cloned in a TA-cloning vector and the inserts were sequenced. 

Reversee Transcription-PCR and TaqMan analysis 

Totall  RNA was isolated by TRIzol Reagent (BRL, Gaithersburg, MA). One step RT-

PCRR (Access RT-PCR kit, Invitrogen) was performed using the following mouse 

EAT-22 primers combination: 

F5'-GACCAACCGAGAGTGTGA-3'; ; 

R5'-TTATTGGGTTTGAAAGGTGAA-3'. . 
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Forr the TaqMan analysis, spleens were mashed and depleted of red blood cells. 

Individuall  cell populations (CDllb and B220) were isolated using antibodies 

conjugatedd to magnetic beads (Miltenyi Biotec, Auburn, CA). cDNA was 

synthesizedd by a Superscript First-Strand synthesis system (Invitrogen). 

VIC®® labeled Rodent GAPDH control primers and probe were purchased (Applied 

Biosystems,, Foster City, CA). The following mouse EAT-2 primers combination 

wass used: 

F5'-GCTGCCACATCTGCAAGTGT-3'; ; 

R5'-GAACAGATCTTGCTATCCCAATCA-3'. . 

Thee EAT-2 probe (5'-TGCCAATTTCTAGTGAGCCACTGAGACCC-3') was 

labeledd using 6-carboxyfluorescein (Applied Biosystems). Reactions were conducted 

inn TaqMan Universal PCR Master Mix (Applied Biosystems) using an ABI PRISM 

77000 Sequence Detection System (Applied Biosystems). 

AA modified yeast two-hybrid system. 

Thee sequence encoding mouse EAT-2 was cloned in the Multiple Cloning Site 1 of 

thee bi-cistronic vector pBRIDGE (Clontech). A mutant of human fyri42o, 531 Y-F was 

subclonedd in the second multiple cloning site of pBRIDGE, as described previously 

(Sayos(Sayos etal., 2001). 

Sequencess encoding the cytoplasmic tail of CD84, CD 150, CD229 or CD244 were 

clonedd in the -GAL4 DNA activation domain site of vector pGAD424 (Clontech). 

Humann CD 150 fragment was obtained from the pGBT9/CD150 construct (Sayos et 

al„al„  2001). Mouse CD244 was amplified by PCR using the CD244 5' sense primer, 

5'-CCGGAATTCAAGAAGAGGAAGCAGTTACAGTTC-3'; ; 

andd CD244 3' antisense primer 5'-

GGAAGATCTCTAGGAGTAGACATCAAAGTTCTC-3'.. Human CD84 was 

amplifiedd by PCR using the CD84 5' sense primer, 5'-

ATCGAATTCTTCCGTTTGTTCAAGAGAAGAA -3'; and CD84 3' antisense primer, 

5'-ATCGGATCCCTAGATCACAATTTCATAGCT-3\\ Human CD229 and CD229 
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YY to F mutants (mutants Ly-9 558 Y-F or CD229 Y2FY; Ly-9 581 Y-F or CD229 

Y3F;; and Ly-9558, 581 Y-F or CD229 Y23F) were generated as previously 

describedd (Sayos et ai, 2001). 

Plasmidss pBRIDGE and pGAL4 were co-transformed and plated on SD agar 

supplementedd with a -Trp, -Leu, -Met dropout. The P-galactosidase colony-lift 

filterr assay and liquid culture assay using ONPG as a substrate were carried out as 

describedd in the Clontech Yeast Protocols Handbook. 

Expression,, purificatio n and crystallization of the mouse EAT-2 molecule. 

Mousee EAT-2 (residues 1-103) was expressed in E. coli strain BL21 (DE3) using the 

pRSETT plasmid (Invitrogen). Cell pellets were lysed by sonication, and the EAT-2 

proteinn was purified to homogeneity from clarified lysates using cation exchange 

chromatographyy (S-Sepharose FastFlow, Pharmacia) followed by phosphotyrosine-

affinityy chromatography essentially as described for SH2D1A (Poy et ai., 1999). 

EAT-22 crystals were grown in hanging drops at 22°C. The EAT-2 protein (20mg/ml) 

wass combined with a three fold excess of the phosphorylated CD 150 pY^81 peptide 

(VEKKSLTIpYAQVQK) .. The complex was crystalized over a well solution 

containingg 30% PEG 8000, 100 mM sodium citrate (pH 5.6), 25mM ammonium-

sulfatee and lOmM DTT. All diffraction data were recorded at -165°C. Crystals were 

brieflyy "dunked" in a buffer containing well solution plus 20% glycerol prior to flash 

freezingg in liquid nitrogen. The EAT-2/pY281 data were recorded using a Mar 

Researchh image plate detector mounted on a Rigaku rotating anode source with 

mirrorr optics at -165°C. All diffraction data were integrated and scaled using the 

programss DENZO and SCALEPACK (Otwinowski and Minor, 1997) (Table I ) 

Thee atomic structure of the EAT-2/CD150 complex was then determined by 

molecularr replacement with the program AmoRe (Navaza, 1992). The SAP/pY^Sl 

SH2-domainn structure, with the phosphopeptide removed, was used as a search 

modell  (PDB code ID4W) (Poy et ai, 1999). The rotation and translation searches 
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weree unambiguous. Difference electron density maps calculated after rigid body 

refinementt of the properly positioned model yielded clear electron density for the 

boundd CD 150 phosphopeptide. The peptide was built and the EAT-2 SH2-domain 

wass manually refit using the program O (Jones and Kjeldgaard, 1997). Ordered 

solventt was built with the aid of the program ARP/wARP (Lamzin and Wilson, 

1997)) and the structure was refined with data extending to 2.1 A resolution using 

REFMACC in the CCP4 program suite (CollaborativeComputationalProjectNumber4, 

1994).. Refinement statistics are presented in Table I. Figure 3 was prepared using 

thee programs MOLSCRIPT, O, and GRASP. Coordinates have been deposited with 

thee Brookhaven Protein Data Bank (ID code 1I3Z). 

Tablee I. Data collection and refinement statisticsResolution (A) 2.1 

Spacee group P21212 
Unitt cell (A) 58.9, 59.5, 34.9 
Molecules/asymmetricc unit 1 
Rsymm (% overall/2.16-2.1 A shell) 5.4/33.0 
Reflectionss (total/unique) 24 668/7460 
Completenesss (%) 97.0 

Refinementt statistics 

Resolutionn range (A) 20.0-2.15 
Proteinn atoms 908 
Waterr molecules 86 
Rcryst/Rfreee (%, F > 2) 21.6/27.9 
Rcryst(%,, all data) 23.1 
R.m.s.d.. bond length/angles 0.016 A/2.1510 

Measurementt  of peptide binding affinit y using fluorescence polarization. 

Fluorescentt polarization assays were performed according to Danliker et al 

(Danliker,, 1981) as previously described (Morra et at., 2001b). A Beacon System 

wass used in these experiments. Polarization values are expressed in millipolarization 

unitss (mP). The curves were fit by nonlinear regression using the Prizm curve-fitting 

softwaree (Graphpad Software, San Diego, CA). 
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SUMMAR Y Y 

X-linkedd lymphoproliferative (XLP) disease is a primary immunodeficiency caused 

byy a defect in the SAP (or SH2D1A) gene. At least three major manifestations 

characterizee its clinical presentation: fatal infectious mononucleosis (FIM), 

lymphomass and immunoglobulin deficiencies. Common Variable Immunodeficiency 

(CVID)) is a syndrome characterized by immunoglobulin deficiency leading to 

susceptibilityy to infection. In some CVID patients a defective btk or CD40-L gene 

hass been found, but the majority of cases remain without a clearly identified 

etiology. . 

Here,, two unrelated families in which male individuals were affected by CVID were 

examinedd for a defect in the XLP gene. In one family previously reported in the 

literaturee as showing progressive immunoglobulin deficiencies, three brothers 

presentedd with recurrent respiratory infections, while female family members 

showedd only elevated serum IgA levels. A grandson of one of the brothers died 

becausee of a severe aspergillus infection secondary to progressive immunoglobulin 

deficiency,, FIM, aplastic anemia and a B cell lymphoma. In the second family, two 

brotherss had B-lymphocytopenia and immunoglobulin deficiencies. The X-linked 

agammaglobulinemiaa (XLA) syndrome was excluded genetically and they were 

classifiedd as CVID patients. Occurrence of FIM in a male cousin of the brothers led 

too the XLP diagnosis. Since the SH2D1A gene was found altered in both families, 

ourr findings indicate that XLP must be considered when more than one male CVID 

patientt in the same family is encountered, and SH2D1A analyzed in all male CVID 

patients.. Moreover, these data link defects in the SH2D1A gene to abnormal B-

lymphocytee development and dysgammaglobulinemia in female members of XLP 

families. . 
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INTRODUCTIO N N 

X-linkedd lymphoproliferative (XLP) disease is characterized by extreme 

complicationss of Epstein Barr virus (EBV) infection. 1_5 Its identification was first 

reportedd by David Purtilo more than 25 years ago J XLP has three major 

phenotypes:: fulminant infectious mononucleosis (FIM) (50%), B-cell lymphomas 

(20%),, or dysgammaglobulinemia (30%).6"5 Aplastic anemia, vasculitis and 

pulmonaryy lymphomatoid granulomatosis are also often associated with the 

syndrome. . 

Thee gene responsible for the disease has been cloned and named SAP (for SLAM 

Associatedd Protein) or SH2DlA.^'iQ The human and mouse SH2D1A gene consist 

off  four exons and three introns spanning approximately 25kb.8'H In the mouse, 

SH2D1ASH2D1A is highly expressed in thymocytes and peripheral T cells with a prevalent 

expressionn on Thl cells.1! While SH2D1A is also expressed by NK cells,12'13 its 

presencee in B-lymphocytes is unclear. 

Thee SH2D1A protein consists of an 128 amino acids comprising an SH2 domain and 

aa 24 amino acid tailA10 The SH2D1A protein has been shown to bind a family of 

surfacee immune receptors, the SLAM family, which belong to the immunoglobulin-

familyy of receptors.10'14'13 SLAM (CD 150), 2B4 (CD244), CD84 and Ly-9 are the 

moleculess that bind SH2D1A.10>13"15 A SH2D1A-Iike molecule named EAT-2 16 

interactss with the same SLAM-family members as SH2D1A in non-T hematopoietic 

cellss (M Morra et al., manuscript submitted).3'* 

Amongg the different XLP phenotypes, FIM is the only one clearly linked to EBV 

infection.. However, immunoglobulin deficiencies and non-Hodgkin's B cell 

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

negativee for EBV.1^»1^ The immunoglobulin deficiency and chronic respiratory 

infectionss associated with XLP clinically resemble CVID.19'20 CVID is a primary 

immunodeficiencyy syndrome characterized by decreased, often fluctuating serum 
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immunoglobulinss and clinical features of recurrent bacterial infections. 19,20 Some 

patientss develop atypical inflammatory gastro-intestinal diseases and autoimmune 

diseases,, including autoimmune hemolytic anemia, thrombocytopenia, rheumatoid 

arthritis,, and pernicious anemia. Patients with CVID also have an increased 

incidencee of cancer, particularly lymphoma.20 

Ourr working hypothesis is that a subset of male CVID patients without a clearly 

definedd etiology may have alterations in the SH2D1A gene. In the past, the X-linked 

agammaglobulinemiaa (XLA) , and X-linked and autosomal hyper-IgM syndrome (X-

HIMM and HIM) disease genes have been found mutated in some CVID patients, 

whilstt the majority of patients remain without a clearly identified etiology. 19,21 

Here,, 10 males of two families where members had been previously diagnosed with 

CVIDD were found to have alterations in the XLP gene SH2D1A. Our results indicate 

thatt mutations in the SH2D1A gene must be studied in all male CVID patients. 

MATERIAL SS AND METHODS 

Detectionn of mutations in the SH2D1A gene 

GenomicGenomic PCR 

Peripherall  blood lymphocytes from families were collected in EDTA-containing test 

tubes.. When lymphoblasts were available, they were grown in RPMI 1640 

supplementedd with 10% fetal bovine serum under standard culture conditions. DNA 

wass isolated using standard techniques.22 Coding sequences, 5' regulatory region 

(3000 nucleotides from the transcription initiation site), and intronic splice-site 

sequencess were amplified by the polymerase chain reaction (GeneAmp/XL PCR kit, 

Perkinn Elmer, Branchburg, NJ). From each family, at least 2 affected members, 2 

carriers,, and 2 normal members were analyzed for mutations in the SH2D1A gene. 

PCRR were performed in 50 ul with a GeneAmp PCR System 9700 (PE Applied 

Biosystems,, Foster City, CA), using the following conditions: 94°C (3min); 94°C 

(lmin),, 60°C (1.30min), 72°C (lmin) for 35 cycles; 72°C (lOmin); 4°C (oo). Primer 

combinations:: exon 1 F5'- GCC CTA CGT AGT GGG TCC ACA TAC CAA CAG -
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3';; exon 1 R5'- GCA GGA GGC CCA GGG AAT GAA ATC CCC AGC -3'; exon 2 

F5'-- GGA AAC TGT GGT TGG GCA GAT ACA ATA TGG -3'; exon 2 R5*- GGC 

TAAA ACA GGA CTG GGA CCA AAA TTC TC -3'; exon 3 F5'- GCT CCT CTT 

GCAA GGG AAA TTC AGC CAA CC -3'; exon 3 R5'- GCT ACC TCT CAT TTG 

ACTT TGC TGG CTA CAT C -3'; exon 4 F5'- GAC AGG GAC CTA GGC TCA 

GGCC ATA AAC TGA C -3'; exon 4 R5'- ATG TAC AAA AGT CCA TTT CAG 

CTTT TGA C -3'. Genomic DNA from the Raji human cell line (ATCC, Manassas, 

VA)) was used as a positive control, while distilled water as negative control. PCR 

productss were visualized on a 1.5% agarose gel and subjected either to direct 

sequencingg procedure or sub-cloning followed by sequencing (samples from females 

donors). . 

Forr direct nucleotide sequencing, PCR products were purified using Microcon-PCR 

centrifugall  filters (Amicon-Millipore, Danvers, MA) and sequenced with appropriate 

end-labeledd primers. For sub-cloning, luL of the PCR product was ligated in a TA-

cloningg vector (TA cloning kit, Invitrogen, Carlsbad, CA). After insertion, the vector 

wass trasformed in INV-a bacteria (Invitrogen) and selection was performed through 

blue-whitee screening on LB plates containing Ampicilli n (50 mg/ml) and X-Gal (40 

uLL of a lOOmg/mL solution each plate). White colonies were grown over-night in 

LB-Ampp liquid media. Plasmidic DNA was isolated using a Miniprep kit (Qiagen, 

Valencia,, CA). For each exon at least 10 colonies were subjected to sequencing. 

Sequencingg data were analyzed using the programs EditSeq and MegAlign (Dnastar 

software,, Madison, WI). 

ReverseReverse transcriptase-PCR 

Totall  RNA was isolated from peripheral blood lymphocytes of patients, carriers, and 

healthyy persons by TRIzol Reagent (BRL, Gaithersburg, MA). One microgram total 

RNAA was reverse-transcribed using a one step RT-PCR system (Access RT-PCR kit, 

Invitrogen).. The following primers combination was used: F5'-GCC TGG CTG CAG 

TAGG CAG CGG CAT CTC CC -3'; R5'- ATG TAC AAA AGT CCA TTT CAG 

CTTT TGA C -3'. The annealing temperature for both primer pairs was 60°C. 

Measurementt  of serum immunoglobulin levels. 
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Immunoglobulinn isotype G, A and M were determined using standard laboratory 

procedures.233 Part of the data reported in Table I  were obtained from the manuscript 

off  Buckley et al..24 Measured values were considered normal, above or below 

averagee relatively to the standards of the laboratory where the measurement was 

done. . 

Patientss studies were done in accordance with the Helsinki protocol. 

RESULTS S 

Familyy 1. Patient C.L. (Figure 1A) was born in 1996. After the first 6 months of 

life,, the patient was examined for recurrent infections of the upper and lower 

respiratoryy tracts (bronchitis, pneumonia, and otitis media) and of the gastrointestinal 

tract.. Determination of serum immunoglobulin levels indicated only elevated IgA at 

66 months and slightly low IgM at 14 months (Table 1). Because of the family history 

off  immunodeficiency, he did not receive live vaccines. At the age of 17 months, 

serumm concentrations of IgG and IgA declined, and he had almost no detectable 

antibodyy titer against tetanus and diphtheria toxoids despite repeated immunizations. 

B-- and T-cell numbers were normal. Lymphocyte proliferation tests at the age of 18 

monthss indicated normal responses to phytohemagglutinin and concanavalin A, with 

aa low response to pokeweed mitogen. At the age of 19 months, aspartate 

aminotransferase,, alanine aminotransferase, alkaline phosphatase, and y-

glutamyltransferasee liver enzyme levels were elevated. Abdominal ultrasonography 

resultss were normal, and findings were negative for hepatitis A, B, and C, 

cytomegalovirus,, and human immunodeficiency virus. Two months later, the patient 

wass admitted to the hospital because of fever, pneumonia, a diffuse morbilliform 

rash,, and an enlarged liver. Absolute neutropenia and thrombocytopenia then 

developed,, and the patient was found to be EB V positive by PCR testing of his blood 

andd cerebrospinal fluid. He was treated with acyclovir, granulocyte transfusions, and 

intravenouss immunoglobulin (IVIG), but he died 5 weeks after admission because of 

ann overwhelming Aspergillus infection secondary to aplastic anemia. Autopsy 
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Figuree 1. Pedigree of the two CVID families investigated. 

