
Specific elimination of effector memory CD4þ T cells
due to enhanced Fas signaling complex formation
and association with lipid raft microdomains
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Elimination of autoreactive CD4þ T cells through the death receptor Fas/CD95 is an important mechanism of immunological self-
tolerance. Fas deficiency results in systemic autoimmunity, yet does not affect the kinetics of T-cell responses to acute antigen
exposure or infection. Here we show that Fas and TCR-induced apoptosis are largely restricted to CD4þ T cells with an effector
memory phenotype (effector memory T cells (TEM)), whereas central memory and activated naı̈ve CD4þ T cells are relatively
resistant to both. Sensitivity of TEM to Fas-induced apoptosis depends on enrichment of Fas in lipid raft microdomains, and is
linked to more efficient formation of the Fas death-inducing signaling complex. These results explain how Fas can cull T cells
reactive against self-antigens without affecting acute immune responses. This work also identifies Fas-induced apoptosis as a
possible immunotherapeutic strategy to eliminate TEM linked to the pathogenesis of a number of autoimmune diseases.
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The TNF-family receptor Fas/CD95 can directly induce
apoptotic programmed cell death and is essential for main-
taining immunological self-tolerance. Humans with dominant-
negative Fas mutations in the autoimmune lymphoproliferative
syndrome (ALPS) and mice deficient for Fas or Fas ligand
are highly predisposed to autoimmunity.1–3 Recent findings
have shown that expression of Fas on T cells is important
for the function of Fas in maintaining immunological self-
tolerance.4 In vitro, apoptosis induced by the TCR, termed
restimulation-induced cell death (RICD), is dependent on Fas
in CD4þ T cells.5 However, it has been difficult to demon-
strate defective deletion of Fas-deficient T cells in response
to acute infections, immunization or superantigen stimulation
in vivo.6 Rather, Fas appears to have a role mainly in deletion
of T cells that are chronically or repeatedly exposed to TCR
stimulation.6

T cells previously exposed to antigen acquire phenotypic
and functional characteristics of memory T cells, including the
ability to self-renew more efficiently and respond to antigen
with minimal co-stimulation.7 These properties are important
for maintaining immunity to pathogens but may also allow the
perpetuation of pathological autoimmune responses. Memory
T cells exist in functionally distinct subsets based on
expression of CCR7 and CD62L, which allow lymph node
homing,8 and the TNF-family member CD27. Memory T cells
expressing CD62L, CD27 and CCR7 are termed ‘central
memory’ (TCM) because they efficiently home to lymph nodes
and self-renew. By contrast, effector memory T cells (TEM)
migrate to extralymphatic sites and have immediate potential
to produce effector cytokines on TCR restimulation. Although

the precise interplay between effector and TCM is not fully
understood, TEM have been implicated in the pathogenesis of
a number of T-cell-dependent autoimmune diseases and
animal models of autoimmunity.9,10

Here, we have found that TCR and Fas-mediated apoptosis
in primary human andmouseCD4þT cells is largely restricted
to cells with an effector memory phenotype, and have linked
this sensitivity to Fas localization to lipid raft microdomains
and more efficient assembly and activation of the Fas-
associated death-inducing signaling complex (DISC).

Results

Fas-induced apoptosis is restricted to the effector
memory subset of human CD4þ T cells. We observed
a wide variation in sensitivity to Fas-induced apoptosis
between donors in samples of total CD4þ T cells from
healthy volunteers, and reasoned that this may correlate with
the variation in the percentage of CD45ROþ memory T cells.
To assay the apoptosis sensitivity of different T-cell subsets
defined by surface markers, we developed a multi-parameter
flow cytometric assay to determine the percentage of
annexin V-positive early apoptotic cells simultaneously
with surface markers for memory T cells (CD45RA�)
and the chemokine receptor CCR7 and the TNF-receptor
family member CD27, which distinguish effector and central
memory CD4þ T-cell subsets.11,12 As previously observed,12

