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X-linked	lymphoproliferative	disease	(XLP)	is	a	rare	congenital	immunodeficiency	that	leads	to	an	extreme,	
usually	fatal	increase	in	the	number	of	lymphocytes	upon	infection	with	EBV.	It	is	most	commonly	defined	
molecularly	by	loss	of	expression	of	SLAM-associated	protein	(SAP).	Despite	this,	there	is	little	understand-
ing	of	how	SAP	deficiency	causes	lymphocytosis	following	EBV	infection.	Here	we	show	that	T	cells	from	
individuals	with	XLP	are	specifically	resistant	to	apoptosis	mediated	by	TCR	restimulation,	a	process	that	
normally	constrains	T	cell	expansion	during	immune	responses.	Expression	of	SAP	and	the	SLAM	family	
receptor	NK,	T,	and	B	cell	antigen	(NTB-A)	were	required	for	TCR-induced	upregulation	of	key	pro-apoptotic	
molecules	and	subsequent	apoptosis.	Further,	SAP/NTB-A	signaling	augmented	the	strength	of	the	proximal	
TCR	signal	to	achieve	the	threshold	required	for	restimulation-induced	cell	death	(RICD).	Strikingly,	TCR	
ligation	in	activated	T	cells	triggered	increased	recruitment	of	SAP	to	NTB-A,	dissociation	of	the	phosphatase	
SHP-1,	and	colocalization	of	NTB-A	with	CD3	aggregates.	In	contrast,	NTB-A	and	SHP-1	contributed	to	
RICD	resistance	in	XLP	T	cells.	Our	results	reveal	what	we	believe	to	be	novel	roles	for	NTB-A	and	SAP	in	
regulating	T	cell	homeostasis	through	apoptosis	and	provide	mechanistic	insight	into	the	pathogenesis	of	
lymphoproliferative	disease	in	XLP.

Introduction
Effective adaptive immunity relies upon the activation and robust 
clonal expansion of responding T lymphocytes that orchestrate 
the elimination of infectious pathogens. However, it is critical to 
constrain the pool of effector T cells that may, if left unchecked, 
inflict damage on host tissues. Programmed cell death via apopto-
sis plays an integral role in expunging effector T cells at 2 distinct 
phases of the immune response (1). As foreign antigens are success-
fully eliminated and T cell growth cytokines such as IL-2 dissipate, 
an intrinsic pathway of apoptosis triggered by cytokine withdrawal 
causes a major contraction phase of the T cell response, culling all 
but the small fraction of T cells that later constitute immunologi-
cal memory. At the peak of the immune response, when antigen 
and IL-2 are still abundant, restimulation through the TCR also 
deletes effector T cells. This autoregulatory program of restimu-
lation-induced cell death (RICD) constitutes a built-in negative 
feedback mechanism to preclude overt lymphoproliferation and 
immunopathology and maintain homeostasis (1). We and others 
have shown that RICD is executed through the action of multiple 
biochemical pathways, including both death receptor signals (e.g., 
FAS-FASL) as well as pro-apoptotic Bcl-2 family proteins targeting 
the mitochondria (e.g., BIM) (2, 3). Genetic defects that impair the 

function of these main molecular mediators can result in uncon-
trolled lymphoproliferation, autoimmunity, and lymphomagen-
esis in both mice and humans (4, 5).

X-linked lymphoproliferative disease (XLP) is a rare congeni-
tal immunodeficiency originally described by David Purtilo and 
colleagues in 1975 (6). Its prevalence, estimated at 2–3 per 106 
males, may be underreported due to failure to recognize the dis-
order prior to EBV infection (7, 8). XLP is usually diagnosed in 
childhood or adolescence upon presentation of EBV-associated 
fulminant infectious mononucleosis (FIM)/hemophagocytic 
lymphohistiocytosis (HLH) (in ~60% of cases), lymphoprolif-
erative disease (LPD) including lymphoma, and/or hypo-/dys-
gammaglobulinemia (9). The massive expansion of reactive T 
cells as well as EBV+ B cells that accompanies EBV-associated 
FIM is fatal in over 90% of patients that progress to that stage, 
underscoring the severity of the disease (10). XLP commonly 
results from deficiency of SLAM-associated protein (SAP), also 
designated XLP1, caused by mutations in the SH2D1A gene on 
chromosome Xq24-25 (11–13). SAP is an Src homology 2 (SH2) 
domain adapter protein involved in the intracellular signaling 
of the signaling lymphocyte activation molecule (SLAM) family 
of immunomodulatory receptors. Loss of SAP causes intrinsic 
defects in lymphocyte function including cytokine production, 
cytotoxicity, T cell–dependent humoral immune responses, and 
NKT cell development (14, 15). However, none of these defects 
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adequately explain the rapid, lethal phenotype associated with 
FIM in affected XLP children. Many of these defects are recapitu-
lated in SAP-deficient mice (16–19). Analogous to XLP, severe T 
cell expansion with associated mortality occurs in SAP-knockout 
mice challenged with murine γ herpesvirus-68 or chronic lym-
phocytic choriomeningitis virus (17, 19, 20). This connection 
between SAP deficiency and massive T cell lymphocytosis, and 
how it might relate to the particular susceptibility to lethal EBV-
associated FIM, is not well understood.

Given that LPD is a characteristic feature of congenital disorders 
of lymphocyte apoptosis, we conjectured that altered lymphocyte 
homeostasis may also contribute to XLP-related LPD. Chen et al. 
recently observed a survival advantage for SAP-knockout murine 
CD8+ T cells 48 hours after primary stimulation, which they char-
acterized as a defect in activation-induced cell death (AICD) (21). 
As Strasser and colleagues recently pointed out, the term “AICD” 
is broadly used to refer to any form of lymphocyte death after 
antigen stimulation and does not distinguish between the pos-
sible mechanisms of lymphocyte apoptosis described above (22). 
We therefore wanted to explicitly test the mechanism of apopto-
sis induced by TCR restimulation of pre-activated T cells, herein 
referred to as “RICD” (22, 23). In contrast to the p73-mediated 
death of freshly activated T cells highlighted by Chen and col-
leagues, susceptibility to RICD for pre-activated effector T cells 
requires prolonged exposure to IL-2, upregulation of the Fas 
death receptor, and most importantly, a strong second stimula-
tion through the TCR upon re-encountering antigen (1, 24). The 
role of SAP and SLAM receptor signaling in this immunoregula-
tory process has not been explored previously.

We carried out a molecular investigation of several EBV-naive 
XLP patients who presented with various LPD phenotypes includ-
ing B cell lymphoma, interstitial lung disease, and macrophage 
activation syndrome. Strikingly, we found that activated T cells 
from these patients were specifically and substantially less sensi-
tive to RICD. This phenotype was recapitulated by silencing the 
expression of either SAP or the single SLAM family receptor NK, 
T, and B cell antigen (NTB-A) in normal donor T cells, indicating 
that both molecules are necessary for optimal TCR-induced apop-
tosis. TCR restimulation triggered greater recruitment of SAP to 
NTB-A, concomitant with dissociation of the protein phosphatase 
SHP-1 and colocalization of NTB-A with CD3 aggregates. This 
biochemical process was perturbed in XLP T cells, in which NTB-A  
and SHP-1 acted to decrease RICD sensitivity in the absence of 
SAP. Furthermore, we show that SAP and NTB-A function to aug-
ment TCR-induced signal strength for robust induction of down-
stream target genes, including the pro-apoptotic mediators FASL 
and BIM. Our results suggest that XLP patients are inherently sus-
ceptible to the development of antigen-induced LPD as a result of 
compromised RICD, shedding new light on the predisposition of 
XLP patients to EBV-associated FIM.

