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Originally identified as a cell surface receptor
that triggered the death of lymphocytes and
tumor cells, it is now recognized that Fas (also
known as CD95 or Apo-1) has distinct functions in
the life and death of different cell types in the
immune system. Fas signaling may also be
involved in T cell costimulation and proliferation.
Although Fas deficiency in humans and mice pre-
disposes them towards systemic autoimmunity,
Fas-FasL interactions can also facilitate organ-
specific immunopathology. Proximal signaling by
Fas and related receptors depends on subunit
preassembly, which accounts for the dominant-
negative effect of pathogenic receptor mutants
and natural splice variants.
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The surface receptor Fas was first identified a decade ago using anti-
bodies that induced the rapid death of tumor cells1,2. Fas cross-linking
induces changes such as membrane blebbing, nuclear condensation and
caspase activation, which are characteristically found in cells undergo-
ing apoptosis during normal development or after induction with
chemotherapeutic agents, glucocorticoids or γ-irradiation3. Cloning of
the Fas molecule showed it to be a 319-aa type 1 transmembrane gly-
coprotein4. As a prototypical member of the tumor necrosis factor
receptor (TNFR) superfamily, Fas is characterized by three extracellu-
lar region cysteine-repeat domains (CRDs)5. An 80-aa region of the
intracellular domain, the “death domain”, is critical for apoptosis sig-
naling6. The death domain serves as a protein-protein interaction mod-
ule for the recruitment of cytosolic signaling proteins. The quaternary
structure of Fas likely resembles other members of the TNFR super-
family and forms a homotrimer in the membrane when bound to spe-
cific ligands7. The ligand for the Fas receptor (FasL) is a trimeric type
2 membrane protein that closely resembles other TNF-like molecules
and can be released in soluble form after cleavage from the membrane
by metalloproteinases8,9.

Five other human TNFR superfamily members with death domains
have been identified. These are TNFR1 (also known as p60), death
receptor 3 (DR3), DR4 (also known as TNF-related apoptosis-inducing
ligand receptor 1, or TRAILR1), DR5 (also known as TRAILR2) and
DR610–18. The term “death receptor” has been used for the subgroup of
TNFR superfamily members with death domains because each can

directly initiate apoptosis. The ligand for DR4 and DR5 is the TNF-like
molecule TRAIL19. The TNF family member TNF-like weak inducer of
apoptosis (TWEAK) may be one possible ligand for DR320. The ligand
for DR6 is still unknown. Most of these receptors have soluble forms
that are produced by alternative splicing or proteolytic cleavage from
the plasma membrane. A gene encoding a soluble protein (DcR3) that
competes with Fas for FasL binding has been isolated and is amplified
in a number of lung and colon carcinomas21. In addition, two separate
genes that encode COOH-terminal truncated “decoy” TRAIL recep-
tors, DcR1 and DcR2, function as antagonists of TRAIL signal-
ing16,22–24. Soluble and truncated forms of death receptors can block
receptor function and those that block TNF action have been used as
therapeutic agents in human diseases25.

Fas and other members of the TNFR superfamily recruit a signal
transduction protein complex to the cytoplasmic domain of the recep-
tor without a known requirement for post-translational modification.
After ligand or agonistic antibodies have been bound, Fas associates
with two specific proteins, Fas-associated death domain (FADD) and
caspase-8, to form the death-inducing signal complex (DISC)26. The
FADD adapter protein binds to the intracellular death domain of Fas
through a homologous COOH-terminal death domain27,28. FADD also
contains a related protein-protein interaction module, the death-effector
domain (DED), at the NH2-terminus. The DED is an 80-aa motif with
a six α-helical structure that is very similar to the death domain and was
defined by its ability to induce apoptosis when overexpressed29. FADD
recruits the cysteine protease caspase-8 (also called FLICE or MACH)
to the Fas signaling complex by homotypic interactions between the
DEDs in each protein30,31.

The identification of caspase-8 in the Fas signaling complex directly
linked Fas to caspase activation. Caspase-8 directly and indirectly acti-
vates other members of the caspase family of aspartate-requiring cys-
teine proteases, which results in cleavage of structural and regulatory
proteins within the cell and apoptosis32. Both naturally occurring and
experimentally produced genetic defects that impair DISC formation
can severely impair apoptosis-induction by Fas33. After recruitment to
the DISC, caspase-8, which is synthesized as inactive proenzyme,
undergoes autocatalytic processing to produce the active caspase-8 pro-
tease. Caspase activation is central to Fas signaling because experi-
mental overexpression of active caspase-8 or induced oligomerization
of unprocessed caspase-8 is sufficient to cause apoptosis34–36.
Thymocytes and embryonic fibroblasts from mice deficient in FADD or
caspase-8 are resistant to Fas-induced apoptosis, which reveals the
essential roles of these proteins in apoptosis15,37,38. In certain cell types,
Fas-induced apoptosis is also regulated by the mitochondrial caspase
machinery and proapoptotic Bcl-2 family members39.
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Regulation of Fas signaling
Although Fas and its signaling proteins are widely expressed, Fas func-
tions quite differently in each cell type of the immune system (Fig. 1).
Developing T cells in the thymus express Fas and will undergo apopto-
sis after Fas cross-linking. However, Fas is not required for the in vivo
clonal deletion of most autoreactive T cells in the thymus because Fas
or FasL-deficient mice appropriately delete autoreactive T cells. In
mature T cells, the Fas pathway eliminates excess effector cells during
immune responses as part of a negative feedback mechanism called
propriocidal regulation40,41. T cell–derived FasL can also induce apop-
tosis in B cells, APCs and target tissues (Fig. 1). These events counter-
balance the proliferation of activated effector cells that could be dam-
aging to the host in the course of an immune response against a
pathogen.