naı̈ve CD45RAþ T cells were predominantly CCR7þ /
CD27þ , while CD45RA� memory T cells could be divided
into TCM (CCR7þ /CD27þ ) or TEM (CCR7�/CD27�) and
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a small subset of CCR7�CD27þ ‘transitional’ memory cells,
(Figure 1a, bottom left). Naive CD4þ T cells did not express
detectable Fas as previously reported,13 while TCM and
TEM CD4þ T cells expressed identical levels of surface
Fas (Figure 1b). Correlating with their lack of surface Fas,
naı̈ve T cells were highly resistant to apoptosis induced
by crosslinked anti-Fas antibodies (Figure 1c). Strikingly,
TCM phenotype CCR7þCD27þ T cells were also almost
completely resistant to apoptosis induced by Fas cross-
linking, whereas TEM contained nearly all the Fas-sensitive
T cells in the memory T-cell pool (Figure 1c). TEM CD4þ

T cells were also the most sensitive to apoptosis induced by
a stabilized form of FasL (FasL-LZ), the physiological ligand
for Fas (Figure 1d). Taken together, these data show that
within freshly isolated CD4þ T cells, TEM are virtually the
only cells with a functional Fas receptor.
In order to test whether Fas-induced apoptosis is restricted

to cells with a TEM phenotype also in activated T cells, we
purified populations of naı̈ve or memory CD4þ T cells from
normal donors, activated them with anti CD3/CD28 followed
by expansion in IL-2, conditions extensively used to define
and study RICD.14,15 We observed progressive conversion of
memory cells to a TEM phenotype, downregulating CD27 and
CCR7 and gaining CD70 expression (Figure 2a, data not
shown). Naı̈ve CD4þ T cells gained CD45RO and lost
CD45RA expression, but maintained a CCR7þ /CD27þ TCM

phenotype for up to 2 weeks of culture in IL-2 (Figure 2a).
After activation, naı̈ve T cells also acquired nearly equivalent
levels of Fas to that expressed on activated memory T cells
(Figure 2b). When activated T cells derived from naı̈ve
T-cell precursors were treated with anti-Fas antibody or FasL,

they remained relatively resistant to Fas-induced apoptosis
compared with memory T cells (Figures 2c and d). Memory
T cells retaining TCM-like phenotype were as resistant to
Fas-induced apoptosis as naı̈ve T cells. Apoptosis of TEM cells
accounted for nearly all of the Fas sensitivity of activated
T cells similar to cells analyzed directly ex vivo (Figures 2c and
d). As cells with a TCM and TEM phenotype were cultured
together in the experiments, these data indicate cell-autono-
mous differences. These results show that a TEM phenotype is
the best predictor of sensitivity to Fas-induced apoptosis in
CD4þ T cells, both directly ex vivo and after in vitro expansion.
In activated CD4þ T cells, much of the apoptosis triggered

by restimulation of the TCR (RICD) is mediated through
Fas–FasL interactions.16 T cells sorted initially for a naı̈ve and
TCM phenotype and then activated and expanded in vitrowere
significantly more resistant to RICD than memory and TEM