Geneticc trees of family 1 and family 2 are shown in panels A and B, respectively. Patients are 

labeledd with numbers and letters as indicated in the text. An arrow indicates patients analyzed for 

thee presence of SH2D1A gene mutations, (box) Males; (circle) females; (line through) deceased; 

(filled)) affected male; (dotted) patient carrier; (open) unaffected subjects. 
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Tablee I. 

Immunoglobulinn levels in members 

off family»1 and #2A. 

Subject t 

C . L . . 

C.G. . 

C . E . . 

C . F . . 

C . B . . 
(mother) ) 

C .A . . 
(father ) ) 

A . C . . 

A . B . . 

A g e e 
(years) ) 

Q 6 / 12 2 

]_2 /12 2 

]_5 /12 2 

]_6 /12 2 

] ^7 /12 2 

1 8 / 12 2 

6 6 / 1 2 2 

8 4 / 1 2 2 

9 4 / 12 2 

10 0 

1 4 4 / 12 2 

U 9 / 1 2 2 

1 38 / 1 2 2 

1 4 8 / 12 2 

1 5 6 / 1 2 2 

39 9 
41 1 
42 2 
43 3 

43 3 
45 5 
46 6 

3 3 

Q i o / 12 2 

Ig G G 
(mg/dL) ) 

3 91 1 
779 9 

3 73 3 
119-1 1 

248 8 
264 4 

760 0 
4104" " 
3 4 0; ; 

2 6 5 ; ; 

55 5l 

423"1 1 

ses4--
2904--
223-1 1 

1 2 63 3 
1200 0 

950 0 
900 0 

690 0 
900 0 
870 0 

1204" " 

90^ ^ 

I g A A 
(mg/dL) ) 

74^ ^ 
25 5 

04--
8J, , 

111 + 

104--

6 9 0f f 

e?4--
5 91 1 

53+ + 

04 4 

2 53 3 
167 7 
117 7 

122 2 

8 9 6T T 

1 2 7 4r r 

1 0 0 0r r 

1 0 0 0f f 

450 0 
3 15 5 
340 0 

3+ + 

o4--

IgM M 
(mg/dL) ) 

75 5 
35 5 
37 7 
31 1 
72 2 
97 7 

114T T 

44 4 
124--
124--

10X X 

59 9 
36 6 
184--
25+ + 

3 3 i i 

300 + 
42 2 
39 9 

71 1 

46 6 
64 4 

5+ + 

ql ql 

^  ̂ Value above normal for age. 
^  ̂ Value below normal for age. 
Forr normal range, see Methods. 

showedd disseminated aspergillosis (involving lungs, kidney, esophagus, large and 

smalll  intestines, pericardium, and diaphragm); acute and organizing 
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bronchopneumonia;; hypocellular bone marrow; lymphodepletion of thoracic and 

abdominall  lymph nodes (necrosis with rare B cells and moderate number of T cells) 

positivee for the EBV antigens LMP and EBNA-2); severe thymic atrophy with no 

evidencee of thymopoiesis; acute and organizing splenic infarcts; centrilobular liver 

congestion,, cholestasis, and peritoneal serous effusion; and large B-cell lymphoma 

involvingg peripancreatic lymph nodes only (LMP and EBNA-2 positive). 

C.L.'ss family is a well-studied sibship, previously reported by Buckley and 

Sidbury^44 (Figure 1A), affected by a variety of progressive immunoglobulin 

abnormalitiess in male and female members. C.L.'s grandfather (C.G.), together with 

hiss 2 brothers C.E. and C.F., were first seen at Duke University Medical Center in 

19633 because all 3 were affected with frequent respiratory infections that were 

particularlyy severe in C.E. C.G. had only a late onset of mild infections. When he 

wass first seen at the age of 6.5 years, C.G.'s findings were reported to be normal, but 

byy the time he was 8.5 years of age, splenomegaly and a low lymphocyte count were 

noted.. Immunologic studies over a period of 4 years showed a progressive deficiency 

off  all 3 immunoglobulin isotypes (Table 1). He had a normal number of B cells 

initially,, but this declined with time. He was treated with IVIG, but a B-cell 

lymphomaa of the small intestine developed. This was successfully treated, but he had 

chronicc severe diarrhea and died of bacterial pneumonia at the age of 38 years. The 

oldestt brother, C.E., was first seen at the age of 14 years. He was affected by severe 

repeatedd respiratory infections, and examination of his serum revealed marked 

deficienciess of IgA, IgM, and IgG. C.E. failed to respond to blood group A and 

bloodd group B substances and to diphtheria, tetanus, and polio vaccines. He had 4 

episodess of acute pneumonia before the age of 11 and died at 15 years because of 

acutee respiratory failure. Another brother, C.F., remained well until late childhood. 

Afterr the age of 10 years, he had repeated episodes of acute pneumonia. Analysis of 

serumm immunoglobulin (Table 1) showed progressive reduction of his IgM and IgG 

levelss over a 4-year period beginning in 1963. He died at the age of 25 years from 

acutee pulmonary infiltrates and carcinomatous meningitis. The mother of the 3 boys 

(C.B.)) had no history of severe infections. Her immunologic study findings (Table 
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1)) demonstrated marked polyclonal IgA hyperglobulinemia, selective 

unresponsivenesss to blood group B substance injections, and poor responses to 

immunizationn with diphtheria and polio vaccines. Two maternal aunts (C.C. and 

CD.)) also had IgA hyperglobulinemia and low isohemagglutinin titers. The father of 

thee 3 boys (C.A.) was healthy and had normal levels of serum immunoglobulins 

(Tablee 1). There was no history of conditions similar to those of the boys on either 

sidee of the family. 

Familyy 2. A 2.5-year-old boy (A.C.) (Figure IB, 2-A) was brought to the Rambam 

Medicall  Center (Haifa, Israel) in 1988 after several episodes of pneumonia and 

EscherichiaEscherichia coli sepsis starting when he was 1 year old. His B-lymphocyte count 

wass very low (l%-2%), as were his serum IgG and IgM levels, and serum IgA was 

undetectablee (Table 1). A presumptive diagnosis of XL A was made, and he was 

startedd on IVIG therapy. B cell levels rose to 7% to 8% over years. He had no major 

medicall  problems until the present; he is now 12 years of age. In 1993, his brother 

(A.B.)) (Figure IB, 2-A) was bom and was found to have a normal number of B 

cells.. Nevertheless at age 10 months, pneumonia and hypogammaglobulinemia 

developedd (Table 1). IVIG treatment was begun, and, like his brother, he is now 

doingg well. A mutation in btk was ruled out (courtesy of Dr M. E. Conley), and, thus, 

CVIDD was diagnosed. 

Inn 1999, their cousin B.C. (age 2 years) (Figure IB, 2-B) was admitted to the 

hospitall  with clinical signs and symptoms compatible with FIM. He had marked 

hepatosplenomegalyy and rapid deterioration of liver function. Anti-viral caspid 

antigenn (VCA) IgM was positive, and liver biopsy showed typical features of FIM. 

Hee was treated with high-dose methylprednisolone and VP-16, but, unfortunately, he 

diedd before bone marrow transplantation could be performed. Family history (Figure 

IB ,, 2-B) revealed that 2 other brothers died of FIM at approximately the same age 

range.. In one of them, EBV was detected by biopsy of the liver. His 2 sisters were 

healthy. . 
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Analysiss of the SH2D1A gene in the 2 families 

Familyy 1. Clinical and autopsy findings of C.L. led us to consider the possibility that 

hee and his ancestors could have had XLP. Genomic DNA of C.G. and C.L. was 

extractedd from B lymphocytes immortalized with EBV virus. DNA sequencing 

resultss (Figure 2 A) indicated the presence of a single nucleotide substitution, C-»T, 

inn position 462 of the SH2D1A gene. This substitution alters the triplet CGA, which 

codess for amino acid R55, into the stop codon TGA. Because of the premature stop 

signal,, only a 54-amino acids hypothetical SH2D1A protein (R55X) could be 

generatedd (Figure 2C). This abnormal protein has previously been described in other 

patientss with XLP.25 

Familyy 2. The clinical presentation of B.C. (November 1999), compatible with XLP, 

promptedd us to examine his DNA and that of his cousins (A.C. and A.B.) for 

mutationss in the XLP gene. Genomic DNA was extracted from peripheral blood 

lymphocytess of members of the 2 families (2-A and 2-B) to be tested for alterations 

inn the SH2D1A gene. DNA sequencing (Figure 2B) indicated that the male family 

memberss B.B., B.C., A.B., and A.C. had an 8-base pair (bp) deletion located in the 

thirdd exon (nucleotides 548 to 555). This alteration in the SH2D1A gene was 

previouslyy unreported. Curiously, the sequence deleted in these patients 

(GCATTTCA)) is repeated twice in the third exon, and this deletion is situated 

adjacentt to an internal splice acceptor site located in the third exon. This low-

frequencyy splice acceptor site generates a physiologically shorter form of the 

SH2D1AA protein, named SAPA55, which is found in all healthy persons. Because of 

aa shift in the reading frame, this deletion leads to a premature stop codon (at a 

positionn corresponding to residue 100). This premature stop codon generates a short, 

alteredd SH2D1A protein of 99 amino acids (Y100X) (Figure 2C). The same 

SH2D1AA gene microdeletion was also found in the 2 mothers (B.A. and A.A.), 

identifyingg them as genetic carriers. 
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Anotherr brother, an asymptomatic 11-month-old (B.D.) (Figure IB, 2-B) tested 

positivee for the same SH2D1A gene deletion. In December 1999 the patient 

underwentt bone marrow transplantation (BMT) from a completely matched donor (a 

9-year-oldd sister). No complications occurred during or after BMT. 

2A. . wtt  ATACATACCGAGTGTC 
CLL ATACATACTGAGTGTC 
CGG ATACATACTGAGTGTC 

wtt  ATACATACCGAGTGTC 
CHH ATACATACTGAGTGTC 
CHH ATACATACCGAGTGTC 

2B. . wtt  TCAGCATTTCAGAAGCC 
ABB TCAG AAGCC 
ACC TCAG-  -AAGCC 
BBB TCAG -AAGCC 
BCC TCAG AAGCC 
BDD TCAG-- -  AAGCC 

wt wt 
AA A 
AA A 
BA A 
BA A 

TCAGCATTTCAGAAGCC C 
TCAGG AAGCC 
TCAGCATTTCAGAAGCC C 
TCAGG AAGCC 
TCAGCATTTCAGAAGCC C 

ICIC11 1  4 5 
„H2D1AA MDAVAVYHGKISRETGEKLLI.ATGLDGSYLLRDSESVPGVYCLC 
FF 1  MDAVAVYHGKISRETGEKLLLATGLDGSYLLRDSESVPGVYCLC 
FF 2  MDAVAVYHGKISRETGEKLLLATGLDGSYLLRDSESVPGVYCLC 

466 5 4 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 9 1 

SH2D1AA VLYHGYIYTYRVSQTETGSWSAETAPGVHKRYFRKIKNLISAFQ 
FF 1  VLYHGYIYTY* 
FF 2  VLYHGYIYTYRVSgrETGSWSAETAPGVBKRYFKKIKNLISEAR 

922 9 9 
SH2D1AA KPDQGIVIPLQYPVEKKSSARSTQGTTGIREDPDVCLKAP 

FF 1 
FF 2  SRHCNTSAVSS* 
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Figuree 2. Alterations in the SH2D1A gene and protein. 

2A.. Alignment of the wild-type SH2D1A complementary DNA (cDNA) sequence with the 

nucleotidee sequences obtained from patients C.L. and C.G. (left) and C.H. sequences (right) . Panels 

depictt the gene segment of interest. Nucleotide differences are indicated in gray. A single nucleotide 

substitutionn was detected at position 462 of the SH2D1A cDNA coding region of patients C.L. and 

C.G.. (C462T) (left). After subcloning, approximately half the exon 2 PCR products of C.H. (mother 

off  C.L. and daughter of C.G.) contained the C462T nucleotide substitution (right panel). 

2B.. The SH2D1A cDNA nucleotide sequence was aligned with the sequences obtained from 

patientss A.C., A.B., B.B., B.C., and B.D. (left) and A.A. and B.A. sequences (right) . Panels depict 

thee gene segment of interest. Nucleotide differences are indicated in gray. An 8-nucleotide deletion 

wass detected between positions 548 and 555 of the SH2D1A cDNA coding region of patients A.C., 

A.B.,, B.B., B.C., and B.D. (left). After subcloning, approximately half the exon 3 PCR products of 

A.A.. (mother of A.B. and A.C.) and B.A. (mother of B.B., B.C., and B.D.) contained the 8-

nucleotidee deletion detected in their sons (right) . 

2C.. Comparison of the 2 mutant protein sequences with wild-type SH2D1A. The single nucleotide 

C462TT substitution detected in family 1 resulted in a change of the triplet CGA that coded for R55 

too the stop codon triplet TGA. This generated a shorter SH2D1A protein of 54 amino acids (R55X) 

(indicatedd in the figure as Fl). The 8-nucleotide deletion in the third exon of family 2 resulted in a 

changee of the protein reading frame, generating a premature ending signal at a position 

correspondingg to Y100 in SH2D1A. The shorter SH2D1A protein of 99 amino acids (Y100X) is 

indicatedd in the figure as F2. The gray area indicates the identity of residues among wild-type 

SH2D1AA and the 2 mutant proteins. Asterisks mark the premature stop codon signals. 

DISCUSSION N 

CVIDD is a heterogeneous syndrome both clinically and immunologically. 19,20 ^ 

precisee clinical and laboratory definition of the disease has been difficult because of 

thee heterogeneity in phenotypes. In a large study of 248 patients with CVID,20 40% 

hadd impaired T-cell proliferation to mitogens. Based on B-lymphocyte responses to 

plate-boundd -IgM, patients with CVID were divided into 4 subgroups. 19 Numerous 

studiess have attempted to establish diagnostic criteria for the disease and to 

determinee molecular etiologies. Recently, guidelines for the evaluation of CVID 

havee been published."̂ A much stricter definition of the disease must now include 
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thee genetic exclusion of mutations in btk, CD40-L, AID, and SH2D1A 

genes.. 19,21,27 

Cellularr immunologic alterations in patients with XLP are not well understood. T 

andd B lymphocytes undergo sustained proliferation in XLP. Extensive tissue 

infiltrationn and multi-organ failure are the primary causes of death in these patients.̂ 

Thee failure to eliminate EBV-transformed B cells in XLP does not seem to be caused 

byy a defect in the B cell.28 SH2D1A expression in B lymphocytes is probably 

limitedd only to certain subpopulations. 12 Moreover, no major B-lymphocyte defects 

havee been found in SH2D1A null mice (C. Gullo, C. Terhorst, personal 

communication).. On the contrary, variable defects in T cells and natural killer cells 

off  patients with XLP have been reported. SH2DlA-deficient natural killer cells are 

unablee to lyse appropriate target cells.29-33 B-lymphocyte developmental 

abnormalitiess were detected in one member of the 2 families. Such a defect in B cells 

hass been described in the past. 34 Whether these B-lymphocyte abnormalities and 

abnormall  immunoglobulin levels result from a SH2D1A deficiency in B cells or 

fromm abnormal T-B lymphocyte interactions among SLAM-family members is 

unknownn at this time. The SH2D1 A-interacting molecules SLAM and CD84 and the 

2B4-ligandd CD48 are highly expressed in B cells,-" and their expression increases 

afterr cell activation or EBV infection. In particular, SLAM has been demonstrated to 

playy a role in B-lymphocyte proliferation and immunoglobulin synthesis after 

ligationn by its soluble form (sSLAM).36 The complex network of interactions among 

SH2D1A,, EAT-2, and their ligands SLAM, 2B4, CD84, and Ly-9 may account for 

thee clinical variability of manifestations in XLP. Recent data (M.M. et al) indicate 

thatt EAT-2 is probably the SH2D1A-Iike molecule functional in B lymphocytes. 

Onee could predict that mutations of EAT-2 might give rise to CVID. 

Decreasess in serum immunoglobulin levels with time in patients C.L., C.E., C.G., 

andd C.F. (family 1) suggest that a cumulative effect of sequential environmental 

factorss must play a strong role in determining the expression of the SH2D1A 
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mutations.. Because SLAM has been recently identified as another receptor for the 

measless virus,-*? a role for measles virus as a potential precipitant of disease 

expressionn in SH2DlA-deficient patients can be presumed. Dysgammaglobulinemia 

complicatedd by disseminated measles has been described in the past.3°>39 

Off  particular interest is the fact that female members of family 1 had abnormal 

immunoglobulinn levels. Female carriers of XLP have been reported to have 

abnormall  antibody responses to EBV.40 in male patients with XLP, IgGl and IgG3 

serumm levels are often low with elevated IgA and IgM classes J? Therefore, in 

femaless with 1 of 2 altered SH2D1A alleles, a modest reduction in SH2D1A protein 

levelss could result in mild laboratory alterations, such as the hyper-IgA reported in 

familyy 1. Decreased cellular levels of the SH2D1A protein could lead to 

immunoglobulinn dysregulation through alterations in the T-B lymphocyte network. 

Patientss with XLP who have reduced SH2D1A protein levels have been described. 