Results
T cells from patients with XLP are resistant to RICD. We initially 
encountered 4 EBV-seronegative patients whose atypical clini-
cal manifestations suggested a diagnosis of XLP. These patients 
presented with gastrointestinal tract B cell lymphoma (patient 1 
[Pt1], Pt2, Pt4), dysgammaglobulinemia (Pt3, Pt4), and LPD asso-
ciated with HLH-like macrophage activation syndrome (Pt2) or 
T cell–driven interstitial pneumonitis (Pt3) (see supplemental 
material for detailed case presentations; available online with this 

article; doi:10.1172/JCI39518DS1). Pt3 and Pt4 were brothers. Pt1 
received a bone marrow transplant before this research began and 
therefore was not included in subsequent analyses.

SH2D1A genomic DNA sequencing detected a gross deletion 
spanning exons 2–4 in Pt1, exons 1–4 in Pt2, and an insertional 
mutation in Pt3 and Pt4 (195_196insT), resulting in a frame shift 
and predicted premature stop codon (A66fsX67). Both mutations 
resulted in a SAP-null phenotype, based on complete absence of 
SAP protein in immunoblots of patient T cell lysates (Figure 1A). 
Sequence analysis of carrier 1 (Cr1, the mother of Pt3 and Pt4) 
confirmed her obligate carrier state, although total SAP protein 
expression was comparable to control lysates. Intracellular flow 
cytometry also failed to detect SAP expression in these patients 
(Supplemental Figure 1). Clinical immunodiagnostic phenotyping 
of these patients revealed various hallmarks of XLP disease relat-
ed to SAP deficiency, including low numbers of CD27+ memory 
B cells, poor Ab responses to vaccination, impaired CTL/NK cell 
cytolytic activity, and absence of NKT cells. On the other hand, 
we also detected elevated serum sIL-2Rα in Pt3 and increased per-
centages of perforin/granzyme B–expressing CD8+ T cells in all 3 
patients, suggesting an underlying predisposition to immune over-
activation. Routine T cell proliferation assays showed normal or 
enhanced responses to mitogens or recall antigens. These data are 
summarized in Supplemental Table 1.

Given the evidence of immune hyperactivation and LPD noted in 
these patients, we hypothesized that an inherent defect in apoptosis 
of activated T cells might contribute to disease pathogenesis in XLP. 
To screen for such defects, activated T cells derived from the patients 
were tested for sensitivity to apoptosis triggered by various extrinsic 
and intrinsic apoptosis stimuli. Compared with normal controls 
and Cr1, T cells from all 3 patients exhibited significant resistance to 
apoptosis induced by TCR restimulation (Figure 1B). Resistance to 
RICD was noted whether restimulation was induced by OKT3 mAb 
or through T cell mitogens concanavalin A or phytohemagglutinin 
(Supplemental Figure 2A). However, XLP patient T cells remained 
fully sensitive to direct Fas-mediated death as well as intrinsic, 
mitochondria-dependent apoptosis pathways induced by protein 
kinase inhibition (staurosporine), DNA damage (UV irradiation), or 
cytokine deprivation (IL-2 withdrawal) (Figure 1B). TCR restimula-
tion failed to trigger significant phosphatidylserine exposure (Fig-
ure 1C and Supplemental Figure 2B), mitochondrial depolarization, 
or caspase-3 activation (Figure 1D and Supplemental Figure 2, C 
and D) in XLP T cells, suggesting that RICD signals were blocked 
from the outset. These findings were confirmed in activated T cells 
from an EBV-seropositive patient (Pt5) as well as 3 additional EBV-
naive patients (Pt6–Pt8; see Supplemental Figure 3). Furthermore, 
we found that both CD4+ and CD8+ T cells from XLP patients were 
resistant to RICD, regardless of whether these subsets were initially 
activated before or after sorting from bulk PBLs (Figure 1E).

Competence for RICD and Fas-induced apoptosis in effector T 
cells is contingent on robust activation following primary TCR 
engagement. We therefore tested whether resistance to RICD sim-
ply reflected poor initial T cell activation. However, all patients 
and Cr1 exhibited robust T cell blast formation and CD25 expres-
sion in response to anti-CD3/CD28 stimulation of unfractionated 
PBLs, similar to normal controls (Supplemental Figure 4A). CD69 
upregulation and proliferation of CFSE-labeled T cells from Pt2 
and Pt4 was also comparable to controls regardless of the stimulus 
used (Supplemental Figure 4B). Only purified XLP CD4+ T cells 
showed some diminished CD25 upregulation compared with 
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Figure 1
XLP patient T cells deficient for SAP expression are resistant to RICD. (A) Lysates prepared from activated PBLs were separated by SDS-PAGE  
and immunoblotted with SAP Ab. β-Actin served as a loading control. (B) Activated T cells were tested for sensitivity to apoptotic stimuli, 
including TCR restimulation using anti-CD3 (OKT3) mAb, agonistic anti-Fas APO1.3 mAb, and staurosporine (STS) and UV irradiation, or IL-2 
withdrawal. Patient cells (gray) were studied in parallel with normal controls (black; C1–C3) isolated and activated on the same day. Cell loss 
was measured 24 hours after treatment with propidium iodide (PI) staining and flow cytometry. (C) Activated T cells cultured as described in B 
were restimulated with 200 ng/ml OKT3 mAb for 8 and 24 hours or left untreated (0 hr), then stained with Annexin V–FITC and PI. The numbers 
in each quadrant indicate the percentage of cells in that quadrant. NC, normal control. (D) Activated T cells were restimulated as above for 24 
hours or left untreated, then stained with DiOC6 to measure mitochondrial membrane potential (top) or with an Ab for detection of intracellular 
activated caspase-3 (bottom). The numbers indicate the percentage of cells with permeabilized mitochondria (DiOC6lo) or active caspase-3 after 
restimulation. (E) CD4+ and CD8+ T cells were purified from activated PBLs (left) or naive PBMCs (right) and then activated. RICD sensitivity 
was assessed as described in B.
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the control, although anti-CD3/CD28 stimulation was generally 
suboptimal for purified naive T cell subsets (Supplemental Figure 
4C). Moreover, there were no observed differences in the continued 
expansion and viability of activated XLP patient T cells relative to 
controls during prolonged culture with exogenous IL-2, whether 
from bulk PBLs or isolated T cell subsets (data not shown). These 
data are consistent with previous studies in which SAP-deficient 
T cells from both humans and mice exhibited normal or even 
increased responsiveness to primary T cell stimulation (14). Thus, 
we can define a consistent and marked deficit in sensitivity to 
RICD in XLP patient T cells that cannot be attributed to impaired 
activation or expansion in vitro.