cells (Figure 3a). TCM had significant residual sensitivity to
TCR-induced apoptosis, which may be due to conversion of
these cells to a TEM phenotype during in vitro expansion.
Indeed, when activated T cells were assayed for RICD
simultaneously with surface markers, TCR-induced apoptosis
in TCM with a CD27þCCR7þ phenotype at the time of
restimulation was reduced (Figure 3d). To determine the
extent to which TCR-induced cell death was dependent on
Fas–FasL interactions, we used blocking antibodies against
FasL (Figure 3b) and also studied CD4þ T cells purified from
the blood of ALPS patients containing Fas mutations that
dominantly interfere with Fas apoptosis (Figures 3c and d).
Anti-FasL (Nok-2) antibodies efficiently blocked RICD in
restimulated naı̈ve and memory subsets, indicating that
memory and TEM cells undergo increased apoptosis induced
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Figure 1 Human effector memory CD4þ T cells are selectively susceptible to Fas-induced apoptosis directly ex vivo. (a) Markers used to subset CD4þ T cells into naı̈ve
and memory subsets (CD45RA) and then into central (TCM) and effector (TEM) subsets (CCR7 and CD27) are shown. (b) Histogram overlay indicates surface Fas expression
within the CD4þ sub-populations gated as above with shaded histograms representing isotype controls. Data are representative of four different donors. (c) Apoptosis was
induced by 6–8 h treatment with the indicated concentrations of crosslinked anti-Fas mAb APO-1-3 in freshly isolated CD4þ T-cell subsets using CD4, CD45RA, CD27 and
CCR7 surface staining and the apoptosis marker annexin V. Specific cell death was calculated for each T-cell subset as mentioned in the Materials and Methods section.
(d) Apoptosis was induced in unseparated CD4þ T cells with the indicated concentration of FasL-LZ for 6–8 h and induced cell death was quantitated as in c. The data in
c and d are an average of experiments from six separate donor samples, error bars indicate ±S.E.M. Values statistically different between naı̈ve and memory or TCM versus
TEM: *Pr0.03, **Pr0.009, ***Pr0.0008, paired Student’s t-test
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Figure 2 Activated human memory and effector memory CD4þ T cells have the highest susceptibility to Fas-induced apoptosis. (a) Surface staining of CD3/CD28
activated and IL-2 expanded naı̈ve and memory CD4þ T cells for TCM and TEM markers and (b) surface Fas levels in each population are indicated. Activated naı̈ve and
memory T cells were stimulated with either anti-Fas mAb APO-1-3 (c) or FasL-LZ (d) and apoptosis quantitated in cells with the indicated phenotype using CCR7 and CD27
surface markers. Data are averages ±S.E.M. of a minimum of six donors, *Po0.01, **Po0.05, ***Po0.0001, paired Student’s t-test
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Figure 3 Fas-dependent RICD is restricted to human TEM (a) Sorted naı̈ve, TCM, TEM and total memory CD4þ T cells were initially activated with CD3/CD28 followed by
IL-2 for 8–10 days and subsequently restimulated with plate-bound anti-CD3 for 6–8 h and analyzed for cell death. Data shown are an average from six different donors, error
bars are ± S.E.M, P-values indicate statistical significance between naı̈ve, memory and TCM, TEM subsets, *Po0.01, **Po0.001, ***Po0.0003. (b) Fas-specific apoptosis
in RICD is tested using anti-FasL (Nok2, 25mg/ml) blocking antibodies in naı̈ve and memory subsets. Data are an average of two experiments done in triplicates.
***Po0.0009, *P¼ 0.028. (c) Fas-specific cell death induced by anti-Fas antibodies in 1 week activated CD4þ subsets derived from normal donors (n¼ 3) or ALPS patients
(n¼ 3) with either DD or non-DD Fas mutations are indicated using multiparameter gating strategy. Error bars are ±S.E.M. ***Po0.0005. (d) Anti-CD3-induced cell death is
shown for the same subsets of activated CD4þ T cells from normal donors (n¼ 3) or ALPS patients with dominant-negative mutations in the Fas DD (n¼ 3). ***Po0.0005,
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by Fas-specific RICD mechanisms (Figure 3b). ALPS patient
T cells were significantly protected from Fas-induced apop-
tosis, with the greatest differences occurring in T cells from
ALPS patients harboring Fas mutations in the death domain
(DD), consistent with previous data showing that Fas DD
mutations cause themost severe impairment of Fas-mediated
apoptotic signaling.17 TEM contained the most Fas-sensitive
cells, which were also dramatically resistant to Fas-induced
apoptosis in ALPS patients (Figure 3c). Much of the TCR-
induced apoptosis seen in the TEM cells was dependent on
Fas–FasL interactions, as TEM from ALPS patients were
significantly resistant to RICD compared with healthy donors
(Figure 3d).
TCR triggering also results in synthesis and secretion of

