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CHAPTERR 6 

CONCLUSIONS S 

SAP,, EAT-2 and the SLAM family of genes: 
presentt and future of the field. 
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Chapterr 6 

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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XL PP 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 

wil ll  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? 

Littl ee 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 

187 7 



Chapterr 6 

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-Iik e 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-lik e 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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