Onee patient had a critically reduced SH2D1A wild-type protein level because of a 

regulatoryy mutation in the 5' splicing acceptor site of the second exon.̂  

Familyy 1 is of further interest because all 3 major phenotypes developed in C.L. in 

onlyy few months, and he died before the age of 2 years. The other affected male 

relativess had hypogammaglobulinemia or hypogammaglobulinemia and malignant 

lymphomaa and lived until 15 years and 38 years. This clinical variation in patients 

withh the same SH2D1A mutation indicates that other host or environmental factors 

aree important in determining disease expression. Environmental factors are not 

limitedd to EBV infection because XLP phenotypes may develop in its absence. Age 

mayy be a critical factor in determining disease severityhypogammaglobulinemia 

developedd in C.L. at 17 months of age, and he succumbed of FIM and aplastic 

anemiaa at 20 months of age. 

Inn conclusion, the work reported here indicates the presence of SH2D1A mutations in 

patientss diagnosed with CVID. Therefore, together with btk, CD40-L, and AID 
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genes,, we suggest that SH2D1A must be included in the molecular diagnosis of 

CVID.. Because of the high rate of new mutations occurring in other human X-linked 

immunodeficiencies,, such as XLA,41 the SH2D1A gene should be studied in all 

malee patients with CVID. Clinically polarized XLP presentations must be considered 

whenn patients with CVID are encountered. A similar conclusion could be drawn 

fromm data published elsewhere.̂ This is particularly true when more than one male 

memberr of a family is affected. Besides allowing genetic counseling, a correct 

diagnosiss of XLP will allow for the selection of more aggressive therapy (such as 

BMT)) because the prognosis for XLP is much worse than for CVID syndrome in 

general. . 
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SUMMAR Y Y 

Inn patients with X-linked lymphoproliferative syndrome (XLP), a defect in the 

adapterr SAP leads to dys-gammaglobulinemia, which may be secondary to an 

extremee susceptibility to EBV. Here we show that in SAP~I~ mice primary and 

secondaryy responses of all immunoglobulin subclasses are severely impaired and that 

germinall  centers are absent. This is only in part explained by a severely impaired IL-

44 production by naive and memory SAP~I- T helper cells. Employing the adoptive 

transferr of CD4+ T cells and B lymphocytes from hapten-primed SAP~I- mice into 

irradiatedd wt mice provided that signal transduction events controlled by SAP are 

essentiall  for both T and B cell activities resulting in IgG production. In addition, 

defectss in primary SAP~I- B cells were demonstrated after co-transfer with wt CD4+ 

cellss into Rag2~!~ recipients. Thus, both T and B cell defects are responsible for the 

progressivee dys-gammaglobulinemia in the absence of SAP without involvement of 

EBV. . 

140 0 



Dysgammaglobulinemiaa in SAP-deficient mice 

INTRODUCTIO N N 
X-linkedd lymphoproliferative (XLP) disease is a primary immunodeficiency which 

inn more than half of the patients is characterized by an extreme susceptibility to the 

Epsteinn Barr virus (EBV) leading to fatal infectious mononucleosis (Purtilo et al., 

1975;; Purtilo et al., 1977; Hamilton et al., 1980; Sullivan and Woda, 1989; Seemayer 

ett al., 1995; Morra et al., 2001a). Other major clinical manifestations associated with 

XLPP include dysgammaglobulinemia and B-cell lymphoma (Purtilo et al., 1977; 

Hamiltonn et al., 1980; Seemayer et al., 1995). Patients with XLP who are apparently 

healthyy in early life, but later develop recurrent infections, exhibit with a progressive 

reductionn of immunoglobulin levels over time leading to dysgammaglobulinaemia or 

eventuallyy agammaglobulinaemia (Grierson et al., 1991; Gilmour et al., 2000; Morra 

ett al., 2001b; Aghamohammadi et al., 2003; Seemayer et al., 1995). As the influence 

off  EBV on B cell responses greatly complicates analyses of dysgammaglobulinemia 

off  XLP patients, we examine here whether dysgammaglobulinemia occurs in a 

mouse,, in which the XLP gene SAP (or SH2D1A) had been disrupted. 

SAPSAP encodes a small cytoplasmic protein that comprises one SH2-domain and is 

primarilyy expressed in T lymphocytes and NK cells (Coffey et al., 1998; Sayos et al., 

1998;; Nichols et al., 1998; Morra et al., 2001a; Sidorenko and Clark, 2003; Veillette 

andd Latour, 2003; Engel et al., 2003; Latour and Veillette, 2003). However, SAP 

mRNAA has also been detected in human memory B cells and tumor cell lines that are 

phenotypicallyy related to memory B cells (Kis et al., 2003; Feldhahn et al., 2002; 

Mikhalapp et al., 1999; Nichols et al., 1998). 

Thee SH2 domain of SAP binds to a tyrosine-motif (TI-pY-xxV) located in the 

cytoplasmicc tail of six surface receptors related to SLAM or CD 150 (Sayos et al., 

1998)) (Poy et al., 1999). SAP is thought to control signal transduction events 

initiatedd by engagement of the SLAM-related receptors, as it can act as a natural 

inhibitorr and/or adapter (Sayos et al., 1998). As an adapter, SAP recruits the src-

relatedd protein tyrosine kinase Fyn in an active configuration to the cytoplasmic tail 

off  the SLAM-related receptors (Chan et al., 2003, Latour et al, 2003, Li et al., 2003, 
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Engell  et al., 2003, Latour and Veillette, 2003). Although SLAM related receptors are 

expressedd on the surface of B cells, a SLAM/SAP/Fyn complex has yet to be 

detectedd in B cell subsets. 

TT cells from SAP-deficient mice are impaired in their ability to differentiate in T 

helperr 2 (Th2) cells, as judged by in vivo and in vitro studies. Both CD4+ and CD8+ 

cellss from SAP~'~ mice produce increased levels of interferon-y (IFN-y) in vitro and 

inin vivo upon infection with LCMV. Impaired Th2 responses in SAP~'~ mice have 

beenn postulated based upon responses to infection with the parasites Leishmania 

majormajor and Toxoplasma gondii (Wu et al., 2001; Czar et al., 2001; Yin et al., 2003). 

Furthermore,, SAP~'~ mice have low levels of serum IgE indicative of an impaired 

Th22 cytokine production (Wu et al., 2001; Czar et al., 2001). Whereas antibody 

responsess are robust in the initial responses to LCMV infection of SAP~'~ mice, the 

micee have a severe defect in maintaining antiviral IgG levels (Crotty et al., 2003). 

Althoughh the precise mechanism involved was not established, this defect did not 

appearr to result from a diminished IL-4-production by CD4+ T cells or from a 

decreasee in the expression of CD40-ligand (CD40-L) on the surface of CD4+ T cells, 

andd SAP was not required for early B-cell help or Ig class switching (Crotty et al., 

2003).. Because infection by viruses generates complex cellular and humoral 

immunee responses involving overlapping activities by distinct cell populations, a 

moree precise study of the antibody responses in SAP-deficient mice is of paramount 

importancee for our understanding of the role of SAP plays in controlling 

dysgammaglobulinemia.. Responses to viruses are characterized by early waves of T-

Independentt (T-I) antibody production followed at a later stage by predominantly T-

Dependentt (T-D) responses (Martin et al., 2001). Therefore a dissection of the 

individuall  contribution by T and B cells in antibody responses to well-defined 

antigenss and adjuvants is required for elucidation of the immune defects in SAP~'~ 

mice. . 
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Heree we show that a physiologically intact SAP molecule is essential for the 

functionall  integrity of both T and B cell responses to soluble T-D antigens, and that 

SAP-inducedd signaling is pivotal in the primary and secondary phases of helper T 

celll  dependent immunoglobulin responses. Primary IgM and IgG responses to well-

definedd haptens and proteins, class-switching of all immunoglobulin isotypes and 

germinall  center formation are defective in SAP~I~ mice. Employing the adoptive 

transferr of CD4+ T cells together with B lymphocytes from hapten primed and non-

immunizedd SAP~/~ mice into irradiated wt or Rag2~/~ recipients provided genetic 

evidencee that signal transduction events controlled by SAP are essential for both T 

andd B cell activities, resulting in T cell-dependent IgG production. We conclude 

thatt both T and B cell defects are responsible for the progressive 

dysgammaglobulinemiaa in the absence of SAP. 

RESULTS S 

Reducedd basal serum Ig concentrations in non-immunized SAP- ' - mice. 

Becausee dysgammaglobulinemia is one of the major manifestations of XLP (Purtilo 

ett al., 1989) (Grierson et al., 1991), we assessed B cell functions in SAP~'~ mice in 

vitrovitro and in vivo. In vitro, splenic B cells from SAP~'~ C57BL/6J mice and wild-

typee mice responded equally to mitogenic stimulation with lipopolysaccharide and 

antibodyy to IgM or CD40 (data not shown). In vivo measurements of basal 

immunoglobulinn concentrations showed that IgGl levels were reduced and that 

IgG2aa levels were consistently higher for a period of six months in SAP~'~ 

C57BL/6JJ mice (Figures la and b), which were kept under specific pathogen free 

conditions.. Strikingly, IgE was undetectable in the serum of SAP~I~ C57BL/6J mice 

off  all ages (Figure lc). Because similar results were obtained with SAP~I~ BALB/c 

micee (data not shown), we conclude that antibody responses are altered in SAP"/" 

mice,, which is consistent with the dysgammaglobulinemia observed in some XLP 

patients. . 
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Figuree 1. Altered primar y and secondary antibody in SAP ' mice. 

•/--Figuree 1A. Altered basal serum IgGl concentration in non-immunized SAP~'~ mice. 

Figuree IB . Altered basal serum IgG2a concentration in non-immunized SAP~'~ mice. 

Figuree 1C. Altered basal serum IgE concentration in non-immunized SAP~'~ mke. 

Serumm of age-matched C57BL/6J SAP~'~ (closed circles) and wt (open circles) mice was collected 

att 1, 3 and 6 months. IgGl (ng/ml), IgG2a (ng/ml), IgE (ng/ml) concentrations were determined by 

ELISA.ELISA. Median values are indicated by -. (*  = p < 0.05; **  = p < 0.001; n =4). 
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Impairedd primar y T cell-dependent responses in SAP~'~ mice. 

Too investigate the function of SAP in T cell dependent antibody (T-D) responses, we 

immunizedd mutant and wild-type mice with TNP coupled to keyhole limpet 

hemocyaninn (TNP-KLH) precipitated by alum. This antigenic challenge elicits a Th2 

responsee and promotes B cell production of IgGlin immunocompetent mice. Serum 

concentrationss of all TNP-KLH specific IgG isotypes and IgM were severely 

reducedd in SAP~'~ BALB/c mice 10 days after immunization (Figure Id). Reduced 

hapten-specificc IgM titers were also detected in the serum of SAP~'~ BALB/c mice 

ass early as 5 days after NP-KLH immunization (data not shown). Similar results 

weree obtained after immunization of SAP~^~ C57BL/6J mice with Alum-precipitated 

TNP-KLHH (Figure le). Thus, the primary T cell-dependent B cell responses to well-

definedd antigens were severely impaired in SAP~'~ mice. 

Impairedd secondary responses to TNP-KL H and Ovalbumin. 

Alll  secondary IgG responses to Alum-precipitated TNP-KLH were also shown to be 

defectivee in SAP~/~ BALB/c mice and C57BL/6J mice (Figures If and lg). As 

expected,, hapten-specific IgM secondary responses yielded a low titer even in wt 

micee and defects were generally not detected (Figures I f and lg). The IgG defect 

observedd in SAP~^~ BALB/c mice was more severe than in CD40~/~ mice (Kawabe 

ett al., 1994; Castigli et al., 1994), as hapten-specific IgG3 was impaired along with 

thee IgGl, IgG2a and IgG2b isotypes (Figures I f and lg). Furthermore, IgG, IgGl 

andd IgG2a serum titers were significantly reduced in SAP~^~ C57BL/6 mice that 

weree immunized with ovalbumin (OVA) and Freund's adjuvant, conditions which do 

nott favor Th2 responses (Figure 2). Surprisingly, some OVA-specific responses 

weree detectable in the serum after repeated challenges (Figures 2a-d). Total IgE 

was,, however, barely detectable after repeated antigen challenge with OVA plus 

incompletee Freund's adjuvant (Figure 2) or TNP-KLH and Alum (data not shown). 
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Figuree ID. Impaired primar y antibody responses to T-D antigens by SAP ' BALB/c mice. 

Primaryy TNP-specific antibody titers were determined in the serum of SAP~'~ BALB/c mice (n=4) 

100 days after i.p. immunization with Alum-precipitated TNP-KLH. TNP-specific IgG, IgM, IgGl, 

IgG2a,, IgG2b, and IgG3 antibody titers of SAP~''~ (closed bars) and wt (open bars) mice were 

determinedd by ELISA. Serum dilutions started at 1:100 and the symbol N.D. indicates non-

detectablee titers (< 1:100) (y axis = end point titers). (* = p < 0.05; ** = p < 0.001; n =4). 

Figuree IE. Impaired primar y antibody responses to T-D antigens in SAP~'~ C57BL/6J mice. 

Primaryy TNP-specific IgM and IgG responses were determined as described in Figure ID. 
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Figuree IF. Impaired secondary responses to TNP-KL H by SAP ' BALB/c mice. 

TNP-specificc antibody titers were determined on the serum of SAP~'~BALB/c and BALB/c mice 

att day 21 after immunization with Alum-precipitated TNP-KLH and seven days after re-challenge 

withh TNP-KLH. TNP-specific IgG, IgM, IgGl, IgG2a, IgG2b, and IgG3 titers in SAP^~(closed 

bars)) and wt (open bars) mice are shown. 

Serumm dilutions started at 1:1000 and the symbol N.D. indicates non-detectable titers (< 1:1000). 

Sampless that yielded an O.D.405 > [O.D.405 Blank + 2 S.D.] at dilution 2,048,000 are indicated as 

>> 2,048,000. (y axis , end point titers) (*, p < 0.05; ** = p < 0.001; n =4). 

Figuree 1G. Impaired secondary responses to TNP-KL H by SAP~'~ C57BL/6J mice. 

TNP-specificc antibody titer s were determined as described in Figure IE. 
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Figuree 2. Inefficient ovalbumin-specific antibody responses by SAP ' mice. 

SAP~'~SAP~'~ (closed bars) and wt (open bars) C57BL/6J mice were immunized with ovalbumin (OVA) 

inn complete Freund's adjuvant and boosted with OVA in incomplete Freund's. OVA-specific serum 

titerss were determined one day before immunization (dO), and on the day of each boost (dl4 , d28 

andd d42). Serum dilutions started at 1:1000 and the symbol N.D. indicates non-detectable titers (< 

1:1000)) (v axis, end point titers; x axis, days after immunization; * = p < 0.05; ** = p < 0.001; n 

=4). . 

Figuree 2A, OVA-specific IgG 

Figuree 2B, OVA-specific IgG 1 

Figuree 2C, OVA-specific IgG2a 

Figuree 2D, total serum IgE concentration [ng/ml]. 
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SAPP is not required for  T-Independent (T-I ) antigen responses. 

Too directly activate B cells and trigger hapten-specific antibody responses, the T-I 

antigenss TNP-LPS (lO îg) or TNP-Ficoll (30(ig) were injected into both SAP-1' and 

age-matchedd wt BALB/c mice. Five (Figure 3a) and ten days (data not shown) after 

injectionn of TNP-LPS the levels of TNP-IgM and IgG were very similar in SAP~I~ 

andd wt mice. Furthermore, the SAP~'~ mice did not exhibit diminished Ig responses 

afterr five (Figure 3b) or ten days (data not shown) to TNP-Ficoll. Taken together, 

thesee findings were strongly indicative of major defects in primary T-D responses 

andd isotype switching in SAP~'~ mice, whilst T-I responses were normal. 

Requirementt  of SAP for  Germinal Center  formation. 

Germinall centers (GCs) are the anatomical sites of T-B cell cooperation, where 

antigen-specificc B-cell clones expand, mutate the variable region of their Ig genes, 

andd after completing affinity maturation, become long-lived Antibody Secreting 

Cellss (ASCs) that emigrate to the bone marrow (Tarlinton and Smith, 2000; 

McHeyzer-Williamss and Ahmed, 1999; Calame et al., 2003). GCs were almost 

completelyy absent in the spleen of SAP~^~ mice that had been immunized with TNP-

KLH/Alumm (Figure 4a) or with NP-KLH/Alum (data not shown), as judged by 

immuno-histologyy of frozen spleen sections. By contrast, GCs were readily detected 

inn wt mice that had been treated in an identical fashion (Figure 4a). This was the 

casee either five days after a primary or after secondary immunization with T-

dependentt antigens. Whereas the follicles of SAP~'~ mice did not contain GCs, no 

differencee in organization of the T-cell zones between SAP~'~ and wt mice was 

apparentt (Figure 4b). Fewer than 2% of the splenic follicles contained GCs in 

immunizedd SAP-deficient animals, whereas more than 50% of the follicles in 

identicallyy treated wt mice contained one or more GC (Figure 4c). Thus, absence of 

thee adapter SAP interfered with primary IgM and IgG responses as well as B cell 

149 9 



Chapterr 5 

isotypee switching and profoundly impaired cognate interaction between T and B 

cells. . 