FasL. To determine whether differences in FasL production
could contribute to the differential apoptosis of T-cell subsets,
we measured FasL after TCR restimulation. Naı̈ve and
memory T cells produced comparable amounts of FasL
whereas TCM and TEM produced slightly less (Supplementary
Figures S1a and b). Interestingly, despite the similar levels of
FasL as measured by ELISA, FasL produced by restimulated
naı̈ve T cells was less cytotoxic for the Fas-sensitive cell line
SKW6.4 (Supplementary Figure S1c). This suggests that
differences in posttranslational processing of FasL may
contribute to the reduced TCR-induced apoptosis of naı̈ve
restimulated T cells.
Previous studies have identified murine central and effector

CD4þ memory T cells based on surface expression of
L-selectin (CD62L) and CD44.18 We tested naı̈ve (CD62Lhi/
CD44lo), central memory (CD62Lhi/CD44hi) and effector
memory (CD62Llo/CD44hi) CD4þ T-cell subsets for apoptosis
in response to TCR crosslinking in cells from wild-type C57Bl/6
mice as well as Fas-deficient lpr/lpr mice on the B6
background. Unlike human T cells, murine naı̈ve T cells
did express some surface Fas (Figure 4e). Nevertheless,

TEM phenotype cells were the most susceptible to RICD and
FasL-induced apoptosis (Figures 4a and c), and experiments
Fas-deficient Lpr T cells confirmed that FasL and RICD
were completely dependent on Fas (Figures 4b and d). After
activation and expansion in vitro with IL-2, naı̈ve and TCM

T cells downmodulated CD62L and the majority acquired an
effector memory (CD62Llo/CD44hi) phenotype (Supplemen-
tary Figure S2a). In accordance with these phenotypic
changes, naı̈ve T cells acquired sensitivity to FasL-induced
apoptosis that was higher than the apoptosis observed
in activated TEM or TCM, but lower than that of TEM in resting
T cells (Supplementary Figure S2d). In response to RICD,
in vitro expanded TEM remained the most sensitive to
apoptosis (Supplementary Figure S2c). In Lpr Fas-deficient
activated T cells, there was slight upregulation of surface
Fas that is likely because of the known ‘leakiness’ of the lpr
mutation in the Fas gene19 (Supplementary Figure S2b).
Despite this small amount of Fas expression, Lpr T cells
remained totally resistant to FasL-induced cell death
(Supplementary Figure S2d). These data indicate that Fas
and RICD in mouse CD4þ T cells is largely confined to
TEM phenotype CD4þ T cells directly after isolation, but that
conversion to TEM takes place more freely in mouse T cells
after activation through the TCR and expansion in IL-2.

Fas function in CD4þ T-cell subsets is regulated at the
level of the DISC rather than bcl-2 family proteins. The
differential sensitivity of CD4þ T-cell subsets to Fas-induced
apoptosis may be regulated by cell-intrinsic survival factors,
such as bcl-2 family members, or more proximally, at the
Fas signaling complex. Flow cytometry revealed similar
levels of bcl-2 and bcl-xL, two pro-survival members of the
bcl-2 family,20 in activated human naı̈ve, memory, TCM and
TEM cells (Supplementary Figure S3a). The BH3 protein
Bim triggers apoptosis of effector T cells after cytokine
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deprivation and is critical for the contraction phase of T cells
after an acute immune response.21,22 We tested the ability of
naı̈ve and memory T-cell subsets to undergo apoptosis after
deprivation of IL-2 and found that all died with similar kinetics
(Figure 5a). A previous study implicated reduced activity of
AKT and higher levels of Bim in the increased sensitivity of
TEM to apoptotic stimuli.23 However, we did not find reduced
phosphorylated AKT or FOXO3a in TEM, and found slightly
lower levels of Bim in TEM compared with other subsets
(Supplementary Figure S3b). Additionally, apoptosis in
response to anti-Fas (Figure 5c) or anti-CD3 (Figure 5d)
was not dampened in the absence of Bim siRNA, which
produced a 60–80% knockdown of Bim protein and mRNA
(Figure 5b). The PI3-kinase inhibitor LY294002, also did not
sensitize cells to Fas-mediated apoptosis (Supplementary
Figure S4a) or spontaneous cell death (Supplementary
Figure S4b) in the different CD4 subsets. Thus, the
resistance of TCM and activated naı̈ve T cells to apoptosis
triggered by Fas or the TCR does not appear to depend on
the activity of the PI3-kinase or AKT kinase pathways or the
expression of Bim, which is regulated by these pathways.
To determine whether efficient Fas-induced apoptosis