SAP is necessary for optimal RICD. To address whether SAP is 
directly required for RICD, we transfected cycling, activated T cells 
from normal donors with SAP-specific or nonspecific (NS) control 
siRNA. Knockdown of SAP expression in activated PBLs (composed 
of mostly CD8+ T cells) conferred a striking resistance to TCR-
induced apoptosis, as shown in Figure 2A. Protein expression was 
substantially reduced in SAP siRNA–transfected cells compared 

with NS controls (Figure 2A and Supplemental Figure 5A). This 
defect was also observed in purified CD4+ and more strikingly in 
CD8+ T cell subsets. Loss of SAP expression debilitated the death-
inducing capacity of TCR signal transduction, as early markers of 
apoptosis were significantly reduced in T cells that received SAP 
siRNA (Figure 2, B and C). By contrast, SAP knockdown had little 
effect on activation or proliferation of naive T cells, as measured by 
CD69/CD25 induction, thymidine incorporation, and CFSE dilu-
tion (Supplemental Figure 5, B and C). These results imply that SAP 
is largely dispensable for initial T cell activation and proliferation 
but critical for optimal apoptosis of T cells triggered specifically 
by TCR restimulation. Hence, SAP deficiency is directly respon-
sible for the loss of sensitivity to TCR-induced apoptosis observed 
in XLP patients. A similar trend was observed using EBV-specific 
CD8+ T cells transfected with NS or SAP siRNA and restimulat-
ed with irradiated, autologous EBV+ lymphoblastoid cells (LCLs) 
(Supplemental Figure 6). Thus, loss of SAP can confer resistance to 
RICD in an antigen-specific manner, which may be directly relevant 
to deadly EBV-induced FIM noted in XLP patients.

Figure 2
Silencing SAP expression in normal T cells results in defective RICD. (A) Left: Activated PBLs were transfected with SAP-specific siRNA or NS 
control siRNA and cultured in IL-2 for an additional 4 days, then restimulated with increasing doses of OKT3 mAb. Alternatively, CD4+ or CD8+ T 
cells were purified from PBLs prior to siRNA transfection. Cell death at 24 hours was assessed by PI staining and measured by flow cytometry. 
Right: Lysates prepared from siRNA-transfected cells were separated by SDS-PAGE and immunoblotted with SAP Ab to assess knockdown of 
SAP expression. β-Actin served as a loading control. (B) Activated PBLs were transfected with siRNA and cultured as described above. Cells 
were then restimulated with 200 ng/ml OKT3 mAb for 8 and 24 hours or left untreated (0 hr), then stained with Annexin V–FITC and PI. The 
numbers in each quadrant indicate the percentage of cells in that quadrant. (C) siRNA-transfected PBLs were restimulated as described above 
for 24 hours or left untreated, then stained with DiOC6 or anti–caspase-3 Ab. Numbers indicate the percentage of cells with permeabilized mito-
chondria (DiOC6

lo) or active caspase-3 after restimulation.



research article

2980	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 119   Number 10   October 2009

We also asked whether ectopic expression of SAP in XLP T cells 
could restore RICD sensitivity. We constructed a fluorescent 
Venus-SAP fusion protein that was readily expressed when trans-
fected in Jurkat T cells (Figure 3A). Expression of Venus-SAP in 
activated Pt4 PBLs increased RICD in transfected cells relative to 
Venus protein alone, as measured by increased Annexin V staining 
(Figure 3B) and loss of viable cells after restimulation (Figure 3C). 
These data further implicate SAP as a critical mediator of RICD 
signal transduction.

FASL and BIM induction via TCR restimulation is impaired in the 
absence of SAP. To explore why TCR-induced apoptosis is largely 
blocked in SAP-deficient T cells, we conducted a comparative 
microarray analysis of gene expression 6 hours after TCR restim-
ulation in normal donor T cells transfected with either NS or 
SAP-specific siRNA. RNA collected and amplified from siRNA-
transfected T cells was hybridized to spotted arrays against ref-
erence RNA pooled from activated T cells gathered from 6 dif-
ferent donors. This experimental design limited differences in 
gene expression between siRNA-treated and reference samples 
to changes specifically associated with TCR re-engagement. We 
identified 357 genes with at least 2-fold greater expression in NS 
versus SAP-specific siRNA (Figure 4A), including many genes 
transcriptionally upregulated by TCR restimulation in effector T 
cells such as cytokines (e.g., IL-4 and IL-10), coreceptor ligands 
(e.g., programmed cell death 1 ligand 1 [PD-L1] and CTLA-4), and 
various apoptosis effector molecules. These results suggested a 
global downmodulation of TCR-induced target genes, consistent 
with a proximal signaling defect.

The list of differentially affected apoptosis-related genes includ-
ed FASL (FASLG) and BIM (BCL2L11), encoding 2 molecules nor-
mally induced by TCR restimulation that directly participate in the 
execution of RICD. TCR-induced upregulation of FASL and BIM 
was substantially reduced in SAP knockdown cells as confirmed 
by real-time PCR (Figure 4B). Immunoblotting also showed less 
TCR-induced protein expression of full-length (FL) FASL and all 

3 BIM protein isoforms (Figure 4C). FL FASL is cleaved by matrix 
metalloproteinases upon transport to the plasma membrane, 
shedding soluble FasL into the extracellular milieu while generat-
ing a 17-kDa N-terminal fragment retained in the cytosol that was 
evident in our blots (Figure 4C) (25). Although FL FASL protein 
was slightly elevated in SAP-knockdown cells before restimulation, 
all forms of FASL decreased over time after TCR ligation. This sug-
gested that while enzymatic processing of FASL could proceed, FL 
FASL protein was not replenished by TCR triggering when SAP 
expression was diminished.

We next authenticated these findings in XLP patient T cells. The 
normally robust induction of both FASL and BIM mRNA and pro-
tein was almost totally abrogated in restimulated T cells from XLP 
Pt4 (Figure 4, D and E). This effect was arguably more pronounced 
than the partial inhibition of gene upregulation noted in SAP-
knockdown cells, perhaps due to the incomplete blockade of SAP 
expression in cells transfected with siRNA (Figure 4C). Generation 
of soluble FASL in supernatants from restimulated SAP-knock-
down cells and Pt4 T cells was also severely impaired compared 
with controls (Figure 4F), consistent with our immunoblotting 
results. These results were corroborated in several XLP patients 
that we studied and in purified CD4+ and CD8+ subsets from Pt7 
(Supplemental Figure 7).

The substantial contribution of FASL and BIM to the execution 
of RICD is well established. However, our microarray analysis yield-
ed many genes besides FASL and BIM that were poorly induced by 
TCR restimulation in the absence of SAP. We validated these data 
for several genes in both SAP-knockdown and XLP T cells (Supple-
mental Figure 8). In addition, knockdown of class I MHC-restricted 
T cell–associated molecule (CRTAM) or PD-L1 resulted in minor 
decreases in RICD sensitivity (Supplemental Figure 9). The rela-
tive contribution of additional SAP-dependent TCR-induced target 
genes for RICD remains to be tested, but it is likely that poor induc-
tion of FASL and BIM explains part of the RICD resistance noted 
in activated XLP T cells.