3 A .. TNP-specific IgM TNP-specificc IgG 

5000 5000 

foldd dilutions 
50000 0 

•D-- Wt 

•• SAP ,-/--

5000 5000 

foldd dilutions 
50000 0 

-o-- Wt 
•• SAP 

• / --

3 B .. TNP-specific IgM 

5000 5000 

foldd dilutions 
50000 0 

•D-- Wt 

•• SAP 

TNP-specificc IgG 

3-om-«r r 
2.5 5 

2.0 0 

1.5 5 

1.0 0 

0.5 5 

0.0 0 

t)) \ 

50 0 

,-A A 

"D--ft-fr-n ft-fr-n G-H-a a 
5000 5000 

foldd dilutions 
50000 0 

-a-wt -a-wt 
•• SAP 

• / --

Figuree 3. T-Independent B cell responses in SAP ' mice. 

Figuree 3A. SAP~'~ (closed squares) and wt (open squares) BALB/c mice (n=4) received one 

injectionn of 10|ig of TNP-LPS. TNP-specific IgM (left panel) and IgG (right panel) titers were 

determinedd at day 5 by ELISA after serial dilutions of the serum, (y axis, O.D. 405). 

Figuree 3B. SAP~'~ (closed squares) and wt (open squares) BALB/c mice (n=4) received one 

injectionn of 30ug of TNP-Ficoll. TNP-specific IgM (left panel) and IgG (right panel) titers were 

determinedd at day 5. (y axis, O.D. 405). 
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%% of Follicles containing 
Germinall Centers 

* * * 

wtwt SAP"' 

Figuree 4. Requirement of SAP for  Germinal Center  formation. 

Figuree 4A. Cryo-sections prepared from the spleen of SAP~'~ (bottom panels) and wt (top panels) 

C57BL/6JJ mice 7 days after the second immunization with TNP-KLH were stained with immuno-

fluorescentt antibodies. Fluorescence was recorded in a Nikon fluorescent microscope. Anti-

CD45R/B220-PEE (Left panels) detects follicle areas (F) and PNA-FITC (right panels) identifies 

Germinall Centers (GC). 

Figuree 4B. Cryo-sections obtained from the spleen of SAP~'~ (right panel) and wt (left panel) 

micee were triple stained with anti-CD45R/B220-Cy5 to identify follicle areas (F), PE-labeled anti-

CD55 to identify the T-cell zones (T) and with PNA-FITC (GC). 

Figuree 4C. Reduced number  of GC-containing splenic follicles. 

Thee number of GC-containing follicles was determined from at least three different consecutive 

stainedd cryo-sections taken from the spleens of the TNP-KLH mice described in Figure 4A. B-cell 

follicless were identified by anti-CD45R/B220-PE and GCs were stained with PNA-FITC. y-axis, 

percentagee of follicles containing one or more GCs. Closed bar, SAP~'~ C57BL/6J. Empty bar, wt 

C57BL/6J.. (** = p < 0.001; n =4). 
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Consistentt with the absence of GCs, the number of long-lived NP-specific ASCs was 

significantlyy diminished in the bone marrow of SAP~'~ mice (Figure 5a). A minor 

reductionn in the number of short-lived NP-specific ASCs in the spleen was also 

detectedd (Figure 5b). But, short-lived splenic ASCs respond to antigen outside the 

GCC phase and these terminally differentiated B cells can isotype switch and do not 

somaticallyy diversify their expressed BCR. 

Wee next investigated whether affinity maturation could occur in the absence of SAP-

mediatedd signal transduction. To this end, titers of low and high-affinity NP-specific 

IgGG antibodies were determined using two NP-haptenated bovine serum albumin 

(BSA)) reagents: NP(24)-BSA (low affinity) or NP(2)-BSA (high affinity). Although 

SAP~/-SAP~/- mice generated reduced NP-specific responses (Figure 5c), the 

NP(2)/NP(24)-bindingg ratio was not significantly different as compared with those in 

wtwt mice. Thus, the absolute number of long-lived ASCs, but not affinity maturation 

appearss to be impaired in SAP~'~ mice. 
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Figuree 5. Reduced numbers of long-lived Antibody Secreting Cells (ASC) in SAP_/~ mice. 

Thee frequency of NP-specific IgG ASCs cells was determined using the spleen (Figures 5A) and 

bonee marrow (Figure 5B) at day 21 after immunization with Alum-precipitated NP-KLH, seven 

dayss after antigen re-challenge. 

Figuree 5A. Long-lived NP-specific IgG ASC in the bone marrow. 

yy axis, ASC per 106 cells. Closed bars, SAP~^~ Empty bars, wt (*  = p < 0.05; n =4) 

Figuree 5B. Short-lived NP-specific IgG ASCs in the spleen. 

yy axis, ASC per 10" cells. Closed bars, SAP~^~ Empty bars, wt 

Figuree 5C. Affinit y of NP-specific antibodies. 

High-affinityy (NP(2)-specific, Upper  Panel) and low affinity (NP(24)-specific, Lower  Panel) IgG 

antibodyy titers of in the serum of SAP''- (closed circles) and wt BALB/c mice (open squares) 

(n=4)) were determined as described in Materials and Methods. Serial dilutions started at 1:1000 (y 

axisaxis = end point titers). 
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Impairedd production of IL- 4 by naive and memory SAP~' T helper  cells. 

Isotypee switching is driven by cytokines released by helper T cells: IL-4 is required 

forr isotype switching to IgGl and IgE, whereas interferon-y (IFN-y) promotes 

productionn of IgG2a. We therefore investigated the involvement of SAP in CD4+ T 

celll cytokine production during various stages of activation. First, purified naive 

CD4+/CD45Rbhii cells from SAP^' mice fail to up-regulate IL-4 mRNA in 

responsee to in vitro stimulation by anti-CD3 and anti-CD28 (Figure 6a). IFN-y 

levelss were similar in naive SAP _//~ and wt CD4 cells (data not shown). 

Second,, IL-4 secretion by CD4+ cells from SAP ~/~ TCR Tg DOl 1.10 mice in vitro 

stimulatedd by APCs and an OVA323.339 peptide was dramatically reduced (Figure 

6b,, left panel). Upon secondary stimulation, SAP-deficient TCR Tg DOl 1.10 CD4+ 

cellss remained defective in IL-4 production (Figure 6b, lower  left panel). By 

contrast,, IFN-y secretion in SAP~^~ CD4+ T cells was similar to that of wt CD4+ T 

cellss either after primary or secondary stimulation (Figure 6b, panels on the right) . 

Third,, IL-4 secretion, but not IFN-y production by in vitro stimulated CD4+ cells 

fromm SAP~/~ TCR Tg DOl 1.10 mice that had been injected with ovalbumin was 

reducedd (Figure 6c). Importantly, as predicted, the SAP^~ TCR Tg DOl 1.10 mice 

injectedd two times with ovalbumin failed to produce detectable ovalbumin-specific 

IgGl,, IgG2a and IgG2b in contrast to wt TCR Tg DOl 1.10 littermates (data not 

shown).. To rule out the possibility of decreased proliferation of SAP~^~T cells, we 

measuredd incorporation of [^H]-thymidine in cultures of CD4+ T cells isolated from 

TCRR Tg DOl 1.10 SAP-/- and wild-type mice that were stimulated with APC and 

OVAA peptide. Mutant and wild-type in vitro cultures had similar rates of [^H]-

thymidinee incorporation at both 72 h of culture (data not shown). 
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Sincee it has been demonstrated that, in the absence of IL-4, the low affinity receptor 

forr IgE (or CD23) is not efficiently upregulated on the surface of B cells (Kisselgof 
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Figuree 6. Impaired IL- 4 production by SAP~^~ CD4+ T cells. 

Figuree 6A. IL- 4 production by naive SAP'S' QD4 c e | j s 

CD4/CD45Rbnii cells were purified by negative selection columns and F ACS from the spleen of 

SAP~SAP~/_/_ (closed bars) and wt (open bars) BALB/c mice (n =3). These naive CD4+ cells were 

activatedd in vitro for 48 hours in the presence of plate bound aCD3 and soluble aCD28. IL-4 

messengerr RNA level determined by Real Time PCR (y axis = relative expression); (** , p p < 0.001 ) 

Figuree 6B. IL- 4 and IFNy production by antigen stimulated SAP^- TCR Tg DO11.10 cells. 

Inn the primary stimulation (upper  panels) purified CD4+ T cells were incubated with OVA323.339 

peptidee pulsed Antigen Presenting Cells (APC) for 1,2 or 3 days. Supernatants were assayed for IL-

44 (left panels) and IFN-y (right panels) cytokine production by ELISA {y axis, O.D. 450). For 

secondaryy stimulation (lower  panels) the cells were rested for 24 hr and then stimulated for 24 hr in 

thee same manner (Material and Methods). Supernatants were assayed for IL-4 (left panels) and 

IFN-yy (right panels) cytokine production by ELISA (y axis , [pg/ml]). * , , p < 0.05; ** , p < 0.001; 

nn =3. Closed squares , SAP^- TCR Tg DO11.10 cells; Empty squares , wt TCR Tg DO11.10 

cells. . 

Figuree 6C. Analysis of IL- 4 and IFN-y production by CD4+ cells from SAP_//~ and wt TCR Tg 

DO11.100 mice that were immunized with ovalbumin. 

SAP~'~SAP~'~ TCR Tg DO 11.10 mice immunized with ovalbumin failed to produce detectable OVA-

specificc IgGl, IgG2a and IgG2b titers in contrast to wt TCR Tg DO 11.10 littermates (data not 

shown).. IL-4 and IFN-y production was determined after in vitro stimulation for 1, 2 or 3 days of 

CD44 cells purified from these ovalbumin-injected mice (n =3). * = p < 0.05; ** = p < 0.001. 

Figuree 6D. Reduced expression of CD23 on the surface of SAP'S' g c e l[ s 

Surfacee expression of SAP~'~ and wt B-lymphocytes was determined by immune-fluorescence. The 

histogramm compares CD23 levels of expression on SAP~^~ and wt CD45R/B220-gated B-cells. 

Numberss in brackets are of Median Fluorescence Intensity (MFI) values on a linear channel scale. 

andd Oettgen, 1998; McKenzie et al., 1998), we examined the level of CD23 on the 

surfacee of B cells that were freshly isolated from SAP"/- mice. A lower level of 

CD233 expression on the surface of ex vivo SAP^- B cells compared to wt was 

consistentlyy detectable (Figure 6d) and CD23 expression increased upon in vitro 
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culturingg in the presence of a-CD40 plus IL-4 (data not shown). Taken together 

thesee findings strongly indicate that IL-4 production by naive and memory SAP~/~ 

CD4++ cells is defective and that, although IgG2a titers are low, IFN-y production is 

unaffectedd by the SAP-mutation. 

Micee lacking both IL-4 and the IL-21 Receptor (IL-21R) exhibit a significantly more 

pronouncedd phenotype than lL-4'^ mice, with generalized deficits of IgG 1, IgG2a, 

IgG2b,, IgG3, and IgM T-D antigen-specific responses and disorganized GC 

formationn (Ozaki et al., 2002). To rule out the possibility of a combined defect in 

productionn of IL-4 and IL-21 by SAP~'~ CD4+ cells, we tested IL-21 cytokine 

secretionn and mRNA levels upon in vitro stimulation. Both analyses demonstrated 

thatt SAP-deficient CD4 cells produce IL-21 at the same level as wt CD4+ cells (data 

nott shown). 

SAPP is essential for  the control of primed T helper  and memory B cell activities 

inn T-D responses. 

Thee observations that antibody responses of all isotypes (including IgM) are 

impairedd in SAP-deficient mice prompted us to focus on a potential contribution of 

SAP~'~SAP~'~ B cells to the impaired humoral responses in absence of SAP. To this end 

carrier-specificc memory CD4+ T helper cells were generated by immunizations of 

SAP~'~SAP~'~ and wt mice with Alum-precipitated KLH (Figure 7a). Hapten-specific 

memoryy B cells were generated by immunization with NP-HEL in Alum (Figure 7a) 

(Barringtonn et al., 2002). As expected, KLH- and NP-specific antibody responses of 

primedd mice were defective in SAP~'~ BALB/c mice (data not shown). KLH-primed 

CD4++ cells (5x10^ cells) purified from the spleen of SAP~^~ and wt mice were then 

co-transferredd into irradiated wt recipients with purified NP-HEL primed B cells 

(10x10"" cells). In addition, the irradiated wt recipients received 100^g of NP-KLH at 

thee same time of the transfer. Four combinations of CD4 and B cells were used for 

reconstitution:: [CD4+/+ B+ / +] ; [CD4+/+ B^ - ] ; [CD4"/- B+/+] and [CD4"/- B^"] 
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inn which [~'~ ] represented SAP - ' - and [+'+] wt. Reconstituted animals were 

sacrificedd and analyzed seven days after the last antigen challenge. Whilst CD4+^+ 

B + ' ++ cells generated the highest NP-specific antibody response, co-transfer of 

CD4 - / -- and B + / + cells confirmed that a functional impairment of CD4~'~ cells 

contributess to defective T-D responses by SAP~'~ mice (Figure 7b). A very limited 

NP-specificc antibody response was evident upon antigen re-call of recipients 

reconstitutedd with B~/_ cells (Figure 7b). Similar results were obtained in three 

independentt sets of experiments that involved a cohort of 4 animals per group. Thus, 

primedd SAP-deficient B cells are unable to function efficiently in the recipient mice 

evenn in the presence of wild-type primed T helper cells, as judged by T-D antigen 

responses.. These results support the notion that complex T and B cell defects 

contributee to impaired T-D responses in SAP _//~ mice. 
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Figuree 7. Reduced hapten-specific antibody responses after  co-transfers of primed 

S A P- / -- CD4+ T cells and wt B cells or  primed wt CD4+ T cells and S A P- / - B cells into 

irradiate dd wt recipient mice. 

Figuree 7A. Outline of the Experiment. 

CD4++ T cells were purified from the spleens of SAP~'~ BALB/c or wt BALB/c mice that had been 

immunizedd with KLH attached to Alum on day 0 (d 0) and boosted on day 21. B cells were purified 

fromfrom the spleens of SAP~'~ BALB/c or wt BALB/c mice that had been immunized 56 days prior 

withh NP-HEL (Materials and Methods). The purified CD4+ cells (5xl06/recipient) and B cells (10 

xx 10"/recipient) were then co-transferred into irradiated wt BALB/c recipients. At the same time 

lOOugg of NP-KLH was injected. Four combinations of CD4 and B cells were used to reconstitute 

thee irradiated recipients: [CD4+/+ B + / + ] ; [CD4+/+ B ^ - ] ; [CD4 - / - B+ /+] and [CD4 - / - B - / - ] in 

whichh [ - ' - ] represented SAP - ' - and [ + ] wt. Reconstituted animals were sacrificed and analyzed 

sevenn days after the transfer. 

Figuree 7B. Analysis of hapten-specific antibody responses. 

High-affinityy NP-specific IgG antibody titers in the serum of recipient mice (n = 4) were 

determined,, as described in Materials and Methods. Results of ELISA's are shown as follows: y axis 

== O.D.405 Units; x axis = fold dilutions. - ' - , cells derived from SAP~'~ mice; + ' + , cells derived 

fromfrom wt mice; Empty squares, mice reconstituted with CD4+ '+ B + ' + cells; Closed squares, 

d+/+ + micee reconstituted with CD4 ' B ' cells; Open circles, mice reconstituted with 

CD44 ' B ' cells; Closed circles, mice reconstituted with CD4 ' B ' cells. -/--
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Impairedd T-D antibody responses of naive SAP '~ B cells. 

Too examine the possibility that naive SAP~'~ B cells are also functionally impaired 

ann adoptive transfer experiment was designed as described in Figure 8a. In brief, 

Rag2~'~Rag2~'~ mice received 10*106 naive CD4 cells from either SAP~'~ or wt mice 

togetherr with 5x10^ SAP~^~ or wt naive CD4 cells (Figure 8a, day 0). Four 

combinationss of CD4 and B cells were used to reconstitute the Rag2~'~ recipients : 

[CD4+/++ B+ / + ] ; [CD4+/+ B - / - ] ; [CD4 - / - B+/+] and [CD4 - / - B"^] in which 

SAP - ' -wass represented by [ ~/~] and wt by [+//+]. Recipient animals were then 

restedd for one week before immunization with NP-KLH attached to Alum at day 7. 

Recipientss were boosted twice with NP-KLH using i.p. injections (Figure 8a). High 

affinityy NP(2)-specific antibody responses determined 7 days after the last antigen 

challengee showed that chimeras reconstituted with CD4+y/+ and B+, /+ cells yielded 

thee highest titers with NP(2)-specific high-affinity antibody responses detectable at 

dilutionn as high as 200,000-fold (Figure 8b, upper  panel). Rag2~//~ mice 

reconstitutedd with CD4+/+ and B~/~ cells or CD4~/~ and B_ / /_ cells had severely 

impairedd responses with almost undetectable NP(2)-specific IgG (Figure 8b, upper 

panel).. Rag2~^~ mice reconstituted with CD4-/L~ and B+ /+ cells had intermediate 

levelss of NP(2)-specific IgG responses (Figure 8b, upper  panel). Reconstitution of 

CD4++ and B cells was comparable in the Rag2~/L~ chimeras, as determined by 

concentrationn of total IgG in the serum (data not shown) Analysis of low-affinity 

NP(24)-specificc antibodies yielded similar results, although the low-affinity 

responsess by the [CD4+ '+ B - ' - ] chimeras was more robust than their high-affinity 

antibodyy response (Figure 8b, lower  panel). We conclude that a combination of 

CD44 and B cell defects is responsible for the severely impaired humoral responses in 

SAP-deficientt mice. 
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Figuree 8. Defective hapten-specific antibody responses after  co-transfer  of naivi 

SAP'S'SAP'S' B cells with naive wt CD4+ cells. 