induction in TEM is coupled to early events in signal
transduction, we studied the recruitment and processing of
FADD and caspase-8, components of the Fas DISC,24 in
activated T cells derived frommemory or naı̈ve CD4þ T cells.
Recruitment of FADD to the DISC was severely reduced in
naı̈ve compared with memory T cells (Figure 6a). Recruitment
of the p51/53 caspase-8 proenzyme was also significantly

reduced in naı̈ve T-cell preparations, and cleavage of
caspase-8 into the p41/43 forms was impaired in the DISC
of naı̈ve T cells. Importantly, even weak bivalent uncross-
linked anti-Fas mAb (APO1-1) treatment results in FADD
recruitment and significant caspase-8 cleavage (Supplementary
Figure S5a). The lack of caspase-8 cleavage in the APO1-1-
treated cells can be seen more clearly in the overexposure
(Supplementary Figure S5a, lower inset). In cells derived from
purified TCM and TEM, FADD recruitment and caspase-8
cleavage was reduced in TCM, especially at later time points
(Supplementary Figure S6).
c-FLIP, a protein containing tandem DED domains and a

pseudocaspase domain, can compete with caspase-8 for
recruitment to the Fas DISC and inhibit activation of caspase-8
in the signaling complex when present at high levels relative to
caspase-8.25,26 Analysis of the Fas signaling complex for the
presence of c-FLIP revealed increased levels of processed
c-FLIPL (long isoform) as well as the short isoform, c-FLIPS in
the DISC of memory versus naı̈ve and TEM versus TCM

subsets. Total levels of c-FLIPL and c-FLIPS were also higher
in these Fas-sensitive subsets (Supplementary Figure S7).
Therefore, c-FLIP is unlikely to regulate the assembly of the
DISC in these experiments.
Measurement of caspase-8 p18 (cytosolic active caspase-8)

and poly-ADP ribose polymerase (PARP) cleavage, which
depends on mitochondrial permeability transition,27 revealed
that Fas-resistant naı̈ve T cells failed to produce the p18
subunit or cleaved PARP after Fas stimulation. Additionally,
there was delayed production of these cleavage products
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after treatment with crosslinked anti-Fas mAb (Supplemen-
tary Figure S8). Thus, the reduced DISC activity seen in naı̈ve
T cells after Fas stimulation is likely the limiting factor in
production of active caspase-8 and subsequent activation of
effector caspases and resultant cell death.

Fas localization to lipid raft microdomains regulates
efficiency of Fas signaling in memory CD4þ T-cell
subsets. We have previously shown that efficient Fas-
induced apoptosis depends on the localization of Fas to
glycosphingolipid and cholesterol enriched, low-density
lipoprotein fractions of the plasma membrane, termed ‘lipid
rafts’.28 Cells in which Fas is prelocalized to lipid rafts, such
as ‘type I’ cell lines and T cells after stimulation through the
TCR, are sensitive to apoptosis induced by bivalent anti-Fas,
APO-1-1. Type II T-cell lines have little or no Fas present in
lipid rafts and require stimulation with at least a dimer of Fas
trimers or membrane-bound FasL to undergo apoptosis.28,29