Figure 3
Ectopic expression of SAP restores RICD in XLP Pt4 T cells. (A) Jurkat cells were transfected with pVenus-SAP or pVenus alone and lysed 
after 48 hours. Lysates were separated by SDS-PAGE and immunoblotted with anti-SAP Ab. β-Actin served as a loading control. (B) Activated 
XLP Pt4 PBLs were transfected with pVenus-SAP or pVenus alone and incubated overnight. After removal of dead cells, cells were restimulated 
with 500 ng/ml OKT3 for 8–24 hours. Apoptosis was measured by Annexin V staining. The additional Annexin V+ gate in the top right quadrants 
excluded Venus+ cells that could not be compensated due to bright fluorescence. (C) Transfected cells were treated as described in B. The 
percentage of cell loss was calculated based on viable cells present before and after restimulation.
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Figure 4
Loss of SAP expression impairs TCR-induced upregulation of FASL and BIM. 
(A) Microarray analysis of gene expression differentially affected by 6-hour 
TCR restimulation with or without silencing of SAP expression. Genes with 
an average of 2-fold higher (357 genes) or 50% lower (90 genes) expres-
sion in NS siRNA-transfected cells relative to SAP siRNA-transfected cells 
are displayed in the heat map dendrogram, with select genes highlighted. (B) 
Real-time PCR analysis of FASLG and BIM mRNA expression in T cells trans-
fected with NS (black) or SAP-specific (gray) siRNA, following restimulation 
with OKT3 mAb. Results are shown as fold induction relative to untreated 
cells (0 hr), normalized to GAPDH expression at each time point. Data rep-
resent the mean ± SD for triplicate wells. (C) As described in B, cells were 
lysed following OKT3 restimulation. Cell lysates separated by SDS-PAGE 
were immunoblotted with the indicated Abs. BIM Ab detected all 3 protein 
isoforms (extra-long [EL], long [L], and short [S]); FasL Ab detected FL and a 
cytosolic N-terminal fragment (NTF). (D) Real-time PCR analysis of FASLG 
and BIM mRNA expression in activated T cells from a normal donor (black) 
and XLP Pt4 (gray) following restimulation as described in B. (E) As described 
in D, cells were lysed following OKT3 restimulation. Cell lysates separated by 
SDS-PAGE were immunoblotted with the indicated Abs. (F) ELISA detection 
of soluble FasL (sFasL) in supernatants collected from cells restimulated as 
described above for 0 or 8 hours.
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The SLAM family receptor NTB-A contributes to RICD. The SLAM fam-
ily of immunomodulatory receptors utilizes SAP as an SH2 adaptor 
protein for recruiting kinases (e.g., FYN) that can amplify signaling 
cascades initiated by the TCR or NK activating receptors to affect 
cytokine production, cytotoxicity, and related functions (14). We 
therefore asked which SLAM receptor(s) might be required for driv-
ing SAP-dependent RICD. SLAM receptor expression was assessed 
on activated T cells by flow cytometry, and RNAi-based silencing 
was used to test for differences in apoptosis sensitivity following 
TCR restimulation. Surface expression of SLAMF6, also known 
as NTB-A, far exceeded that of the other SLAM family members, 
including SLAM, LY9, 2B4, CD84, and CD2-like receptor activating 
cytotoxic cells (CRACC), on activated T cells (Figure 5A and Sup-
plemental Figure 10A). Despite an inability to silence NTB-A com-
pletely, we found that only knockdown of NTB-A afforded marked 
protection against TCR-induced apoptosis (Figure 5, A and B, and 
Supplemental Figure 10B). Thus, a decrease only in NTB-A expres-
sion recapitulated the apoptotic defect conferred by SAP deficiency. 
By contrast, reducing expression of other SLAM receptors actually 

appeared to increase death sensitivity in some cases (Supplemental 
Figure 10). Hence, the balance of SLAM receptor expression may 
help to determine cell fate following TCR restimulation.

We next asked whether decreasing expression of NTB-A also 
resulted in impaired restimulation-induced upregulation of FASL 
and BIM, as we had observed in SAP-deficient T cells. RT-PCR, 
immunoblotting, and soluble FASL ELISA detection illuminat-
ed a substantially reduced induction of both molecules in cells 
transfected with NTB-A siRNA relative to NS controls (Figure 5, 
C–E). With the exception of ICAM-1, several SAP-dependent TCR-
induced target genes identified in our microarray analysis were 
also poorly induced in NTB-A–silenced T cells, including CRTAM 
and PD-L1 (Supplemental Figure 11). These data strongly suggest 
that SAP influences TCR signaling events largely through NTB-A, 
including upregulation of effector molecules required for RICD.

To test whether SAP physically associates with NTB-A in restimu-
lated T cells, we immunoprecipitated SAP from T cell lysates before 
and after brief TCR restimulation, followed by sensitive mass spec-
trometry analysis of associated proteins. We detected SLAM and 

Figure 5
Silencing NTB-A expression reduces TCR-induced upregulation of FASL and BIM and RICD. (A) Activated PBLs transfected with NTB-A–spe-
cific siRNA or NS control siRNA were restimulated with increasing doses of OKT3 mAb, and apoptosis was assessed at 24 hours by PI staining. 
Surface expression of NTB-A was measured by flow cytometry for NS and NTB-A siRNA–transfected cells relative to cells stained with isotype 
control Ab. (B) PBLs transfected as described in A were restimulated with OKT3 mAb for 0 or 6 hours, then stained with Annexin V–FITC and PI. 
Numbers in each quadrant indicate the percentage of cells in that quadrant. (C) Real-time PCR analysis of FASLG and BIM mRNA expression 
in T cells transfected with NS or NTB-A–specific siRNA, following restimulation with OKT3 mAb. Results are shown as fold induction relative to 
untreated cells (0 hr), normalized to GAPDH expression. (D) As described in C, cells were lysed following OKT3 restimulation. Cell lysates sepa-
rated by SDS-PAGE were immunoblotted with the indicated Abs. (E) ELISA detection of sFasL in supernatants collected from siRNA-transfected 
cells restimulated with OKT3 for 0 or 6 hours.
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Figure 6
NTB-A influences TCR-induced apoptosis signals through competitive association with SAP and SHP-1. (A) NTB-A was immunoprecipitated from 
PBL lysates after a short time course of OKT3 restimulation. Immunoprecipitates were separated by SDS-PAGE and immunoblotted for the presence 
of SAP and NTB-A. SAP expression in input lysates is shown at bottom for comparison. (B) SAP was immunoprecipitated from PBL lysates and 
immunoblotted as described in A. (C) Cells were stained with mAbs detecting CD3 (OKT3, green) and NTB-A (red) and left on ice (4°C) or warmed to 
37°C for 30 minutes. Left: Cells were imaged by confocal microscopy, with nuclei counterstained in blue. Right: Quantitative analysis based on count-
ing more than 200 cells from multiple fields. (D) NTB-A was immunoprecipitated from lysates prepared from normal donor or XLP Pt4 PBLs following 
OKT3 stimulation. Immunoprecipitates were separated by SDS-PAGE and immunoblotted for the presence of SHP-1 and NTB-A. (E) Normal donor or 
XLP Pt4 PBLs were transfected with NS, SHP-1–specific, or SHP-2–specific siRNA and restimulated with increasing doses of OKT3 mAb. Apoptosis 
was measured by PI staining. Knockdown efficiency was assessed by immunoblotting. (F and G) Normal donor or XLP PBLs were transfected with 
NS or NTB-A siRNA and restimulated with 100 ng/ml OKT3 mAb. Apoptosis was measured by Annexin V (F) or PI staining (G). *P < 0.04.
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NTB-A coprecipitated with SAP using this approach, regardless 
of whether cells were restimulated (data not shown). However, we 
observed that SAP association with immunoprecipitated NTB-A  
increased after TCR restimulation, suggesting TCR signaling 
indirectly enhances this interaction (Figure 6A). When total SAP 
was immunoprecipitated over a time course of restimulation, the 
amount of bound NTB-A appeared to decrease slightly at 5 min-
utes, before increasing at 15–30 minutes (Figure 6B). This may be 
explained by initial recruitment of some SAP to SLAM receptors 
other than NTB-A, or to other cellular compartments. As a nega-
tive control, CD84 failed to immunoprecipitate with SAP (Supple-
mental Figure 12), suggesting that SAP only selectively associates 
with certain SLAM family receptors in activated T cells. Increased 
SAP recruitment to NTB-A upon TCR restimulation is congruent 
with naive T cell activation, for which NTB-A can have costimu-
latory function (26). However, we failed to detect FYN in NTB-A 
immunoprecipitates (Figure 6A), although some FYN could be 
detected in association with SAP (Figure 6B). These data suggest 
that FYN does not participate specifically in NTB-A signaling in 
restimulated T cells. Consistent with this hypothesis, knockdown 
of FYN did not significantly alter RICD sensitivity (Supplemental 
Figure 13A). Moreover, ectopic expression of a Venus-SAP mutant 
fusion protein incapable of binding FYN (R78A) restored RICD sen-
sitivity to a similar extent as WT SAP (Supplemental Figure 13B). 
Taken together, these data indicate that the potentiation of RICD 
by SAP and NTB-A is FYN independent.