Figuree 8A. Schematic outline of the Experiment. 

CD4++ cells (10 x 106) together with 5xl06 B cells from unprimed &4P - / -BALB/c o 

wtwt BALB/c mice were transferred into Rag2~'~ mice at day 0 (d 0). Four combination: 

off CD4 and B cells were used to reconstitute the Rag2~'~ recipients: [CD4+ '+ B+ '+] 

[CD4+/++ B-/-] ; [CD4-/~ B+ /+] and [CD4 - / - B - / - ] in which [-/- ] representee 

SAP - ' -- and [ + ] wt. At day 7 (d7) the mice were immunized with NP-KLH in Alum 

Reconstitutedd RAG2~'~mice were then boosted twice with NP-KLH (at d 21 and d 28 

andd serum antibody levels responses were determined at d35. 

Figuree 8B. Analysis of hapten-specific antibody responses. 

High-affinityy (NP(2)-specific, Upper  Panel) and low affinity (NP(24)-specific, Lowei 

Panel)) IgG antibody titers in the serum of recipient mice (n = 4) were determined a: 

describedd in Materials and Methods. Results of ELISA's are shown (y axis = O.D.40.' 

Units;; x axis = fold dilutions). - ' - , cells derived from SAP~'~ mice; + ' + , cells derivec 

fromfrom wt mice; Empty squares, mice reconstituted with CD4+ '+ B + ' + cells; Closet 

squares,, mice reconstituted with CD4+ '+ B - ' - cells; Open circles, mice reconstitutec 

withh CD4 - ' - B + ' + cells; Closed circles, mice reconstituted with CD4 - ' - B - ' - cells. 
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DISCUSSION N 

Onee third of XLP patients suffer from dys-gammaglobulinemia, which most 

frequentlyy leads to a-gammaglobulinemia even in the absence of an apparent EBV 

infection,, and neonatal XLP patients without B cells have been described (Morra et 

al.,, 2001b; Sumegi et al., 2000). The precise cellular and molecular mechanisms that 

leadd to this disease manifestation of the XLP syndrome are unknown. However, it is 

likelyy that an alteration or deletion of the XLP gene SAP has a negative impact on 

thee collaboration between cognate lymphocytes, which is essential for the generation 

off immune responses to T-dependent antigens. We therefore dissected the cellular 

requirementss for SAP-controlled signal transduction in primary and secondary T-D 

BB cell responses. In the absence of immunization, IgE is almost undetectable in 

serumm of SAP_//~ mice, and the levels of IgG 1 are consistently lowered, yet variable, 
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whilstt serum IgG2a is increased in SAP~'~ mice. These findings are consistent with 

aa defect in IL-4 production and an increase of IFNy secretion upon infection with 

viruss (Wu et al., 2001; Czar et al., 2001). By contrast, upon immunization with 

proteinss (KLH, ovalbumin) or haptens (TNP, NP), primary IgM and IgG (IgGl, 

IgG2a,, IgG2b, IgG3) responses are impaired in the absence of SAP. In addition, 

germinall center formation is impaired upon primary or secondary immunization of 

thee SAP-'- mice with T-D antigens. Consequently, the frequency of long-lived 

Antibodyy Secreting Cells was greatly decreased in the bone marrow of 5L4/>-//_mice, 

whereass the numbers of short-lived splenic ASCs were only modestly reduced 

comparedd to similarly treated wt mice. 

Becausee relatively high levels of SAP are detected in T cells, we first examined T 

helperr cell defects that would lead to aberrant class switching. Employing the 

adoptivee transfer of naive CD4 cells into Rag2~'~ mice that are simultaneously 

reconstitutedd with naive wt B cells, we demonstrated that SAP-deficient T helper 

cellss are impaired in supporting Ig responses. In addition, adoptive transfers of 

antigen-primedd SAP-deficient CD4+ cells together with wt B cells into irradiated wt 

recipientss demonstrated that generation of memory T helper cells is impaired in 

SAP~/~SAP~/~ mice. Cognate interactions of CD4+ cells with B cells in the GCs are 

thoughtt to be essential for B-lymphocyte maturation and selection resulting in the 

generationn of long-lived plasma cells and memory B cells (Liu et al., 1997; Jenkins 

ett al., 2001). CD4+ cells contribute to this process providing the key co-stimulatory 

moleculee CD40-Ligand and a set of cytokines, e.g. IL-4, IL-13 and IL-21 that 

promotee class switching (Rogers et al., 1997; Jenkins et al., 2001; Sharpe and 

Freeman,, 2002; Ozaki et al., 2002). 

Becausee IL-4 production by naive and memory CD4+ cells contribute to B cell 

responsess (Noben-Trauth et al., 2000; Noben-Trauth et al., 2002; Swain, 1994), we 

examinedd IL-4 production by SAP~'~ CD4+ T cells under different experimental 
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conditions.. The data show that naive and memory SAP~'~ CD4+ cells are severely 

impairedd in production of IL-4. Two known T cell dependent factors could have 

contributedd to the SAP-/- phenotype: impaired upregulation of CD40L or secretion 

off IL-21 (Ozaki et al., 2002). However, expression of neither of these proteins was 

affectedd by the SAP mutation (data not shown). We conclude that the defective IL-4 

productionn by SAP~^~ naive and memory CD4+ T cells, observed under several 

experimentall conditions, contributes to the T cell defect. However, the impaired 

abilityy to undergo Th2 polarization by SAP~/~ CD4 cells does not fully explain the 

severityy of the humoral deficiencies observed in the SAP_//~ mice. 

Employingg the adoptive transfer of B cells from hapten primed SAP~?~ mice 

togetherr with primed wt CD4+ T cells into irradiated wt mice provided evidence that 

SAPP is essential for B cell activities that partake in T cell-dependent IgG production. 

Thee alternative explanation that a T cell defect in SAP-/- mice indirectly affects 

primingg of B cells could not be excluded by this experiment. We therefore employed 

thee adoptive transfer of naïve SAP~^~ B cells together with naive wt CD4+ cells into 

Rag2~Rag2~////~~ recipients. Taken together the adoptive transfer experiment unambiguously 

indicatess that SAP~//~B cells are unable to effectively mount T-D antibody 

responses.. The defective humoral responses of SAP"'" mice to T-D antigens are 

thereforee caused by a combination of functional abnormalities of T and B cells. 

Thesee findings are indicative that SAP might be expressed in a B cell subset; perhaps 

duringg a discrete window of activation of that subset. Although we have not yet 

foundd SAP in mouse B cells, Mikhalap et al and Nichols et al (Mikhalap et al., 1999; 

Nicholss et al., 1998) detected SAP in human B cells. Furthermore, EBV-positive 

Burkittt Lymphoma (BL) lines, which resemble B cells at the GC stage of 

differentiation,, generally express SAP (Kis et al., 2003). Gene expression profiles 

usingg the Serial Analysis of Gene Expression approach (SAGE) showed that a SAP 

transcriptt is expressed by human GC and memory B cells (Feldhahn et al., 2002). 
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Moreover,, a contraction of the CD19+ CD27+ memory B cell compartment has been 

observedd in XLP patients (Malbran et al., 2003). A lack of expression of SAP by GC 

orr memory B cells could in part explain why a generalized reduction of T-D 

antibodyy and memory responses is found in SAP~'~ mice. Absence of SAP might 

affectt the contribution of B cells to the process of GC formation itself. This notion 

wass indirectly supported by our observation that the number of short-lived ASCs, 

whichh can secret antibody outside the GC, was only partially decreased in SAP-

deficientt mice. This observation together with the finding that T-I responses are 

preservedd indicate that antibody production by mature B cells outside the GC is 

intactt in the absence of SAP. 

Inn conclusion, our studies shed light on the cellular and temporal dynamics 

underlyingg the control by SAP of T-D responses, and emphasized the functional 

complexityy of SAP-dependent pathways. Because SAP controls signal transduction 

pathwayss in T and B cells initiated by at least six cell surface receptors belonging to 

thee SLAM family of co-stimulatory adhesion molecules, a dissection of the 

contributionn of each of these receptors to humoral responses to T-D antigens will be 

requiredd for an understanding of the molecular underpinnings of these biochemical 

events.. Nevertheless, the present study unequivocally demonstrates that the 

dysgammaglobulinemiaa in XLP patients takes place in the absence of an infection 

withh EBV or any other virus and is caused by defects in the cognate interactions 

betweenn T and B cells. 

MATERIA LL  AND METHOD S 

Mice Mice 

C57BL/6JJ and BALB/c mice and Rag2'//~ mice were purchased from Jackson 

Laboratoryy (Bar Harbor, Maine). SAP'S- C57BL/6J and SAP'S- BALB/c mice had 

beenn back-crossed seven times at the BIDMC Animal Facility (Wu et al., 2001). 

SAP~/~SAP~/~ TCR Tg DO 11.10 mice were generated in our laboratory. 
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QuantitationQuantitation of serum Ig by ELISA, 

Isotype-specificc Ig were detected and quantitated by ELISA . Immulon-IB microtiter 

platess (DYNEX Technologies, Inc., Chantilly, VA) were coated overnight at 4°C 

withh the capture antibody (goat anti-mouse total Ig polyclonal antibody) at 5 ug/ml 

inn PBS. Serum or culture supernatants were diluted in blocking buffer and washing 

stepss were performed with PBS plus 0.05% Tween 20 (Fisher Scientific, Fair Lawn, 

NJ).. Alkaline phosphatase (AP)-labeled goat anti-mouse antibodies specific for 

heavyy chain mouse Ig isotypes (Southern Biotechnology, Birmingham, AL) were 

usedd to determine IgM, IgG, IgGl, IgG2a, IgG2b and IgG3, isotype-specific Igs. 

Totall IgE concentrations were determined by using a capture / detection antibody 

pairr by Pharmingen (San Diego, CA). Purified mouse IgM, IgG, IgGl, IgG2a, 

IgG2b,, IgG3, and IgE (Southern Biotechnology) were used as standards. 

NP-KLH/NP-KLH/ TNP-KLH immunizations. 

Micee were injected intra-peritoneally with 300u,g of Alum-precipitated NP-KLH 

(Biosearchh Technologies, Novato, CA). Imject® Alum was purchased from Pierce 

(Woburn,, MA). Mice were boosted after 14 to 21 days with an intraperitoneal (i.p.) 

injectionn of lOOug of NP-KLH in PBS and sacrificed 7 days later. Serum was 

collectedd and for histological examination, the spleen was embedded in OCT (Tissue 

Tek®,, Sakura). For immunizations with TNP-KLH (Biosearch Technologies) 300jjg 

off Alum-precipitated TNP-KLH plus Pertussis Toxin (300ng/mouse) (Calbiochem, 

Laa Jolla, CA) was used. 

ImmunizationImmunization with ovalbumin. 

SAP-/'SAP-/' C57BL/6J, SAP'/' TCR Tg DO 11.10 BALB/c mice or wt mice were 

injectedd i.p. with lOOjig ovalbumin (Sigma, St. Louis, MO), in complete Freund's 

adjuvantt (Sigma) and boosted twice with the same amount of ovalbumin in 

incompletee Freund's. Serum samples were obtained before each boost. 
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T-IT-I antigen immunization. 

SAP~/~SAP~/~ and wt BALB/c mice (age 3 months) received an intraperitoneal injection of 

lO^gg of TNP-LPS (Biosearch Technologies) or 30ug of TNP-Ficoll (Biosearch 

Technologies).. Levels of TNP-specific antibodies were determined at day 0, 5 and 

10. . 

AntibodyAntibody titers and affinity. 

Hapten-- or antigen-specific antibody titers were determined by end-point titer 

dilutionss and ELISA. Immulon-IB microtiter plates (DYNEX Technologies) were 

coatedd overnight at 4°C with 50ug/mL of NP- or TNP-conjugated BSA in 0.1 M 

Carbonatee buffer (pH = 9.8). Mouse serum was then diluted (starting at 1/20-1/1000) 

inn blocking buffer and serial 1 to 2 dilution applied to the plates. Washing steps were 

performedd with PBS plus 0.05% Tween 20. Alkaline phosphatase (AP)-labeled goat 

anti-mousee antibodies specific for heavy chain mouse Ig isotypes (Southern 

Biotechnology)) were used as revealing antibodies to determine IgM, IgG, IgGl, 

IgG2a,, IgG2b and IgG3, isotype-specific Igs. All dilutions were performed at least in 

duplicate.. Results are presented either as end-point titer dilution (highest serum 

dilutionn yielding an O.D. at 405nm that exceeds the mean background level by 

greaterr than two Standard Deviations) or O.D.405 dilution curves. The affinity of 

anti-NPP serum antibodies was estimated by calculating the ratio of NP(2)-binding to 

NP(24)-bindingg as previously described (Herzenberg et al., 1980). 

FrequencyFrequency of Antibody Secreting Cells (ASCs) . 

Celll culture plates (Costar 24 well plates, Fisher, Pittsburgh, PA) were coated 

overnightt at 4°C with 50ug/ml of antigen in PBS. After blocking the plates with 1% 

BSA,, red-cells depleted bone marrow or splenic cells were added to the plates 

(multiplee dilutions starting at 106/well) in complete RPMI media supplemented with 

2%2% Fetal Calf Serum and cultured overnight at 37°C with 5% C02. The next day 

platess were washed with PBS plus 0.1% BSA. Secondary AP-conjugated goat anti-

mousee antibodies specific for heavy chain mouse Ig isotypes were added (Southern 

Biotechnology).. ELISPOT plates were then developed using BCIP (5-Bromo-4-
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Chloro-3-Indolyl-Phosphate)) (Roche, Indianapolis, rN) substrate in AMP (2-Amino-

2-Methyl-l-Propanol)) (Sigma) plus 0.6% agarose (Sigma). After overnight 

incubationn at room temperature, spots were then counted under microscope 

(Barringtonn et al., 2002). 

HistologyHistology and immunofluorescence. 

Snapp frozen spleens in OCT embedding media were cryosectioned and fixed in cold 

methanol.. After 30 min blocking with 10% FCS, sections were stained with PE-

conjugatedd CD45R/B220, CD3, or CD5 antibodies (Pharmingen) and FITC-labeled 

Peanutt agglutinin (PNA-FITC) (Vector Laboratories, Burlingame, CA). Slides were 

thenn observed with a Leica fluorescent microscope. In selected experiments sections 

weree triple stained with CD5-PE, PNA-FITC and CD45R/B220-Cy5 (Ebioscience) 

labeledd antibodies, and visualized by confocal microscopy (Radiance 2000; Bio-Rad 

Laboratories).. Immunohistochemistry was also performed by using AP- and HRP-

labeledd secondary antibodies as previously described (Barrington et al., 2002). 

AdoptiveAdoptive transfers. 

CD4++ T cells were purified from the spleen of primed or unprimed SAP-/' BALB/c 

orr wt BALB/c mice using negative selection columns as described previously (de 

Jongg et al., 2001). CD45R/B220+ positive B cells were purified from the same mice 

byy negative selection using a cocktail of biotin-labeled antibodies directed at CD1 lb, 

Ly-6C,, Ly-6G and CD90.2 (Pharmingen) and Dynabeads® M-280 Streptavidin. 

Cellss were then separated with a Dynal MPC-1 magnet (Dynal, Oslo, Norway). Cell 

purityy (> 99%) was assessed by FACS analyis. Rag2~//~ mice received 5xl06 naive 

CD4++ cells from SAP"/- and wt mice together with 10*106 SAP-/- and wt B cells. 

Micee were then rested for one week before standard i.p. immunization with NP-KLH 

pluss Alum. In other experiments, KLH primed and boosted CD4+ cells (5xl06 cells) 

off SAP~/~ and wt mice were transferred into irradiated wt recipients (600 rad) 

togetherr with NP-HEL primed B cells (lOxlO6) and lOO^g of NP-KLH. 

170 0 



Dysgammaglobulinemiaa in SAP-deficient mice 

FlowFlow cytometry. 

Redd cell-depleted single cell suspensions were stained with fluorescence- or biotin-

conjugatedd antibodies in PBS containing 5% fetal bovine serum (FBS), 0.05% 

sodiumm azide and Fc-block (Pharmingen), and then washed. PerCp-Streptavidin 

(Pharmingen)) was used to detect biotin-labeled primary antibodies. After washes, 

sampless were fixed in 2% paraformaldehyde, and analyzed on a Coulter Elite 

cytometerr (BD Coulter). In selected experiments, cell sorting was performed on a 

FACSCaliburr cytometer (Becton Dickinson) immediately after cell staining. Labeled 

antibodiess used in these studies are as follows: CD43-FITC, CD24-PE, BP.l-biotin, 

CD45R/B220-CyChrome®,, IgD-FITC, IgM-biotin, CD21-FITC, 493-PE, CD23-PE, 

CD23-biotin,, CD5-PE and CDllb-FITC (all from Pharmingen). CD45R/B220-Cy5 

usedd in some analyses was obtained from Ebioscience (San Diego, CA). 