To test this paradigm, we stimulated activated naı̈ve and
memory CD4þ T cells with anti-Fas APO-1-1 or crosslinked
anti-Fas (APO-1-3 plus anti-IgG3), and determined Fas-
induced apoptosis. Naı̈ve or TCM cells were consistently
resistant to crosslinked and bivalent anti-Fas as well as
FasL-LZ, although naı̈ve T cells began to be sensitive to
higher doses of crosslinked anti-Fas (Figure 7a). Density
gradient fractionation of detergent lysates revealed a
prominent amount of approximately 20% of the total Fas
localized to fractions 3 and 4 containing lipid rafts in activated
T cells derived from memory, but not in naı̈ve T cells
(Figure 7b). Enrichment of Fas in lipid rafts was specific,
because the kinase lck, which localizes constitutively to lipid
rafts, exhibited a similar partitioning into lipid rafts in T cells
derived from purified naı̈ve and memory precursors
(Figure 7b). Additionally, use of filipin, a polyene antibiotic
known to bind cholesterol,30 revealed no differences between
naı̈ve and memory T cells (Supplementary Figure S9a).
Therefore, Fas appears to preferentially traffic to lipid raft
microdomains in memory T cells and in TEM, and this
correlates with higher sensitivity to Fas-induced apoptosis.
Localization of Fas to lipid raft microdomains requires

palmitoylation of cysteine 199 in the juxtamembrane region

of Fas, and treatment with the palmitate analog 2-bromopal-
mitate (BrPA) reduces the fraction of Fas in lipid raft
microdomains and the efficiency of Fas-induced apoptosis
in cell lines.31,32 To determine if Fas localization to lipid rafts is
required for efficient Fas signaling, we treated T cells with
BrPA followed by stimulation with bivalent or crosslinked
anti-Fas mAb. Naı̈ve activated T cells, which were relatively
resistant to apoptosis induced by either bivalent or crosslinked
anti-Fas, were not further protected from Fas-induced
apoptosis by BrPA, consistent with the low amounts of Fas
localizing to lipid raft microdomains in these cells. Interest-
ingly, in naı̈ve cells, BrPA treatment increased sensitivity to
apoptosis induced by anti-Fas mAb (Figure 7c) but not FasL
(Supplementary Figure S9b). This may indicate that in naı̈ve
T cells, under certain conditions, Fas outside of lipid rafts may
preferentially activate an apoptotic pathway, as occurs with
TNFR1.33

BrPA was able to significantly protect memory T cells from
apoptosis induced by bivalent, but not crosslinked anti-Fas
(Figure 7c). This difference may be due to extrinsic cross-
linking overcoming the reduced efficiency of Fas apoptosis
signaling outside of lipid rafts. Importantly, BrPA protected
T cells from FasL-induced apoptosis, with the greatest protec-
tion occurring in the highly Fas-sensitive TEM (Supplementary
Figure S9b), indicating that lipid raft localization may be
important for apoptosis induced by the physiological ligand
for Fas. Taken together, these data show that localization
of Fas to lipid raft microdomains accounts for at least part
of the enhanced sensitivity of memory T cells and TEM to
Fas-induced apoptosis.

Discussion

These results show that Fas-dependent apoptosis is highly
restricted to cells with an effector memory phenotype in both
mouse and human CD4þ T cells. Restriction of Fas-induced
apoptosis to TEM could be demonstrated both with anti-Fas
antibodies and a preparation of FasL stabilized with an
isoleucine zipper (FasL-LZ). Apoptosis triggered through
the TCR was also restricted to TEM and was dependent on
Fas, as TEM from ALPS patients and Lprmice were protected
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from RICD. Remarkably, TCM were as resistant to Fas and
RICD as cells harboring Fas mutations from patients with
ALPS. Once activated, the sensitivity of these T-cell subsets
to Fas-mediated apoptosis correlated with their surface
phenotype. Human T cells with a central memory (CCR7þ /
CD27þ ) phenotype remained relatively resistant to TCR and
Fas-mediated apoptosis, whilemurine T cells largely converted
to a TEM phenotype and became sensitive to Fas. The relative
resistance of activated naı̈ve and TCM cells to TCR and Fas-
induced apoptosis may allow expansion of these cells, which is
critical for efficient T-cell immune responses. Restraining
expansion of TEM through Fas-mediated apoptosis may be
important in preventing immunopathology and expansion of
T cells that can provide help for autoreactive B cells.
We have found a similar hierarchy in sensitivity to anti-Fas-