SLAM has previously been shown to localize with TCR clusters 
following stimulation of naive human T cells (27). We found 
a proportion of NTB-A colocalized with clusters of CD3 after 
TCR re-engagement (Figure 6C), placing NTB-A and SAP in 
close proximity to the active TCR signaling complex. In con-
trast, we observed less NTB-A colocalization with CD3 clusters 
in XLP patient cells after restimulation (Figure 6C and Supple-
mental Figure 14). Moreover, CD3 aggregation appeared more 
disordered in XLP patient cells (Figure 6C), consistent with 
diminished TCR signaling reflected in impaired target gene 
upregulation. These data suggest that NTB-A and SAP have an 
architectural role in organizing CD3 clusters, which may serve 
to augment TCR signal strength.

SAP is also known to compete with SH2 domain–containing 
protein tyrosine phosphatases SHP-1 and SHP-2 for binding to 
conserved tyrosine-based motifs in the cytoplasmic tails of SLAM 
receptors (13, 28). In NK cells, constitutive association of NTB-A 
with SHP-1 is lost upon pervanadate-simulated activation, con-
comitant with increased recruitment of SAP (28). We observed a 
similar phenomenon in activated T cells; less SHP-1 was complexed 
with NTB-A 15 minutes after restimulation (Figure 6D), consis-
tent with increased recruitment of SAP to NTB-A thereafter. How-
ever, SHP-1 levels did not decrease in NTB-A immunoprecipitates 
derived from restimulated XLP Pt4 T cells (Figure 6D), suggesting 
that SHP-1 remains associated with NTB-A when SAP is not pres-
ent to compete for binding.

Figure 7
An increase in TCR signal strength bypasses the requirement for SAP in restimulation-induced T cell death. (A) Activated T cells derived from 
normal donors or XLP patients were restimulated with 100 ng/ml OKT3 or 50 ng/ml PMA plus 1 μg/ml ionomycin. Apoptosis was measured  
24 hours after treatment by PI staining and flow cytometry. (B) T cells from a normal control or XLP Pt4 were treated with increasing doses of the 
anti-CD3 mAb 64.1, and apoptosis was determined after 24 hours as described above. (C) As described in B, PBLs were treated with increasing 
doses of OKT3 mAb in the absence or presence of 1 mg/ml Protein A, and apoptosis was measured after 24 hours. (D) As described in B, PBLs 
were restimulated with 64.1 mAb and lysed. Lysates separated by SDS-PAGE were immunoblotted with the indicated Abs. (E) As described 
in B, PBLs were restimulated with 200 ng/ml OKT3 mAb with or without 1 mg/ml Protein A. Cells were lysed, separated by SDS-PAGE, and 
immunoblotted with the indicated Abs.
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Both SHP-1 and SHP-2 can dephosphorylate a wide variety of 
substrates, serving to downmodulate multiple signaling cascades in 
hematopoietic cells. To test whether SHP-1 or SHP-2 actively influ-
enced the outcome of TCR restimulation in XLP Pt4 T cells, we mea-
sured RICD following knockdown of either molecule. Reduction 
of SHP-1, but not SHP-2, restored RICD sensitivity in XLP Pt4 T 
cells, particularly at high doses of anti-CD3 (Figure 6E). This effect 
was validated using normal donor cells with siRNA knockdown of 
SAP, as simultaneous knockdown of SHP-1 surmounted the apop-
tosis resistance caused by SAP silencing (Supplemental Figure 15). 
Knockdown of SHP-1 alone had little effect on RICD sensitivity in 
normal donor T cells (Figure 6E and Supplemental Figure 15).

Given the sustained association of NTB-A with SHP-1 in XLP 
T cells, we then asked whether silencing NTB-A expression could 
also reverse RICD resistance in XLP T cells. In contrast to the pro-
tective effect observed in normal controls, knockdown of NTB-A 
in XLP patient T cells resulted in a small but statistically signifi-
cant increase in RICD sensitivity (Figure 6, F and G). This result 
implies that NTB-A can transmit inhibitory signals upon restim-
ulation of XLP T cells, similar to its function in dampening the 
cytotoxic potential of SAP-deficient NK cells (28). Taken together, 
these findings indicate that the counterposing functions of SAP 
and SHP-1, coordinated through NTB-A, can influence apoptosis 
sensitivity following TCR restimulation of activated T cells.

The necessity of SAP and NTB-A for TCR-induced death can be bypassed 
by increasing TCR signal strength. General downmodulation of many 
TCR-inducible target genes suggested that SAP–NTB-A complexes 
contribute importantly to the efficiency of TCR signaling in pre-
activated T cells. Consistent with this concept, stimulation with 
phorbol ester (PMA) and ionomycin, reagents that bypass early 
TCR signaling events, triggered equivalent apoptosis in control and 
XLP patient T cells (Figure 7A). This result implied that SAP plays a 
role in proximal TCR signaling, whereas the biochemical machin-
ery downstream of this point was capable of driving apoptosis in 
both normal and SAP-deficient cells.