InIn vitro CD4+ T cell stimulation 

CD4++ T cells were stimulated for various times at 1 million cells/ml in complete 

mediumm (RPMI supplemented with 10% fetal calf serum, penicillin and 

streptomycin,, 50 P-Mercaptoethanol, and ImM glutamine) with 5ug/ml plate-bound 

anti-CD33 (BD PharMingen, San Diego, CA), 20 Units/ml mouse IL-2 (BD 

PharMingen),, and 1 ug of anti-CD28 (BD PharMingen). In DO11.10 transgenic 

experiments,, T cells were purified with CD4 negative selection columns (R&D 

Systems,, Minneapolis, MN) from the spleen. Purity of the populations was 

determinedd by double staining with CD4-PE (BD PharMingen) and KJ126-FITC (a 

giftt from Dr. Van Houten, University of North Carolina) and analyzed by flow 

cytometry.. Cells were washed with PBS containing penicillin and streptomycin. In 

thee primary stimulation, 2xl05 CD4+KJ126+ were stimulated with lxlO6 y-irradiated 

syngeneicc APC's pulsed with indicated concentrations of OVA323-339 peptide (a gift 

fromm Dr. Van Houten) for 4 days. For the secondary stimulation, cells were removed 

fromm culture, washed, and rested overnight with 50U/ml IL-2 (R&D Systems). The 

cellss were then re-stimulated in the same manner as primary stimulation for up to 
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fourr days. Culture supernatants were collected on each day of primary and 

secondaryy responses and cytokines were measured using ELISA. 

PreparationPreparation of naive CD4* T cells. 

Splenocytess from various mice were isolated and red blood cells were lysed in 

hypotonicc lysis solution (Sigma, St Louis, MO). The cell suspension was then passed 

throughh a negative selection mouse CD4 cell subset column (R&D Systems). The 

resultingg suspension was then stained for cell surface CD4 (a-CD4-FITC) and 

CD45Rbhii (a-CD45Rb-PE) at 4°C for 30 minutes (antibodies from BD 

PharMingen).. Stained cells were then subjected to sorting using MOFLO® cell 

sorterr (Dako Cytomation, Fort Collins, CO). CD45Rbhi/CD4 T cells were 

enumeratedd and used for experiments. 

QuantitativeQuantitative analysis ofIL-4 andlFN-ymRNA using Real Time PCR. 

Totall RNA was isolated from CD4+ cells using the Absolutely RNA™ kit from 

Stratagenee (La Jolla, CA). The samples were then subjected to first strand reverse 

transcriptasee using Superscript Choice system (Invitrogen Life Technologies, 

Carlsbad,, CA). All transcripts were measured by Taqman quantitative PCR (Applied 

Biosystems,, Foster City, CA). PCR probes used the IL-4 and IFN-y premix from 

Appliedd Biosystems, labeled using 6-carboxyfluorescein; the GAPDH probe was 

labeledd with VIC. Relative expression values are calculated as described (de Jong et 

al.,, 2001). 

CytokineCytokine ELISAs. 

Concentrationn of cytokines in cell culture supernatants was measured by capture 

ELISAA using reagents from BD PharMingen. Murine IL-4 and IFN-y levels were 

determinedd using OptiEIA ELISA sets according to the protocol provided by the 

manufacturer. . 
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Thee goal of this Thesis was to analyze molecular and functional underpinnings 

responsiblee for the pathogenesis of the XLP disease [1]. The work presented here 

contributess to define a new family of intracellular adapters, the SAP and EAT-2 

familyy of "free-floating" SH2-domains, which rule signaling through SLAM 

receptorss in cells of the immune system (Chapters 2 and 3). Thus our results 

describee a new co-stimulatory (or modulatory) pathway that operates in different 

populationss of lymphocytes and APCs. Chapters 4 and 5 investigate humoral and 

cellularr defects that manifest in absence of SAP. These results not only provide 

usefull in promoting the understanding of EBV-related lymphoproliferative diseases 

andd lymphomagesis. Moreover these data dissect the mechanisms that regulates 

immunoglobulinn production and T / B cell immunological memory. 

PrimaryPrimary immunodeficiencies and SAP 

Whereass only a decade ago' primary immunodeficiencies were still considered a 

realmm of clinical situations with only few clinical entities fully genetically 

characterized,, at the present most of these disorders is genetically defined. Here we 

reportt that SAP, in addition to the XLP disease, is the gene responsible for patients 

affectedd by another genetic immunodeficiency called CVID (Chapter  4). This 

findingg has several clinical implications. Before the identification of SAP, the 

diagnosiss of XLP was mostly based on clinical features such as the presence of more 

thann one male member in the affected family and the inability to switch 

immunoglobulinn (Ig) isotype (IgM to IgG) after consecutive exposure to phage 

(|)X1744 [2]. The possibility of testing SAP of patients suspected of XLP has made 

possiblee a diagnosis of certainty and a differential diagnosis with pathologies 

characterizedd by overlapping clinical phenotypes. It is now possible to offer genetic 

counselingg and prenatal diagnosis to the families with affected members. Moreover, 

togetherr with btk, CD40-L, AID and other genes [3], we suggest that SAP must be 

includedd in the molecular diagnosis of CVID patients and should be studied in all 

malee CVID patients. A correct diagnosis will allow for the selection of a more 

aggressivee therapy (such as bone marrow transplantation) because the prognosis for 
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XLPP is much worse than in the case of the CVID syndrome in general. An 

appropriatee therapy can now be selected and work in progress by a number of groups 

willl lead to a definitive treatment of the S^P-deficiency by specific gene therapy. 

Thus,, first of all, our findings have clinical implications. 

SAPSAP and EAT-2: "free-floating" SH2-domains with extended N-terminal Tyr-motif 

interactions interactions 

SAPP and EAT-2 are intracellular proteins characterized by a single SH2 domain 

followedd by a 25-30 amino acid C-terminal sequence (that we named protein "tail") 

off yet unidentified homology and function. Cytoplasmic cell proteins usually contain 

aa number of functional domains of different specificity (i.e. SH2, SH3, PDB, PH). 

SAPP and EAT-2 are peculiar because most of their functions have to rely onto a 

singlee SH2-domain. Because the SAP and EAT-2 protein tail sequence is not 

conservedd among species (with the important exception of the EAT-2 seven C-

terminall amino acids; see Chapter  3 for more details) we believe it might act as a 

genericc protein stabilizer rather than a signaling domain. This hypothesis is 

supportedd by a SAP mutant (see Chapter  2) with a protein half-life significantly 

decreasedd because of additional C-terminal amino acids. Thus we speculate that the 

SAPP and EAT-2 SH2 -domains are virtually "free" to float inside the cytoplasm. 

Classically,, high affinity association of SH2-domains with Tyr-containing motifs i) 

dependss upon phosphorylation of the Tyr in the ligand and ii) requires that the 

phospho-Tyrr be embedded within a specific amino acid sequence, where an 

additionall contact C-terminal (usually at the +3 position) to the pTyr is established 

[4].. SAP contains a "super" SH2-domain that is able to bind to SLAM Tyr281 in 

absencee of Tyr phosphorylation (Chapters 2, 3 and Ref [5]). In a work not presented 

inn this Thesis we have previously shown that the SAP structure characteristically 

includess a central (3 sheet with a helices packed against either side [6]. The 

additionall interactions of SAP involve the side chains of residues -2 and -1 (Thr279 

andd Ile280) adjacent to Tyr281 in the SLAM-peptide. These amino acids interact 

withh residues in the fiD strand of the SH2 domain. Thus SAP has a specific binding 
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motiff which presents extended N-terminal interactions (T-I-pY-x-x-V). This motif is 

foundd in the cytoplasmic tail of receptors of the SLAM family such as CD84, 

CDD 150, CD2000 and CD229. In Chapter  2 we show that a mutation in SAP able to 

interferee with Thr -2 of the SLAM binding motif (mutant T53I) severely impaired 

non-phosphotyrosinee interactions, while preserving unaffected the binding of SAP to 

phosphorylatedd SLAM. Replacement of the Thr53 with an isoleucine eliminates the 

bindingg pocket for Thr -2 (Thr279) of SLAM. This prevents the interaction of Thr -2 

withh a buried water molecule and with Glul7 thus blocking interactions of one of the 

aminoo acids located N-terminal to Y281. Thus, this selective amino acid substitution 

changess the unique SH2 domain of SAP into a more conventional SH2 domain 

structuree that predominantly binds to a phosphorylated state of the ligand. Because 

mutantt T53I, however, did not bind to CD229 and CD224, additional structural 

peculiaritiess of SAP must be considered to explain the ability to bind Tyr-motifs in 

absencee of phosphorylation. 

Thee structure of EAT-2, a SAP-like molecule which bind only to phosphorylated 

Tyr-motifss in SLAM receptors, has been analyzed to answer to this question 

(Chapterr  3). The presence of a CyslS in EAT-2 instead of a Glyl6 in SAP might be 

off significance. Residue 15 lies behind Arg31 (Arg32 in SAP) in the 

phosphotyrosinee binding pocket; substitution with cysteine eliminates a buried water 

molecule,, which in SAP hydrogen bonds to the arginine. It is possible that the more 

hydrophobicc environment surrounding Arg31 of EAT-2 makes binding of a non-

phosphorylatedd tyrosine residue energetically unfavorable. Thus, while EAT-2 and 

SAPP SH2-domains share a "three-pronged" mode of interaction, the interaction with 

non-phosphorylatedd tyrosines may be unique to the interaction of SAP with Tyr281 

inn CD 150. The SAP and EAT-2 SH2-domain bind to phosphotyrosine motifs with a 

higherr affinity than conventional SH2-domains. This increased affinity is likely to be 

aa reflection of the "three-pronged" mode of interaction and responsible for the SAP 

andd EAT-2 ability to block recruitment of the SHP-2 protein tyrosine phosphatase to 

SLAMM receptors. Thus SAP and EAT-2 contain a "super" SH2-domain. 
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SAP,SAP, EAT-2 and the SLAM-family of immune receptors 

EAT-22 and SAP have a similar exon / intron organization (Chapter  3) that suggests 

theirr origin by duplication from a common ancestor gene. The EAT-2 gene maps 

closelyy to the SLAM-family gene cluster, which at the present includes at least nine 

memberss and is located in a 260kb fragment on chromosome lq23. Thus, a 

relationshipp between genomic localization and function of these genes and EAT-2 

(andd SAP) is suggested. All the SLAM-family members contain a T-I-Y-x-x-V 

localizationn motif in their cytoplasmatic protein tail. Whereas the functions of these 

receptorss are only beginning to be elucidated, they seem to be involved in a plethora 

off biological responses. These functions appear to be dependent on the expression of 

SAPP and EAT-2. In this Thesis we show that SAP and EAT-2 signal through SLAM-

relatedd receptors by acting as blockers of phosphatases recruitment. Recent works 

havee also demonstrated that SAP mediates recruitment of FynT, a src-related protein 

tyrosinee kinase, to SLAM receptors [7], [8]. Thus, the spontaneous phosphorylation 

off SLAM and related receptors we observed by over-expression of SAP and EAT-2 

(Chapterss 2, 3 and Ref [5]) could be dependent on both the inhibition of 

phosphatasess recruitment and activation of endogenous kinases in proximity to 

SLAMM receptors. Because we show that SAP and EAT-2 have a selective expression 

inn different sub-populations of cells in the immune system, SAP and EAT-2 could be 

introducedd into the immune synapse via SLAM/CD 150 and CD229, CD84, CD244 

orr other SLAM-family members to ensure their presence at the T cell/APC interface. 

Itt is likely that following T cell receptor (TCR) or B cell receptor (BCR) triggering 

SLAMM receptors are rapidly tyrosine phosphorylated, thus recruiting EAT-2 and 

SAP.. Therefore, SAP and EAT-2 could work to prolong phosphorylation of 

importantt substrates during TCR / BCR triggering. Because our results indicate that 

over-expressionn of EAT-2 induces tyrosine phosphorylation of the SLAM-related 

receptorss in analogy to SAP. EAT-2 might activate src-related kinases in B-

lymphocytess and macrophages. The absence of a FynT-binding motif in the EAT-2 

SH2-domainn suggests that it might bind to other kinases rather than FynT. An 

alternativee splicing version of EAT-2 has been recently identified which carries in its 

SH2-domainn a P-x-x-P SH3-domains binding motif [9]. Thus SAP and EAT-2 are 
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blockerss as well as adapters. Not well defined down-stream signaling events, which 

includee SHP-1, Dok-1/2, She, and Ras-GAP recruitment [9], [10], would ultimately 

leadd to SAP (and EAT-2) dependent regulation of cell cytokine production through 

thee SLAM receptors in immune system cells. 

HumoralHumoral responses and immunological memory: why SAP is important 

Ass shown in Chapter  4 XLP patients suffer the consequences of chronic 

dysgammaglobulinemiaa and chronic infections. We have identified XLP patients 

whosee B-lymphocytes were also decreased. Because SAP is prevalently expressed in 

TT and NK cells, it was important to further define the role of SAP in regulation of 

humorall responses. The SAP-deficient mouse model was used to this aim (Chapter 

5).. Our data show that both B and T cell abnormalities concur to deficient humoral 

responsess by SAP"/- mice. First of all, dysgammaglobulemia and generalized Ig 

class-switchingg defects we found in SAP"/" mice are compatible with previous 

observationss in XLP patients. A marked reduction of CD4 Th-cell responses found in 

otherr mice deficient for molecules such as CD40-L, CD28 and CD80 or CD86 that 

disruptt B-cell help indicated the importance of co-stimulatory pathways in the 

generationn of efficient humoral responses. SAP-deficient mice have early profound 

defectss in generating specific immunoglobulin responses, and B or CD4 memory 

cellss are not efficiently generated. Transfer experiments indicated that the primary 

defectt might reside in both CD4 and B cells. SAP-deficient CD4 cells showed early 

Th22 defects with generation of Thl-polarized responses after TCR-specific 

activationn of SAP-deficient cells in the TCR Tg DO 11.10 mouse model. Because 

CD44 Th2 cells are better B-cell helpers than CD4 Thl cells and CD4 memory cells 

aree potent IL-4 producers [11], this defect would lead to insufficient antibody 

responses.. Inappropriate CD4 Th-cell polarization might also be responsible for dys-

regulatedd expression of homing-receptors such as the chemokine receptor 7, or 

CCR77 [12]. A profound defective B cell response was evident upon transfer of both 

nai'vee and primed B cells into recipient animals. Since SAP can be detected in some 

BB cells, a primary B cell dysfunction may also contribute to the 

dysgammaglobulinemiaa seen in XLP patients. The SAP protein is expressed in 
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certainn B-cell lines. Whereas EBV-carrying Burkitt's Lymphoma (BL) lines with the 

typee I program, which resemble GC B cells, are mostly SAP-positive, Lymphatic 

Chronicc Leukemia (LCL) lines are negative [13]. Recent results of gene expression 

profilingg using the Serial Analysis of Gene Expression (or SAGE) show that the SAP 

transcriptt is expressed by GC and memory B cells in the human [14]. Moreover, a 

contractionn of the CD19+ CD27+ B cell memory compartment has been observed in 

XLPP patients [15]. SAP expression by GC cells would account for the generalized 

reductionn of T-D antibody and memory responses as well as the GCs virtual absence 

wee observed in SAP"/" mice. A recent report by Johansson-Lindbom et al. [16] 

suggestss that GC B cells constitute a predominant physiological source of IL-4 in the 

human.. Thus GC B cells could be an important source of IL-4 that physiologically 

triggerr Th2 cell polarization and SAP expression in these cells could play a role 

similarr to that it plays in T cells. The possibility of SAP expression by GC and 

memoryy B cells is an appealing hypothesis currently under further investigation. 

WhyWhy XLP patients are particularly susceptible to the EBV infection? 

Thee identification of SAP as the gene responsible for XLP has led to critical new 

insightss into the pathogenesis of this disease. Over the past few years a number of 

excitingg discoveries have drastically improved our knowledge of the molecular and 

cellularr underpinnings of SAP-dependent signal transduction. All of all this allows 

uss a better understanding, although yet complete, of the particular EBV susceptibility 

demonstratedd by XLP patients. A number of appealing hypotheses can be withdrawn 

fromm these findings. 

Firstt of all, XLP patients exhibit a deregulated response characterized by an 

excessivee accumulation of CD8 cells, NK cells and macrophages, and by an inability 

too mount an appropriate antibody response against the EBV. Because of impaired 

Th22 differentiation in absence of SAP, Thl responses would be inappropriately 

prolonged,, explaining the exaggerated activation and accumulation of CD8 cells, NK 

cellss and macrophages in XLP patients as well as the inefficient antibody responses 

andd dys-gammaglobulinemia. 
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AA number of recent reports suggest that CD4-dependent help together with normal 

levelss of serum immunoglobulins are essential in generating effective CD 8 memory 

andd effector cytotoxic cells [17]. In absence of SAP, defective CD4 functions would 

nott only determine an impaired generation of efficient B-cell responses (and 

consequently,, dysgammaglobulinemia) but ultimately affect the generation of 

specificc CD8 cytotoxic cells too. Thus XLP patients would have an increased 

susceptibilityy toward infections because of defective CD4 help and improper T and B 

celll memory. These generic defects do not anyway explain why XLP patients are 

particularlyy susceptible to the EBV. The SLAM family member CD48 is highly 

expressedd after B-cell infection by the EBV [18]. CD224 (or 2B4) is the CD48-

ligandd that regulates, together with NKG2A, SAP-dependent signal transduction in T 

andd NK cells [19]. Defective cytotoxic functions have been demonstrated for CD8 

andd NK cells of XLP patients [20]. It is possible that a defective SAP-dependent 

signalingg through the CD48-2B4 network might determine a specific inability to 

mountt effective cytotoxic responses toward EBV-infected B-cell blasts. Moreover, 

EBVV exploits the normal pathways of B cell differentiation so that the EBV-infected 

BB cell blast can become a resting memory cell [21]. It is appealing to speculate that a 

defectivee expression of SAP at certain stages of B cell differentiation (i.e. GC B 

cells)) would lead to a failure of infected cells to differentiate into the memory 

compartment.. This would result in stable expression of growth-promoting genes and 

aa concomitant risk of tumors and lymphomas development like in the XLP. 