induced cell death as Riou et al.23 However, under these
conditions, neither Bim levels nor phosphorylation of AKT and
FOXO3a contribute to apoptosis sensitivity induced by Fas,
TCR or cytokine deprivation in activated T cells. Other studies
have found Bim making little or no contribution to Fas-
mediated apoptosis in CD4þ T cells.6,34,35 Instead, we have
found that sensitivity to TCR and Fas-induced apoptosis is
regulated by the efficiency of Fas signal transduction, namely
the assembly and activation of the Fas-associated DISC.
FADD and caspase-8 recruitment was reduced in naı̈ve
versus memory and TCM versus TEM and the recruited
caspase-8 was also processed inefficiently in Fas-resistant

T cells. Despite the known role of c-FLIP in regulating
caspase-8 recruitment and activation in the DISC, we did
not find increased total or DISC-associated c-FLIP in Fas-
resistant T cells. Recent work has described a novel
mechanism of caspase-8 activation via polyubiquitination in
the TRAIL DISC.36 Whether a similar mechanism regulates
Fas DISC efficiency in TEM is not known. Overall, suscept-
ibility of TEM to the extrinsic cell death pathway may help
regulate these potentially dangerous cells in a number of
environments.
A number of findings reported here support the notion that

the presence of Fas in lipid raft microdomains enhances Fas
apoptosis signaling in primary T-cell subsets. A significantly
higher fraction of Fas occurs in lipid rafts of memory compared
with naı̈ve T cells. TEM resemble T cells that have been
restimulated through the TCR in their sensitivity to apoptosis
even with low levels of Fas oligomerization.28 However, the
fact that naı̈ve T cells, unlike type II tumor cells such as Jurkat,
were resistant to apoptosis induced even by highly cross-
linked anti-Fas mAb indicates that Fas resistance in these
T-cell subsets involves mechanisms beyond simply localiza-
tion to lipid rafts.
These results also have a number of diagnostic and

therapeutic clinical implications. Multi-parameter gating, used
here, allows measurement of cell death in samples directly
ex vivo, dispensing with T-cell expansion in culture. In samples
with complex mixtures of cell types, this method should enable
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more accurate diagnostic tests for cell death defects especially
in ALPS or other diseases linked to defective T-cell apoptosis.
Elimination of antigen-specific T cells through administration of
antigen or antigen-bearing cells in a non-immunogenic manner
has been proposed as a therapeutic strategy for a number
of autoimmune diseases and allograft rejection.37,38 In sponta-
neous autoimmune diseases, particularly systemic lupus
erythematosus, TEM have been reported to be abnormally
expanded,10 perhaps because TCR signaling that normally trig-
gers RICD is altered.39 The hierarchy of apoptosis sensitivity
we have described here might be disrupted in these patients,
allowing pathological expansion of TEM. Understanding the
mechanisms that underlie the more efficient assembly of the
Fas DISC in TEM may allow the development of therapeutic
strategies that sensitize T cells to antigen and TCR-mediated
apoptosis in diseases mediated by autoreactive T cells. This
work also predicts that Fas ligand might be used therapeutically
to specifically eliminate TEM in diseases in which these cells
cause pathology.