The initial descriptions of apoptosis following T cell restimula-
tion indicated that apoptosis is achieved when a certain threshold 
of TCR signal strength is applied, based partly on the qualitative 
avidity of the recognized antigen-MHC complex (29, 30). It has 
been reported that some consequences of TCR signal transduction, 
such as NF-κB p50 nuclear translocation, are reduced in SAP-
knockout murine T cells (31). Therefore, we hypothesized that 

SAP–NTB-A signaling may potentiate TCR signal strength to help 
reach the threshold required for death. To test this possibility, we 
employed a different anti-CD3 mAb known as 64.1 to crosslink the 
TCR in normal and XLP Pt4 T cells. For naive T cell stimulation, 
64.1 is a stronger mAb than OKT3, as it can trigger more robust 
responses such as a larger Ca++ flux and more proliferation (32). 
At low doses of 64.1 mAb, presumably below saturation of surface 
TCR complexes, XLP patient T cells remained resistant to RICD. 
However, higher doses of 64.1 mAb affected similar RICD sensitiv-
ity in normal control and XLP Pt4 T cells (Figure 7B and Supple-
mental Figure 16A), demonstrating that increasing the strength of 
restimulation bypasses the need for SAP and overcomes the influ-
ence of SHP-1 in executing RICD. Similarly, apoptosis was also re-
established in XLP Pt4 T cells treated with the weaker OKT3 mAb 
if it was hyper-cross-linked with high-capacity Fc binding protein A 
(Figure 7C). Consistent with triggering RICD, these stronger treat-
ment regimens partially restored the induction of FASL and BIM 
in XLP T cells as well as the associated caspase activation (Figure 7, 
D and E, and Supplemental Figure 16, B–D). The same rescue effect 
was noted in other XLP patients and applied to other genes (e.g., 
CRTAM and PD-L1) that were poorly induced in SAP-deficient cells 
without protein A treatment (Supplemental Figure 17). These data 
further implicate SAP in augmenting TCR signal strength up to 
the threshold required for RICD of activated T cells, and suggests 
that defective RICD in XLP patients may be overcome by treatment 
approaches that artificially boost or bypass proximal TCR signals.

Discussion
The mechanistic connection between SAP deficiency and exces-
sive lymphoproliferation, particularly in the context of infectious 
challenge, is a fundamental unanswered question of this severe 
disease. Here we demonstrate that despite being dispensable for 
primary stimulation, SAP is critical for ensuring the elimination of 
activated human T cells following TCR restimulation. Our results 
also provide what is, to our knowledge, the first insight into the 
immunological role of NTB-A in T cell regulation.

We propose a model by which SAP plays a key role in setting 
the threshold for RICD, particularly with respect to CD8+ T cells 
(Figure 8). TCR re-engagement triggers SAP recruitment to immu-
noreceptor tyrosine-based switch motifs found on the cytoplas-
mic tail of NTB-A, which can dislodge SHP-1 from the receptor 
based on its binding properties (33). We also found that NTB-A is 

Figure 8
Model for the involvement of SAP/NTB-A signaling in 
augmenting TCR signal strength for apoptosis. Left: 
In previously activated T lymphocytes, TCR restimula-
tion triggers increased association of NTB-A with SAP 
and colocalization with TCR-CD3 complexes, dislodging 
SHP-1 in the process. Exclusion of this phosphatase and 
potential recruitment of additional kinases ensures that 
optimal TCR signal transduction proceeds for the induc-
tion of downstream target genes such as FASL and BIM, 
which contribute to apoptosis execution. Right: In this 
fashion, SAP potentiates TCR signal strength past the 
required threshold for apoptosis induction in normal T 
cells. In SAP-deficient T cells, overall TCR signal strength 
is downmodulated below this threshold, allowing cells to 
escape deletion.
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closely complexed with the TCR upon restimulation on activated 
T cells, an event not previously observed for this SLAM family 
receptor. SAP association with NTB-A nullified SHP-1 inhibition, 
and TCR signaling proceeded to turn on key target genes, such as 
FASL and BIM, that trigger programmed cell death. This leads to 
a robust homeostatic apoptosis of T cells in restimulation condi-
tions, which would be expected to prevail during a persistent viral 
infection. SAP association with other SLAM family members may 
occur upon restimulation, although our RNAi screen data suggest 
that only NTB-A plays a major role in influencing RICD. More-
over, our data suggest that SAP-dependent recruitment of FYN to 
NTB-A is not required for RICD, so it remains to be determined 
whether other kinases act to amplify the apoptosis-promoting sig-
nal conveyed by SAP–NTB-A association. For example, SAP can 
interact with LCK, which has been shown to phosphorylate SLAM 
and CD84 (27, 34). Our data provide a coherent molecular model 
for the severe pathogenic antigen-induced lymphoproliferation 
observed in children with this genetic defect.

Enhanced clonotypic expansion of SAP–/– CD8+ T cells, concomi-
tant with reduced apoptosis following primary stimulation, was 
recently described in OT-I TCR transgenic mice and connected to 
poor upregulation of the p53 homolog p73 in OVA-stimulated 
naive CD8+ T cells (21). In that study, death was assessed within 
48 hours after a single antigen challenge and by definition did not 
measure RICD of activated effector cells upon rechallenge with 
antigen. Moreover, the relative contribution of p73 to T cell apop-
tosis may be restricted to death immediately following primary 
stimulation, as p73-deficient T cells show no defect in restimu-
lation-induced apoptosis (35, 36). However, although we also 
observed less apoptosis following primary stimulation of XLP T 
cells, this trend did not correlate with decreased p73 induction rel-
ative to controls (Supplemental Figure 18). Moreover, we failed to 
detect any significant induction of p73 in restimulated human T 
cells, or any change in apoptosis sensitivity after p73 siRNA trans-
fection (data not shown). Rather, our results suggest that SAP acts 
as an amplifier of proximal signals triggered by TCR re-engage-
ment that is important for RICD of both CD4+ and CD8+ T cells, 
ensuring optimal induction of downstream target genes including 
the pro-apoptotic executioner molecules FASL and BIM.

Regulation of lymphocyte homeostasis by apoptosis adds to 
the expanding list of immunomodulatory functions attributed 
to SAP and SLAM family receptors such as NTB-A. However, 
apoptosis dysregulation in XLP is distinct from the apoptosis 
defect in autoimmune lymphoproliferative syndrome (ALPS) 
in several interesting respects. SAP has no bearing on the inher-
ent susceptibility of an activated T cell to extrinsic or intrinsic 
apoptosis signals; direct crosslinking of Fas or removal of IL-2 
effectively kills XLP patient T cells. Hence, cytokine withdraw-
al–mediated T cell contraction theoretically proceeds normally 
in XLP patients once antigen is cleared and may be accelerated 
according to our data (Figure 1B). In addition to well-established 
defects in humoral immunity, this explains why XLP patients do 
not develop chronic lymphadenopathy, splenomegaly, or auto-
immune manifestations characteristic of ALPS (37). However, 
the paradoxic propensity for B cell lymphomagenesis found in 
both XLP and ALPS may derive from defective FAS-mediated kill-
ing of B cells by activated T cells bearing FASL.