FUTUREFUTURE DIRECTIONS: where logo next? 

Althoughh XLP is a relatively rare disease, the definition of the molecular events 

underlyingg its pathogenesis will likely lead to knowledge of much broader and 

deeperr impact. At the present the gene responsible for XLP, SAP, has been identified 

thuss allowing for a molecular diagnosis. Our findings together with other recent 

molecularr and cellular studies show that SAP functions as a crucial mediator of 

signall transduction through SLAM receptors. The observations made so far support a 

modell in which fulminant infectious mononucleosis that develops after infection 

withh EBV is the result of an inability to mount an appropriate Th-cell response as 
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welll as the consequence of an extended proliferation of CD8 T cells. Our studies hint 

forr concurrent primitive B and T cell defects. Disruption of SAP in the mouse results 

inn expansion of Thl CD4 cells and aberrant Th2-cell polarization after infection with 

viruses,, recapitulating some of the immunological alterations found in XLP patients. 

Dysgammaglobulinemiaa is present in SAP-deficient mice previous to virus exposure 

butt seems to be precipitated by LCMV infection. Structural findings about SAP and 

EAT-22 have defined some of the molecular basis of signal transduction through 

SLAMM receptors. 

Despitee these important findings there are many open questions concerning the 

functionn of SAP, EAT-2 and SLAM receptors and their role in the pathogenesis of 

XLP.. Why XLP patients properly control most other viral infections but are 

susceptiblee to the EBV? What are the molecular and cellular underpinnings that 

renderr XLP patients prone to lymphomas? In addition to these unanswered issues a 

betterr definition of the signaling pathways in which SAP participates is necessary. 

SAPP involvement in regulation of T-cell proliferation, cytokine production, 

differentiationn and apoptosis await a better definition. Moreover our data indicate 

thatt SAP might be essential in regulating T and B cell homing, and this observation 

requiress follow up experiments. Understanding of molecular mechanisms responsible 

forr impaired Th2 differentiation in absence of SAP is also key. The functional 

characterizationn of a mouse over-expressing the SAP gene as well as experiments of 

genee profiling might be key in this task. Moreover, is SAP expressed in B-

lymphocytes?? If yes, at what stage of B cell differentiation? Also, is SAP playing an 

adapterr role in GC and memory B cells? 

Littlee is also known about the function of most of the SLAM receptors and related 

SAP-dependentt and independent down-stream signaling events. The characterization 

off knockout mice of SLAM receptors should help to clarify their role in antiviral 

responsess and other immune functions. Preliminary data from our laboratory show 

thatt SLAM family members, although redundant, might play a selective role in the 

regulationn of immunoglobulin production and B cell responses [22]. In T cells and B 
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cells,, engagement of the TCR and BCR by specific antigens is essential for the 

initiationn of cell activation. However, the TCR and BCR triggering is not sufficient 

too lead to the induction of effector functions such as cytokine secretion, cytotoxicity 

andd antibody production. These outcomes require the stimulation of additional 

receptors,, including co-receptors (i.e. CD4 or CD8Ö) and co-stimulatory molecules 

(i.e.CD28).. Several other types of receptors also participate in the modulation of 

cellularr responses. These receptors, or "modulatory" receptors, influence cell 

activationn by quantitatively or qualitatively modifying immunoreceptor-derived 

signals.. They include receptors for growth factors, cytokines and chemokines, 

adhesionn molecules and SLAM receptors. Signals that are provided by receptor-

ligandd pairs of the SLAM-family members might have important roles in the 

regulationn of immune cell functions. A precise dissection of the functions of the 

memberss of the SLAM family will be required to further understand their role in 

innatee and acquired immune defenses. Moreover, SLAM receptors might play an 

inhibitoryy role in immune responses as they contain ITIM-Iike SH2-docking motifs. 

Becausee SLAM and EAT-2 gene locus coincide with the so-called SLE1 locus in the 

mousee [23], SLAM genes (and EAT-2) might be involved in the predisposition 

towardd lupus and autoimmunity. 

EAT-22 seems to regulate SLAM receptors signaling in APC cells. Animal models 

wheree the EAT-2 gene is either deleted or over-expressed might unravel important 

knowledgee as well as EAT-2 interacting src-kinases await identification. Studies of 

thee complex regulation of SAP might also lead to gene replacement therapy to cure 

patientss with XLP. Information derived from the structural definition of SAP and 

EAT-22 SH2-domain interaction with ITIM-like motifs as well as their binding to src-

kinasess SH3-domain will be pivotal in the generation of selective pharmacological 

agents.. These drugs might provide key in modulating both innate and adaptive 

immunee system functions, extending the impact of the discoveries in this field far 

beyondd a rare immunodeficiency called XLP. In conclusion, because the SAP and 

SLAMM families of genes are likely to regulate immune responses at multiple levels, 
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thesee results will help to advance our understanding on how the immune system 

workss in normal and pathological situations. 
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SUMMAR Y Y 

Thee X-linked lymphoproliferative (XLP) disease is a human congenital 

immunodeficiencyy primarily characterized by an inappropriate response to the 

Epsteinn Barr virus (EBV) infection. XLP was defined as separate clinical entity for 

thee first time almost thirty years ago by David Purtilo. Three main phenotypes are 

seenn in XLP patients: fatal infectious mononucleosis (FIM), malignant B-cell 

lymphomass and dysgammaglobulinemia. An XLP patient can develop more than one 

phenotype,, particularly after exposure to EBV. Most patients with XLP die by the 

agee of 40 and more than 70% of patients die before the age of ten. In most cases 

affectedd young boys develop a fulminant infectious mononucleosis with features of a 

hemophagocyticc syndrome. This illness is usually fatal, due to a large polyclonal 

proliferationn of T and B cells, leading to marked liver necrosis and bone marrow 

failure.. Although EBV infection is usually the triggering event for the acute 

lymphoproliferativee illness, this is not necessarily the case for the 

dysgammaglobulinemiaa and the lymphomas. 

Thee immune defects responsible for XLP are poorly characterized in the human. 

Contraryy to the orchestrated immune response to EBV infection seen in normal 

individuals,, XLP patients exhibit a deregulated response, characterized by an 

excessivee accumulation of CDS T cells, NK cells and macrophages, and by an 

inabilityy to mount an appropriate antibody response against EBV. Over the past few 

yearss a number of break-through discoveries have progressively led to the 

identificationn of some of the molecular and cellular underpinnings responsible for the 

XLPP pathogenesis. These findings have not only made possible an XLP molecular 

diagnosis,, but also shed light on new families of lymphocyte co-receptors and 

intracellularr adapters. This Thesis describes a molecular and functional 

characterizationn of the XLP pathogenesis. In 1998 the XLP gene was cloned. The 

identificationn of the gene stemmed from two different approaches, namely a classical 

positionall cloning effort and the isolation of the XLP gene product, which associates 

withh a lymphocyte surface marker. In Cox Terhorst's Laboratory the XLP gene was 
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clonedd serendipitously, while focusing the studies on the characterization of 

biochemicall pathways induced by engagement of a surface glycoprotein termed 

SLAMM (Signaling Lymphocytes-Activation Molecule or CD 150), a lymphocyte co-

receptorr effective at inducing IFN-y production by T cells upon a-SLAM antibody 

binding.. A cDNA encoding a novel SLAM-associated protein (SAP) was isolated in 

aa yeast two-hybrid system by virtue of its specific binding to the cytoplasmic tail of 

SLAM.. SAP, also called SH2D1A, is a 128 amino acid protein consisting of an SH2 

domainn and a 24 amino acid C-terminal tail, prevalently expressed in T and NK 

cells. . 

Basedd on these findings, we went on to biochemically characterize the interaction 

betweenn SAP and its co-receptor SLAM (Chapter  2). In other work not included in 

thiss Thesis we showed that SAP interacts via its SH2-domain with a motif (T-I-Y-x-

x-V)) present in the cytoplasmic tail of SLAM-related cell surface receptors CD84, 

CD229/Ly-99 and CD244/2B4, which are selectively expressed on different 

lymphocytee sub-populations. Moreover in a structural study we have previously 

shownn that the interaction between SAP and Tyr281 of SLAM uses a unique three-

prongedd modality of binding that occurs independently of phosphorylation. A 

numberr of XLP patient missense mutations identified by our and other groups, and 

spanningg the entire SAP SH2 domain were then chosen to further dissect this 

interactionn (Chapter  2). Results defined two sets of single amino acid substitutions: 

i)) mutants with a marked decreased in protein half-life (e.g. Y7C, S28R, Q99P, 

PII OIL, V102G and X129R), or ii) mutants with structural changes that differently 

affectt the interaction with SLAM receptors. In the second group, mutations that 

disruptt the interaction between SAP SH2 domain hydrophobic cleft and Val +3 of its 

bindingg motif (e.g. T68I) and mutations that interfere with the SAP phosphotyrosine-

bindingg pocket (e.g. C42W) abrogate SAP binding to all SLAM receptors. A 

mutationn in SAP able to interfere with Thr -2 of the CD 150 binding motif (mutant 

T53I)) was found and severely impaired non-phosphotyrosine interactions whereas 

preservingg unaffected the binding of SAP to phosphorylated SLAM. Mutant T53I, 

however,, did not bind to CD229 and CD224, suggesting that SAP control several 
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criticall signal transduction pathways in T and NK cells. No correlation was seen 

betweenn the different types of mutation and XLP patients clinical presentation thus 

indicatingg that additional unidentified genetic or environmental factors must play a 

strongg role in XLP disease manifestations. 

Too deepen our structural and biochemical understanding of SAP we next focused on 

aa previously reported mouse cDNA, termed EAT-2, which encodes a 132 amino 

acidss single SH2 -domain protein homologous to SAP with unknown functions 

(Chapterr  3). The human homologue of mouse EAT-2 was cloned and its gene was 

locatedd on chromosome lq23 near the locus of SLAM and related genes. EAT-2 and 

SAPP exon/intron organization analysis suggested their origin by duplication from a 

commonn ancestor gene. Because EAT-2 is prevalently expressed in B-lymphocytes 

andd macrophages we propose it may represent the SAP equivalent in Antigen 

Presentingg Cells (APCs) for it binds to CD84, SLAM/CD 150, CD244, and CD229 

throughh its SH2 domain. We also show that the structure of a complex of EAT-2 

withh a phospho-Tyr peptide (pTyr281) derived from the SLAM cytoplasmic tail is 

veryy similar to that of SAP with the same peptide. This explains the high affinity of 

EAT-22 for the pTyr motif in the cytoplasmic tail of SLAM, but unlike SAP, EAT-2 

doess not bind to non-phosphorylated SLAM. Because EAT-2 over-expression 

increasess SLAM-receptors tyrosine phosphorylation and interferes with the 

recruitmentt of the tyrosine phosphatase SHP-2, EAT-2 may act as a blocker in 

analogyy to SAP. We speculate that SAP and EAT-2 are introduced into the immune 

synapsee via SLAM and CD229, CD84 or CD244 to ensure their presence at the T 

cell/APCC interface. It is likely that following T cell receptor (TCR) or B cell receptor 

(BCR)) triggering SLAM receptors are rapidly tyrosine phosphorylated, thus 

recruitingg EAT-2 and SAP. In this fashion, SAP and EAT-2 could function indirectly 

too prolong phosphorylation of important substrates during TCR triggering. Thus, 

EAT-22 and SAP are free "floating" SH2-domains that define a new class of proteins, 

whichh play a role either in T cells or in APCs. Because patients characterized by a 

chronicc infection by EBV and XLP-like patients with a negative family history tested 
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negativee for SAP mutations, EAT-2 may be involved in the pathogenesis of XLP-

relatedd diseases, lymphomas and dysgammaglobulinemia. 

Havingg established molecular basis through which SAP and EAT-2 adapters signal 

inn lymphocytes and examined structural defects related to XLP patients, we focused 

onn the functional definition of B-cellular events key for the XLP pathogenesis. As 

mentionedd earlier, XLP has three major clinical phenotypes. Not only XLP patients 

sufferr of chronic infections because of defective immunoglobulin production: the 

definitionn of XLP B cell abnormalities is central in the understanding of EB V-related 

lymphomagenesis.. Our hypothesis was that SAP, in addition to T and NK cell 

function,, is a key regulator of B cell functions and immunoglobulin production. The 

existencee of a strong link between SAP and immunoglobulin production was clearly 

demonstratedd when two unrelated families of patients previously diagnosed as 

affectedd by Common Variable Immuno Deficiency (CVID) were found to have 

mutationss in the SAP gene (Chapter  4). In one family with progressive 

immunoglobulinn deficiencies, three brothers presented with recurrent respiratory 

infections,, while female family members showed only elevated serum IgA levels. In 

thee second family, two brothers had B-lymphocytopenia and immunoglobulin 

deficiencies.. Besides allowing genetic counseling and selection of a more aggressive 

therapyy (such as bone marrow transplantation) for SAP-deficient CVID patients, 

thesee data clearly linked defects in the SAP gene to B cell abnormalities. 

Inn order to determine the cellular basis of the B cell defect, SAP-/- mice were used 

(Chapterr  5). Previous reports have indicated that SAP"/- mice T cells are impaired 

inn their ability to differentiate in Th2 cells. Moreover, SAP"/" mice infected with the 

lymphocyticc choriomeningitis virus (LCMV) or the Toxoplasma Gondii have greatly 

increasedd number of activated T cells producing IFN-y in the spleen and liver 

comparedd to wt mice. To further dissect T and B cell dependent defects, SAP-

deficientt mice humoral responses were studied and specific antibody responses 

analyzed.. In this chapter we show that primary and secondary IgM and IgGl, IgG2a, 

IgG2bb and IgG3 responses to KLH and Ovalbumin are severely impaired in SAP-
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deficientt mice whereas T-Independent responses are preserved. In keeping with a 

class-switchingg defect, Germinal Centers were absent in the spleen of the mutant 

mice.. Naive and TCR Tg SAP-deficient CD4 cells showed a severe impairment in 

IL-44 production whereas SAP"/" B cells have reduced CD23 expression. 

Dysgammaglobulinemiaa with low concentration of total IgGl and IgE, and increased 

IgG2aa is also present in the serum of unimmunized SAP"/" mice. Transfer of primed 

SAP-deficientt T and B cells into irradiated wt mice demonstrated that combined 

CD44 defects and inefficient generation of memory B cells contributes to the aberrant 

antibodyy responses. Primary CD4 and B cell defects were also evident after transfer 

off non-primed SAP-deficient cells into RAG2"/" recipients. Thus, the inefficient 

primaryy antibody production is compatible with an early defect in T-Dependent B 

celll help. Dysgammaglobulinemia and generalized Ig class-switching defects of 

SAP"/"" mice are also in line with observations in XLP patients. Our findings support 

thee notion that complex B and Th2 cell defects are responsible for the severe 

alterationn of humoral responses observed in the XLP disease. EBV exploits the 

normall pathways of B cell differentiation so that the EBV-infected B blast can 

becomee a resting memory cell. It is appealing to speculate that a failure in generating 

BB cell memory in absence of SAP would lead to a failure of infected cells to 

differentiatee into the memory compartment, resulting in stable expression of growth-

promotingg genes and a concomitant risk of tumors development like in the XLP. 

Thee results presented in this Thesis have contributed to further defining structural 

andd functional mechanisms involved in the pathogenesis of XLP. We hope that our 

resultss will contribute to development of specific therapies for patients affected by 

XLPP and related diseases such as lymphomas and the CVID. Moreover, because the 

SAPP and SLAM families of genes are likely to regulate immune responses at 

multiplee levels, these results will help to advance our understanding on how the 

immunee system works in normal and pathological situations. 
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SAMENVATTING G 

Dee X-gebonden lymfoproliferatieve (XLP) ziekte is een humane congenitale 

immuundeficiëntiee met als voornaamste symptoom een abnormale afweer tegen het 

Epsteinn Barr virus (EBV). Bijna 30 jaar geleden werd XLP voor het eerst beschreven 

alss een afzonderlijke aandoening door David Purtilo. XLP kent drie dominante 

fenotypen:: fatale mononucleosis infectiosa (FMI), kwaadaardige B cel lymfomen en 

dysgammaglobulinemie.. Een XLP patiënt kan echter meerdere fenotypen tegelijk 

ontwikkelen,, met name na blootstelling aan EBV. Meer dan 70% van XLP patiënten 

sterftt voor het 10e levensjaar en maar weinigen worden ouder dan 40. In de meeste 

gevallenn ontwikkelen de aangedane jongetjes een FMI met kenmerken van een 

hemofagocytischh syndroom. Deze combinatie is doorgaans fataal vanwege een 

overweldigendee polyclonale proliferatie van T en B cellen wat leidt tot leverfalen en 

beenmergg onderdrukking. Terwijl dit lymfoproliferatieve fenotype doorgaans wordt 

veroorzaaktt door EBV infectie kunnen de andere twee fenotypen, namelijk 

dysgammaglobulinemiee en lymfomen, ook zonder EBV infectie ontstaan. 

Inn de mens zijn de problemen van het immuunsysteem bij XLP nauwelijks bekend. 