Materials and Methods
Antibodies and reagents. Antibodies were obtained from Kamiya (Seattle,
WA, USA) (Apo1-1), Alexis Biochemicals, Enzo Life Sciences (Plymouth Meeting, PA,
USA) (Apo1-3, cFLIP NF6), eBiosciences (San Diego, CA, USA) (anti-CD3 OKT3),
Santa Cruz (Santa Cruz, CA, USA) (FasC20, Lck) BD Pharmingen (San Diego, CA,
USA) (FADD), Cell Signaling (Danvers, MA, USA) (p-FoxO3a, FoxO3a, AKT, p-AKT,
PARP, C-8 1C12) and Stressgen, Enzo Life Sciences (Plymouth Meeting, PA, USA)
(Bim). C-8 (C15 clone) was from Alexis and anti-FasL (Nok2) was from BD. FasL-LZ is
derived from overexpression of the extracellular region of FasL tagged with isoleucine
zipper and Flag tag construct in 293T cells and purification of the protein on a Flag
column. Stealth select siRNA (medium GC control and Bim) was obtained from
Invitrogen (Carlsbad, CA, USA) and targets all isoforms of human Bim.

CD4þ T-cell isolations and apoptosis assays. Peripheral blood
leukocytes (PBLs) were obtained from normal donors in the Department of
Transfusion Medicine, Clinical Center, NIH, under the Institutional Review Board
(IRB) approved protocol. Peripheral blood from patients with ALPS Type Ia germline
Fas mutations were obtained from NIAID clinical center under the IRB approved
protocol number: 93-I-0063. For direct ex vivo apoptosis assays, CD8þ T cells were
depleted by MACS separation and the PBL were incubated with Fas agonists, anti-
Fas antibodies or FasL-LZ for 6–8 h. A multi-parameter FACS analysis was used to
delineate the levels of Fas-induced apoptosis within various CD4þ T-cell subsets.
Cells were stained with CD4 and CD45RA to differentiate between naı̈ve
(CD4þCD45RAþ ) and memory (CD4þCD45RA�) CD4þ T cells (Figure 1a).
Surface receptors CCR7 and CD27 on memory T cells demarcate central (TCM,
CD4þCD45RA� CCR7þ /CD27þ ) or effector memory (TEM, CD4þCD45RA�

CCR7�/CD27�) cells (Figure 1a). Co-staining was done with annexin for 20 min
and analyzed by FACS. Cell death was calculated using the formula ((1–% live-
treated cells)/(% live-untreated cells)), wherein cells that remain annexin negative
are considered as live cells. For assays on activated T cells derived from ALPS
patients, PBMCs were activated with concanavalin A (2.0mg/ml, SIGMA, St Louis,
MO, USA) for 48 h and expanded in RPMI medium containing IL-2 (100 IU/ml) for
3–5 days. Apoptosis assays were done as above. Mouse CD4þ T cells were
isolated from 6- to 8-week-old wild-type (C57BL/6) or lpr mice using a CD4þ T-cell
isolation kit (Miltenyi Biotec, Auburn, CA, USA) and sorted for naı̈ve (CD62Lhi/
CD44lo), central memory (CD62Lhi/CD44hi) and effector memory (CD62Llo/CD44hi)
cells. For the ex vivo assays, cells were directly incubated on anti-CD3-coated
plates or treated with FasL-LZ for 6–8 h and analyzed for apoptosis using annexin/PI
staining. Sorted cells were activated on plate-bound CD3/28 (5mg/ml) for 3 days and
expanded in RPMI medium containing IL-2 (50 IU/ml) for another 5 days for the in vitro
activated cell assays. All cell death assays were done in triplicates for each sample.

Lipid raft assays and Fas signaling complex analysis. For lipid raft
separation Optiprep density centrifugation preparations were used as described
previously.28 For depletion of palmitoylated Fas, activated naı̈ve and memory cells

were cultured for 18 h in the presence or absence of 100mM 2-bromopalmitate, then
treated with anti-Fas antibody and multi-parameter flow cytometry was used to
detect apoptosis as described above. For analysis of the DISC, 107 activated naı̈ve,
memory, TCM or TEM cells were stimulated with either uncrosslinked (1 mg/ml) or
crosslinked (0.2mg/ml) anti-Fas antibodies and lysed in 1 ml of DISC lysis buffer.
Immunoprecipitation was done with protein G beads (Pierce, Rockford, IL, USA)
O/N at 4 1C. The beads were lysed with SDS buffer and immunoblotted against Fas,
FADD, C-8 and cFLIP.
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