In cloning SAP as the affected gene in XLP, Sayos et al. also 
noted that SAP could block the recruitment of SHP-2 to SLAM 
(13). SAP may serve a similar purpose in augmenting TCR-

induced signals by displacing SHP-1 from NTB-A. We observed 
that NTB-A could colocalize with clustered TCR-CD3 complexes 
following restimulation, consistent with a function in modulat-
ing RICD. This is biochemically analogous to NTB-A signaling 
in NK cells, which contributes to the cytotoxic potential of NK 
cells against EBV-infected targets along with 2B4 (28). SAP also 
acts as an adaptor protein to recruit SH3 domain–containing 
kinases such as FYN, LCK, and NCK1 to SLAM family receptors, 
which can enhance the cascade of protein phosphorylation that 
accompanies TCR signaling (38–40). Our data imply that SAP 
can potentiate RICD independently of FYN, but more work is 
required to dissect the specific biochemistry connecting SAP–
NTB-A interactions to downstream TCR signal transduction. 
Whether homotypic NTB-A interactions occur in cis or trans on 
activated T cells also remains to be determined in our system. 
Furthermore, our RNAi screen of the SLAM family suggests that 
a balance of SLAM receptor expression may control RICD sensi-
tivity, perhaps through differential association with SAP, SHP-1, 
and/or other binding partners. Although anti-CD3 Ab–induced 
death of activated T cells has been observed at the single cell 
level, which would ostensibly preclude a role for NTB-A as we 
described, physiological antigen stimulation of T cells is invari-
ably a cell-cell transaction, making it possible that SLAM recep-
tor interactions with antigen-presenting cells or adjacent T cells 
directly influence signaling for RICD. Nevertheless, the global 
suppression of many TCR-induced target genes in the absence 
of SAP and NTB-A implies that these molecules directly affect 
proximal TCR signaling events.

Our observation that the requirement for SAP can be overrid-
den by artificially increasing the TCR signal strength supports the 
threshold model of RICD. It is generally accepted that a quanti-
tatively and qualitatively strong restimulation signal is required 
to surpass the threshold necessary for triggering apoptosis. We 
propose that the SAP–NTB-A interaction plays an integral role 
in reaching the required threshold. In the absence of SAP, TCR 
signaling effectively becomes weaker, resembling a partial agonist 
signal that involves negative feedback loops like those controlled 
by SHP-1 in response to weakly binding ligands (41).

Despite extensive work in vitro, the full importance of RICD in 
vivo has remained unknown (24). XLP may now prove illustrative 
of the significance of this self-regulatory mechanism. Defective 
RICD likely contributes to several clinical features of the disease, 
notably T cell–driven LPD and HLH. Without SAP, unbridled effec-
tor T cell expansion secondary to viral infection or other antigenic 
stimuli, especially in antigen-rich environments such as the lungs, 
proceeds without counterbalancing propriocidal death. Indeed, we 
noted lung nodules with T cell infiltrates in XLP Pt2, Pt3, and Pt8, 
anecdotally linked to VZV vaccination and detection of HHV6 in 
lung tissue or blood, respectively. In turn, this overly expanded T 
cell compartment can drive activation and proliferation of other 
hematopoietic cell subsets. Hence, the apoptotic defect that we 
have discovered provides a unifying mechanism for the diverse 
pathological features of XLP, including pulmonary/CNS vasculi-
tis, pulmonary nodules, and EBV-associated FIM.

We believe this scenario is particularly relevant to the unique 
susceptibility of XLP patients to EBV infection for several rea-
sons. First, EBV normally induces a vigorous cellular immune 
response, greatly expanding the pool of EBV-specific effector T 
cells. Second, recent evidence from mice indicates that T cell/
B cell interactions are inherently weaker in the absence of SAP 
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(42). This implies that any encounter between an EBV-specific 
XLP T cell and an EBV-infected B cell is short lived, constituting 
an attenuated restimulation signal, likely below the threshold 
required for RICD. Third, SAP-deficient EBV-specific T cells fail 
to kill EBV-infected B cells due to impaired 2B4 and NTB-A– 
mediated cytotoxicity, with the consequence that the source of 
abundant EBV antigen is never effectively cleared. The defect in 
FASL upregulation we uncovered in SAP-deficient T cells may 
contribute to impaired cytotoxic potential in this setting. These 
elements culminate in the “perfect storm” of EBV-associated 
FIM/HLH, stemming from unchecked proliferation of EBV-spe-
cific T cells (especially CD8+ T cells) that fail to undergo RICD in 
response to repeated antigenic stimulation.

Without curative allogeneic stem cell transplantation, the 
prognosis for XLP patients remains poor, as only 30% of XLP 
patients survive past age 10, and the mortality rate for EBV-asso-
ciated FIM/HLH is approximately 96% (8). Our findings can now 
refocus efforts toward novel therapeutic approaches for XLP 
and related disorders based on this clear and specific apoptosis 
defect. Removal of the potential source of EBV-associated anti-
gens via pre-emptive B cell depletion, or administration of SHP-1 
inhibitors to generally boost TCR signal strength, could prevent 
or retard HLH progression by constraining numbers of respond-
ing T cells. Collectively, our demonstration of impaired RICD in 
human SAP–deficient T cells provides mechanistic insight on 
XLP-associated LPD, underscores the physiological importance 
of this autoregulatory cell death mechanism in a unique disease 
setting, and reiterates the fact that XLP manifestations are not 
dependent on the presence of EBV infection. These observations 
may stimulate new approaches to the clinical management of XLP 
and other disorders of lymphocyte apoptosis and homeostasis.

Methods
Cells and treatments. Patients were enrolled and blood samples were obtained 
with informed consent under protocols approved by the Institutional 
Review Boards of Cincinnati Children’s Hospital and the NIH. PBMCs were 
isolated from whole blood by Ficoll-Hypaque density gradient centrifuga-
tion, washed, and resuspended at 106 cells/ml in complete RPMI 1640 medi-
um (Lonza) containing 10% FCS, 2 mM glutamine, and 100 U/ml each of 
penicillin and streptomycin (Invitrogen). T cells were activated with 1 μg/ml 
each of anti-CD3ε and anti-CD28 mAbs (BD Biosciences), or 1 μg/ml OKT3 
mAb (anti-CD3ε) plus 25 U/ml rhIL-2 (Peprotech). In some experiments, 
mitogenic T cell activation was tested with 5 μg/ml concanavalin A or  
1 μg/ml phytohemagglutinin. After 3 days, activated T cells were thoroughly 
washed and then cultured in complete RPMI-1640 medium supplemented 
with 100 U/ml rhIL-2 (Roche Applied Science) for at least 7 days before 
apoptosis assays were conducted. Activated T cell subsets were separated 
using CD4 or CD8 Microbeads and MACS magnetic bead cell separation 
(Miltenyi Biotec), with purities of greater than 95% and 90%, respectively.

Apoptosis assays and flow cytometry. To test sensitivity to apoptotic stimuli, 
activated T cells (105 cells/well) were plated in triplicate in 96-well round-
bottomed plates and treated with the following reagents: agonistic anti-Fas 
mAb APO1.3 (2–200 ng/ml; Alexis) plus 200 ng/ml Protein A, anti-CD3ε 
mAb OKT3 (10–1,000 ng/ml) with or without 1 μg Protein A, anti-CD3ε 
mAb 64.1 (1–1,000 ng/ml; gift of E.M. Shevach, National Institute of Allergy 
and Infectious Diseases, NIH), or staurosporine (2 μM in DMSO; Sigma-
Aldrich). For UV-induced apoptosis, cells were exposed to 40,000 mJ/cm2 
UV irradiation using a Stratalinker UV crosslinker (Stratagene). At 24 hours 
after treatment, cells were stained with 1 μg/ml propidium iodide and col-
lected for 15 seconds per sample on a FACScan flow cytometer (BD Bio-

sciences). Cell death was quantified as percentage cell loss = (1 – [number 
of viable cells (treated) / number of viable cells (untreated)]) × 100. Alter-
natively, cells were stained with Annexin V–FITC for 10 minutes at room 
temperature and measured by flow cytometry. Mitochondrial permeability 
was measured by staining with 40 nM 3,3′-dihexyloxacarbocyanine iodide 
(DiOC6) (EMD Biosciences) for 15 minutes at 37°C before flow cytometry 
analysis. Active caspase-3 was measured by intracellular flow cytometry 
using a PE-conjugated Ab (BD Biosciences — Pharmingen). Active cas-
pase-8 was assessed using a colorimetric assay kit for enzymatic activity  
(BioVision). For surface staining, cells were stained with 5 μg of fluoro-
chrome-conjugated Abs against CD2, CD4, CD8, CD25, CD69, CD95, 
SLAM, 2B4, CD84, NTB-A, Ly9, CRACC, and CRTAM (BD Biosciences). 
Detection of intracellular SAP was performed as previously described using 
the rat anti-SH2D1A mAb KST-3, with comparison of results to a previ-
ously obtained reference range (43).