Gezondee mensen reageren met een goed gecoördineerde immuunrespons wanneer zij 

voorr het eerst met EBV besmet raken. XLP patiënten daarentegen reageren met een 

ongeorganiseerdee respons die wordt gekarakteriseerd door een overmatige 

accumulatiee van CD8 T cellen, NK cellen en macrofagen. Daarbij zijn XLP 

patiëntenn niet in staat een functionele antilichaam respons tegen EBV te genereren. 

Inn de afgelopen jaren zijn enkele baanbrekende ontdekkingen gedaan die hebben 

geleidd tot de identificatie van enkele moleculaire en cellulaire principes die bijdragen 

aann de XLP pathogenese. Deze hebben het niet alleen mogelijk gemaakt dat XLP 

moleculairr kan worden gediagnostiseerd maar ook geleid tot inzichten in een nieuwe 

familiee van co-receptoren op lymfocyten en hun intracellulaire adapter moleculen. In 

ditt proefschrift worden enkele interessante bevindingen gerapporteerd die de 

afgelopenn jaren hebben bijgedragen tot het moleculair en functioneel verder 
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ontrafelenn van XLP. In 1998 werd het gen gecloned dat gemuteerd was in XLP 

patiënten.. Dit gebeurde op twee verschillende manieren. De eerste was klassiek 

positioneell clonen terwijl de tweede methode het resultaat was van de associatie van 

hett XLP gen product met een oppervlakte receptor. In het laboratorium van Cox 

Terhorstt werd het XLP gen bij toeval gevonden tijdens studies naar de biochemische 

padenn die in gang worden gezet door de oppervlakte receptor SLAM (Signaling 

Lymphocyte-Activationn Molecule, CD 150). Deze co-receptor op het celoppervlak 

vann lymfocyten kan IFN-y productie induceren wanneer de lymfocyten met anti-

SLAMM worden gestimuleerd. Door gebruik te maken van de "yeast two hybrid" 

techniekk werd een cDNA ontdekt dat codeerde voor een nieuw eiwit, SLAM-

associatedd protein (SAP), welk aan de cytoplasmatische staart van SLAM bond. 

SAP,, ook wel SH2D1A genoemd, is een 128 aminozuur groot eiwit dat een SH2 

domeinn en een 24 aminozuur staart heeft. Het bevindt zich voornamelijk in T en NK 

cellen. . 

Mett deze ontdekkingen in ons achterhoofd gingen we de interactie tussen SAP en de 

co-receptorr SLAM verder biochemisch karakteriseren (Hoofdstuk 2). In eerder werk 

datt niet is opgenomen in dit proefschrift hadden we reeds aangetoond dat SAP via 

zijnn SH2-domein een interactie aangaat met het motief T-I-Y-x-x-V. Dit motief is 

ookk aanwezig in de oppervlakte receptoren van dezelfde familie als SLAM, namelijk 

CD84,, CD229/Ly-9 en CD244/2B4, die selectief op verschillende lymfocytaire 

subpopulatiess tot expressie komen. Daarnaast hadden we met structuurstudies reeds 

aangetoondd dat de interactie tussen SAP en Tyr281 van SLAM gebruik maakt van 

eenn unieke drie-directionele bindingsvorm die niet afhankelijk was van tyrosine 

fosforylatie.. Om deze interactie verder te bestuderen, hebben we gebruik gemaakt 

vann een aantal XLP missense mutaties, die verspreid waren over het hele SAP SH2 

domeinn en door ons en anderen waren gevonden (Hoofdstuk 2). De resultaten lieten 

tweee groepen met een enkele aminozuur verandering zien: i) mutanten met een sterk 

veranderdee halfwaardetijd van het eiwit (bijv. Y7C, S28R, Q99P, P101L, V102G en 

X129R)) en ii) mutanten met structuurveranderingen die op verschillende manieren 

dee interactie met SLAM beïnvloedden. In deze laatste groep bleek dat mutaties die 
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dee interactie tussen de hydrofobe groeve van SAP's SH2 domein en Val+3 van het 

bindingsmotieff verstoorden (bijv. T68I), alsmede mutaties die de fosfotyrosine 

bindingsgroevee veranderden (bijv. C42W), de binding met alle SLAM receptoren 

onmogelijkk maakten. Er werd een SAP mutatie gevonden (T53I) die in staat was om 

mett Thr-2 van het SLAM bindingsmotief te interfereren. Deze mutatie bleek alleen 

dee non-fosfotyrosine interactie en niet de fosfotyrosine binding te verhinderen. 

Echter,, mutant T53I kon niet aan CD229 of CD224 binden wat duidde op een 

brederee rol voor SAP in signaal transductie in T en NK cellen. Er werd overigens 

geenn correlatie gevonden tussen de verschillende SAP mutaties en het klinische 

fenotypee van XLP patiënten. Dit duidde op andere, vooralsnog onbekende, 

genetischee en omgevingsfactoren die een rol spelen in de manier waarop XLP zich 

klinischh manifesteert. 

Inn een poging de structurele en biochemische functies van SAP verder te ontrafelen 

gingenn we verder met de studie van een reeds bekend muizen cDNA, EAT-2 

genaamd.. Dit 132 aminozuur eiwit van onbekende functie heeft een enkel SH2 

domeinn homoloog aan SAP (Hoofdstuk 3). Het humane EAT-2 werd gecloned en 

hett coderende gen werd gelocaliseerd op chromosoom lq23, dicht in de buurt van de 

locuss voor SLAM en daarbij horende familieleden. Vergelijking van de EAT-2 met 

SAPP exon/intron verdeling lijkt erop te duiden dat beide genen zijn ontstaan uit één 

voorloperr gen. EAT-2 komt voornamelijk tot expressie in B lymfocyten en 

macrofagen.. Omdat ook EAT-2 aan CD84, SLAM, CD244 en CD229 bindt via zijn 

SH22 domein stellen wij daarom voor dat EAT-2 een equivalent is voor SAP in 

antigeenn presenterende cellen (APC). Verder laten wij zien dat de structuur van het 

complexx EAT-2 met een fosfo-Tyr peptide (pTyr281), afkomstig van de SLAM 

cytoplasmatischee staart, erg lijkt op de structuur van SAP met dit zelfde peptide. Dit 

verklaartt de hoge affiniteit van EAT-2 voor het pTyr motief in de staart van SLAM 

maarr verklaart niet waarom SAP wel bindt aan ongefosforyleerd SLAM en EAT-2 

niet.. Overexpressie of EAT-2 verhoogt de tyrosine fosforylatie van SLAM en 

verhindertt de recrutering van de tyrosine fosfatase SHP-2. Dit suggereert dat EAT-2, 

nett als SAP, ook een blokkerende functie vervult. Wij speculeren dat SAP en EAT-2 
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naarr de immuun-synaps worden gerecruteerd door SLAM, CD229, CD84 of CD244 

mett als doel hun aanwezigheid bij de T cell/APC interactie. Het lijkt erop dat de 

tyrosinenn op SLAM receptoren snel worden gefosforyleerd na T cel receptor (TCR) 

off B cel receptor (BCR) activatie, wat leidt tot recrutering van SAP en EAT-2. Op 

dezee manier zouden SAP en EAT-2 indirect kunnen bijdragen aan de verlenging van 

dee gefosforyleerde staat van belangrijke structuren tijdens TCR activatie. Het lijkt er 

dann ook op dat EAT-2 en SAP 'vrij rondzwervende' SH2 domeinen zijn die een rol 

spelenn in T cellen en APC en een nieuwe klasse van eiwitten vertegenwoordigen. 

Omdatt er in bepaalde patiënten die leden aan een chronische EBV infectie en XLP 

patiëntenn met een negatieve familiegeschiedenis geen mutaties in SAP werden 

gevonden,, bestaat er de mogelijkheid dat EAT-2 betrokken is in de pathogenese van 

dee XLP-gerelateerde ziekten lymfoom en dysgammaglobulinemie. 

Naa de moleculaire basis te hebben gedefinieerd waarmee SAP en EAT-2 

intracellulairee signalen beïnvloeden en de structurele defecten in XLP patiënten te 

hebbenn onderzocht wijdden we ons vervolgens aan de bestudering van B cel functies 

inn de pathogenese van XLP. Zoals boven reeds beschreven, bestaat XLP uit een 

spectrumm van drie klinische fenotypen. Patiënten lijden niet alleen aan chronische 

infectiess vanwege de gebrekkige immuunglobuline productie, maar de abnormale B 

cell functies in XLP zijn ook zeer belangrijk voor het begrijpen van de EBV-

afhankelijkee inductie van lymfomen. Onze hypothese was dat SAP, naast zijn rol in 

TT en NK cellen, ook een essentiële rol speelt in de regulatie van B cel functies, c.q. 

immuunglobulinee productie. Deze link tussen SAP en immuunglobuline productie 

werdd duidelijk toen twee families, die eerder met een Common Variable 

ImmunoDeficiencyy (CVID) waren gediagnostiseerd, een mutatie in SAP bleken te 

hebbenn (Hoofdstuk 4). In één familie met progressieve immuunglobuline 

deficiëntiess presenteerden drie broers zich met herhaalde luchtweginfecties terwijl 

bijj vrouwelijke familieleden louter verhoogde IgA serum waarden werden gevonden. 

Inn de andere familie hadden twee broers B lymfocytopenie en immuunglobuline 

deficiëntie.. Naast de mogelijkheid voor genetisch advies en de overweging van 

agressieveree therapievoorstellen (bijv. beenmergtransplantatie) voor CVID patiënten 
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mett SAP mutaties, geven deze data duidelijk aan dat er een verband bestaat tussen 

genetischee defecten in SAP en abnormale B cel functie. 

Alss laatste werd de cellulaire basis van deze abnormale B cel functie bestudeerd in 

SAPP deficiënte (SAP-/-) muizen (Hoofdstuk 5). Eerdere publicaties hadden reeds 

latenn zien dat T cellen van SAP-/- muizen verminderd in staat waren om naar T 

helperr 2 (Th2) cellen te differentiëren. Verder hebben deze SAP-/- muizen in 

vergelijkingg met wild type (wt) muizen een sterk toegenomen aantal IFN-y 

producerendee T cellen in hun milt en lever wanneer ze worden geïnfecteerd met 

lymphocyticc choriomeningitis virus (LCMV) of met parasiet Toxoplasma gondii. 

Omm een verder onderscheid te kunnen maken tussen T en B cel afhankelijke defecten 

werdd de humorale respons van SAP*/* muizen bestudeerd en werden specifieke 

antilichaamm responsen gemeten. In dit hoofdstuk laten wij zien dat de primaire en 

secundairee IgM respons en de IgGl, IgG2a, IgG2b en IgG3 respons tegen KLH en 

Ovalbuminee sterk verminderd zijn in SAP-/- muizen in vergelijking tot wt muizen, 

terwijll de T cel onafhankelijke respons intact blijft. In overeenstemming met dit 

"class-switching"" defect waren de "germinal centers" afwezig in de milt van SAP-/-

muizen.. Zowel naieve als TCR transgene SAP-/- CD4 cellen produceerden 

aanzienlijkk minder IL-4, terwijl SAP-/- B cellen minder CD23 tot expressie brachten. 

Dysgammaglobulinemiee met lage totaal IgGl en IgE concentraties en verhoogde 

IgG2aa concentraties werd aangetoond in ongeïmmuniseerde SAP /- muizen. De 

transplantatiee van voorgeactiveerde "primed" SAP-/- T en B cellen naar bestraalde wt 

muizenn liet zien dat een combinatie van CD4 cel defecten en inefficiënte inductie 

vann geheugen B cellen beide bijdroegen aan de abnormale antilichaam respons. 

Primairee CD4 en B cel defecten werden ook gevonden na de transplantatie van 

ongeactiveerdee "non-primed" SAP"/- cellen naar RAG2-/- muizen. Hieruit 

concluderenn we dat de inefficiënte primaire antilichaam productie in SAP'/- muizen 

hett gevolg is van vroege defecten in de T-cel afhankelijke B helper cel. 

Dysgammaglobulinemiee en gegeneraliseerde Ig "class-switching" defecten komen 

overeenn tussen SAP-/- muizen en XLP patiënten. Onze bevindingen suggereren dat 
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gecompliceerdee B en Th2 cel onvolkomenheden verantwoordelijk zijn voor de 

substantiëlee veranderingen in humorale immuniteit die worden gevonden bij de 

ziektee XLP. EBV maakt gebruik van normale B cel differentiatie mechanismen zodat 

dee EB V-geïnfecteerde B cel blast een rustende geheugencel kan worden. Het wordt 

hiermeee aantrekkelijk om te speculeren dat het onvermogen om geheugen B cellen te 

genererenn in de afwezigheid van SAP leidt tot een blokkade in de differentiatie tot 

geheugencellen.. Dit zou dan kunnen resulteren in de stabiele expressie van groei-

bevorderendee genen en daaruit voortvloeiend risico op tumorgenese zoals wordt 

gevondenn in XLP. 

Dee bevindingen zoals beschreven in dit proefschrift hebben bijgedragen in het verder 

ontrafelenn van de structurele en functionele mechanismen die zijn betrokken bij de 

pathogenesee van XLP. We hopen dat onze resultaten zullen bijdragen in het 

ontwikkelenn van specifieke therapieën voor patiënten met XLP en daaraan verwante 

ziektebeeldenn zoals lymfomen en CVID. Omdat de SAP- en SLAM families 

waarschijnlijkk ook op veel andere niveaus bijdragen aan de regulering van het 

immuunsysteemm hopen we dat dit werk verder inzicht zal geven hoe het 

immuunsysteemm werkt in normale en pathologische situaties. 
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ABBREVIATION S S 

2B4 4 
Ab b 
AIDS S 
AMP P 
AP P 
APC C 
ASC C 
BAC C 
BCIP P 
BCR R 
BL L 
BLAME E 
BMT T 
BSA A 
BTK K 
CD D 
CRACC C 
CTL L 
CTLA-4 4 
CVID D 
EAT-2 2 
EBNA A 
EBV V 
ELISA A 
ERK K 
FcR R 
FIM M 
FITC C 
G6PDH H 
GC C 
GFP P 
HEL L 
HRP P 
IFN-y y 
Ig g 
IL L 

CD244 4 
Antibody y 
Acquiredd Immune Deficiency Syndrome 
2-Amino-2-Methyl-11 -Propanol 
Alkalinee Phosphatase 
Antigenn Presenting Cell 
Antibodyy Secreting Cell 
Bacteriall Artificial Chromosome 
5-Bromo-4-Chloro-3-Indolyl-Phosphate e 
BB Cell Receptor 
Burkitt'ss Lymphoma 
B-lymphocytee activator macrophage expressed 
Bonee Marrow Transplantation 
Bovinee Serum Albumin 
Brutonn Tyrosine Kinase 
Clusterr Differentiation 
CD2-likee receptor activating cytotoxic cells 
Cytotoxicc T Lymphocyte 
Cytotoxicc T Lymphocyte Antigen 4 
Commonn Variable Immune Deficiency 
Ewing'ss Associated Transcript 2 
Epstein-Barrr Nuclear Antigen 
Epstein-Barrr Virus 
Enzyme-Linkedd Immunosorbent Assay 
Extracellularr Signal-regulated Kinase 
Fragmentt Constant Region 
Fatall Infectious Mononuclesosis 
Fluorescencee Isothiocyanate 
Glucose-6-Phosphatee Dehydrogenase 
Germinall Center 
Greenn Fluorescence Protein 
Henn Egg Lysosome 
Horsee Radish Peroxidase 
Interferon-y y 
Immunoglobulin n 
Interleukin n 
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ITAM M 
ITIM M 
IVIG G 
Ly-9 9 
kD D 
KLH H 
OD D 
OVA A 
LCL L 
LCMV V 
LPS S 
mAbs s 
MHC C 
Mw w 
NK K 
PBS S 
PCR R 
PE E 
PI3K K 
PLC-y y 
p-Y Y 
PNA A 
PTP P 
RAG G 
RPMI I 
SAP P 
SH2 2 
SH2D1A A 
SHIP P 
SHP-2 2 
SLAM M 
TCR R 
T-D D 
T-ID D 
Tg g 
Th h 
TNP P 
XLA A 
XLP P 
wt wt 

Immunoreceptorr Tyrosine-based Activation Motif 
Immunoreceptorr Tyrosine-based Inhibitory Motif 
Intraa Venous Immunoglobulin 
CD229 9 
kiloo Dalton 
Keyholee Lympet Hemocyanin 
Opticall Density 
Ovalbumin n 
Lymphaticc Chronic Leukemia 
Lymphocyticc Chorio Meningitis Virus 
Lipopolysaccharide e 
Monoclonall Antibody 
Majorr Histocompatibility Complex 
Molecularr Weight 
Naturall Killer 
Phosphatee Buffered Saline 
Polymerasee Chain Reaction 
Phycoerythrin n 
Phosphatidylinositoll 3-Kinase 
phospholipasee C-y 
phospho-Tyrosine e 
Peanutt Agglutinin 
Proteinn Tyrosine Phosphatase 
Recombinationn Activating Gene 
Roswelll Park Memorial Institute media 
SLAM-Associatedd Protein 
Src-Homologyy 2 
Src-Homologyy 2 Domain protein 1A 
SH2-containingg inositol polyphosphate 5'-phosphatase 
Proteinn Tyrosine Phosphatase-2 
Signalingg Lymphocytes-Activation Molecule or CD 150 
T-Celll Receptor 
T-Dependent t 
T-Independent t 
Transgenic c 
TT Helper 
Trinitrophenol l 
X-Linkedd Agammaglobulinemia 
X-linkedd Lympho Proliferative 
wildd type 
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