For EBV-specific kill assays, EBV-specific CD8+ T cells were generated 
as previously described using autologous, irradiated EBV-transformed 
LCLs as antigen-presenting cells (44). After 7–14 days in culture with IL-2, 
EBV T cells were restimulated with varying ratios of irradiated LCL with or 
without 1 μg/ml anti–class I MHC blocking Ab (clone W6/32; Santa Cruz 
Biotechnology Inc.).

RNAi. Activated human PBLs were prepared as described above and trans-
fected with 200 pmol of siRNA oligonucleotides specific for the target pro-
tein (Stealth Select siRNA; Invitrogen) or a NS control oligo (Invitrogen) 
using the Amaxa Nucleofection system (Lonza; Program T-020). Knock-
down of SAP expression was confirmed by immunoblotting, as outlined 
above. All subsequent assays were performed 4 days after transfection at 
the point of maximal knockdown.

pVenus-SAP transfection. WT or R78A SAP was PCR amplified and cloned 
into pMyc-Venus via EcoRI and NotI restriction sites to create Venus-SAP 
fusion protein constructs. Transfection tests were performed in Jurkat E6.1 
cells by electroporation of 10 μg/0.4 × 106 cells using the BTX electropora-
tion system. For activated PBLs, 8 × 106 cells/sample were nucleofected 
with 10 μg DNA using Amaxa (Program T-023). At 18 hours after trans-
fection, viable cells were isolated using a dead cell removal kit (Miltenyi 
Biotec) and restimulated with 500 ng/ml OKT3 for 8–24 hours.

Mircoarray and real-time PCR analysis. RNA was isolated from 2 normal 
donor T cells transfected with NS or SAP siRNA following 0 or 6 hours after 
OKT3 restimulation using Trizol (Invitrogen) and RNeasy mini-columns 
(Qiagen). For spotted arrays, purified RNA was amplified using the Ova-
tion Aminoallyl Amplification System (NuGEN), labeled with Cy5 using the 
Cy5 Reactive Dye Pack (GE Healthcare), and cleaned using Vivaspin columns 
(VivaScience AG). Amplified RNA (2 μg) was hybridized to Hsbb 23K human 
spotted arrays (National Institute of Allergy and Infectious Diseases Mir-
coarray Research Facility) versus Cy3-labeled reference RNA pooled from 6 
normal donor cycling T cells. Data were analyzed using GenePix and mAdb 
software. For real-time PCR analysis, cDNA was prepared from 1 μg RNA 
using the Superscript III RT Kit (Invitrogen). EXPRESS SYBR Green qPCR 
Supermix (Invitrogen) was used for subsequent PCR with specific primers 
for each target gene, analyzed on an ABI PRISM 7900HT Sequence Detec-
tion System (Applied Biosystems).

Immunoblotting and immunoprecipitations. Activated T cells were lysed in 
1% NP-40 lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 
1% NP-40, 0.5% sodium deoxycholate) with Complete protease inhibi-
tors (Roche) for 15 minutes on ice, then cleared by centrifugation. Pro-
tein concentration was determined by BCA assay (Pierce Biotechnology), 
and 40 μg total protein was separated by SDS-PAGE. After transfer to 
nitrocellulose, blots were probed with the following Abs: anti-SAP, anti-
FynT (Cell Signal Technology), anti-FasL (Ab3; EMD Biosciences), anti-
BIM (Stressgen), anti–BCL-xL, anti–BCL-2 (BD Biosciences — Pharmin-
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gen), anti–NTB-A (Novus), anti–SHP-1, anti–SHP-2, anti-CD3ζ (Santa 
Cruz Biotechnology Inc.), and anti–β-actin mAb (clone AC-15; Sigma-
Aldrich). Bound Abs were detected using the appropriate HRP-conjugat-
ed secondary Abs (Southern Biotech) and ECL (Pierce Biotechnology). 
For IP, 2–5 × 107 cells were lysed as described above following stimula-
tion, then incubated overnight with 5–10 μg SAP or NTB-A (BioLegend) 
Abs plus protein G–conjugated agarose beads (Sigma-Aldrich). Bead pre-
cipitates were washed 4 times in lysis buffer prior to SDS-PAGE analysis. 
For mass spectrometry analysis, SAP IP from 108 cells were separated by 
SDS-PAGE and stained with colloidal Coomassie blue dye. Bands were 
excised, digested, and subjected to mass spectrometry analysis as previ-
ously described (45).

Confocal microscopy. Activated T cells were stained for 20 minutes on 
ice with 10 μg/ml OKT3 mAb and 5 μg/ml Alexa Fluor 488–conjugated 
anti-mouse IgG (Invitrogen), then washed with PBS. Stained cells were 
left on ice (4°C) or warmed to 37°C to allow for restimulation, then 
fixed in 4% paraformaldehyde and cytospun on glass slides (145 g for 
5 minutes). Cells were blocked for 30 minutes in PBS plus 10% FCS, 
then incubated with 1 μg/ml anti–NTB-A (BioLegend), washed, and 
stained with Alexa Fluor 594–conjugated anti-mouse IgG1 (30 minutes 
per incubation). Following 5 minutes of incubation in Hoechst 33342 
to stain nuclei, coverslips were mounted using Fluoromount-G (South-
ern Biotech). Fluorescent images were acquired on a Leica SP5 confocal 
microscope using a ×63 oil immersion objective. For per-cell quanti-
tation of NTB-A/CD3 colocalization, images were deconvolved using 
Huygens Essential software, then analyzed using Imaris 6.2.1 software. 
Colocalization of green signal with red signal was calculated for each 
image according to the automatic threshold, using a standard red signal 
intensity threshold value of 29.41.

Mutational analysis of SH2D1A. Genomic DNA was extracted from periph-
eral blood according to standard protocols. The coding region and the 
exon-intron boundaries of the SH2D1A gene were amplified by PCR using 

primers flanking each of the 4 exons. Direct sequencing of PCR products 
was performed using the ABI 3730XL sequencer (PE Biosystems) with the 
same primers used for PCR amplification.

Statistics. Data in apoptosis assays represent mean ± SD for triplicate 
wells, representative of several independent experiments. Where noted, 
statistical significance was determined in apoptosis assays using a Stu-
dent’s t test (P < 0.05). Pearson correlation coefficients were determined 
for molecular colocalization in confocal microscopy images using Imaris 
6.2.1 software (0 < P < 1).
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