Fas signaling is highly regulated during mature T cell activation and
differentiation. Resting naïve T cells express little surface Fas. T cell
receptor (TCR) stimulation increases Fas expression and after inter-
leukin 2 (IL-2) treatment for
at least two days, cycling T
cells become sensitive to
apoptosis triggered by the
TCR through autocrine pro-
duction of FasL and signal-
ing through Fas42–45. The
increase in sensitivity to Fas-
induced apoptosis has been
attributed to a decrease in
FLICE-like inhibitory pro-
tein (c-FLIP) that occurs
over the first three days of T
cell activation46. The c-FLIP
protein is a 55-kD protein
with overall structural
homology to caspase-8 but
with an inactive caspase-like
domain. Other studies sug-
gest that the regulation of
Fas sensitivity lies upstream
of c-FLIP and have found
minimal recruitment of
FADD, caspase-8 or c-FLIP
in T cells until several days
after the initial TCR engage-
ment47. Whatever the mecha-
nism, the unresponsiveness
of newly activated T cells to
Fas-induced apoptosis may promote unfettered T cell proliferation
upon acute antigen exposure.

In the original observations of TCR-induced apoptosis, death was
found to be highly specific for restimulated T cells within a mixed pop-
ulation of cycling cells48,49. When it was found that the death process
involves Fas as an intermediary, an interesting question arose: how is
antigen specificity maintained in the presence of ubiquitous FasL
released from restimulated T cells? It was found that T cells require
additional TCR stimulation at the time of Fas engagement to initiate
apoptosis50,51. The exact mechanism for the “competency to die” signal
provided by the TCR is unclear but it can involve signaling through the
TCRζ chain alone or through altered peptide ligands that do not elicit
full T cell responses52,53. The competency signal ensures that the partic-
ipation of Fas in propriocidal regulation is exquisitely antigen-specific.

In an inflammatory infiltrate, this mechanism may allow the selective
elimination of autoreactive cells. However, in the setting of a chronic
viral infection, such as with HIV, virus-specific T cells may be inad-
vertently eliminated, which leads to a less effective immune response.

Between T cell subsets there may be differences in the death recep-
tors that are involved as well as sensitivity to Fas-induced death. TCR-
induced apoptosis in CD4 cells primarily involves Fas, whereas apop-
tosis in CD8 T cells also depends on TNF signaling via the p75 recep-
tor (TNFR2)44,54. Among CD4 T cell clones, many T helper 2 (TH2)
clones appear to be less sensitive to Fas-mediated apoptosis than do TH1
clones55,56. Nevertheless, primary T cells cultured under TH2 differenti-
ation conditions maintained sensitivity to TCR-induced apoptosis57. In
contrast to in vitro stimulation, memory T cells primed in vivo appear
to be less sensitive to TCR-induced apoptosis than naïve T cells58,59. The
molecular basis of these examples of differential sensitivity to proprio-
cidal death is not yet clear. It is also important to note that T cell apop-
tosis due to the withdrawal of trophic cytokines such as IL-2 appears to

be independent of Fas or
TNF signaling60. This “pas-
sive” lymphokine withdraw-
al death may allow for attri-
tion of activated T cells after
termination of an acute anti-
genic stimulus, for example,
after polyclonal activation by
superantigens61.

Fas-induced apoptosis also
enforces B cell self-toler-
ance. This may be particular-
ly important in preventing the
secretion of autoantibodies
that occurs in Fas-deficient
states41. However, mature B
cells do not appear to under-
go Fas-mediated “suicide”
after B cell antigen receptor
engagement. Instead, it
appears that the developmen-
tal state of the B cell and the
type of antigen stimulation
governs whether or not a B
cell can become a target for
Fas-mediated death. As in T
cells, Fas is not required for
elimination of autoimmune B
cells during maturation62. In

the periphery, T cells can eliminate self-reactive B cells through a mech-
anism that requires Fas and the TNFR family CD40 receptor on B
cells63. In addition, signaling through surface immunoglobulin in non-
tolerant B cells delivers a separate signal that protects against Fas-medi-
ated apoptosis, probably through increasing the expression of c-
FLIP64–66. Signaling through two newly described TNFR family mem-
bers, transmembrane activator and CAML interactor (TACI) and B cell
maturation antigen (BCMA), can also protect B cells from apoptosis.
Interestingly, overexpression of one of the ligands for these receptors, B
cell activating factor (or BAFF, also known as zTNF4, BlyS, THANK or
TALL-1), can induce autoantibody secretion and lupus-like nephritis in
otherwise normal mice67–71.

The mechanism that regulates the Fas pathway in monocyte-derived
antigen presenting cells is not as clear. Peripheral blood monocytes

Figure 1. Fas-FasL interactions mediate immune cell homeostasis. Red arrows repre-
sent interactions that downmodulate immune responses or autoimmunity through propriocidal
apoptosis of reactive lymphocytes or APCs. Green arrows represent interactions that could facil-
itate antiviral responses or immunopathology.These interactions lead to apopotisis of the target
cells under appropriate conditions. The gold arrow represents the neutrophil response to
enforced expression of FasL on target tissues. Broken arrows represent unproven interactions.
Small black arrows show changes in lymphocyte activation and differentiation states.
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spontaneously undergo apoptosis, some of which may be mediated by
Fas72. Differentiated tissue macrophages continue to express Fas but
appear to be more resistant to apoptosis induced by Fas cross-linking,
which correlates with increased c-FLIP expression72–74. Blood-derived
human dendritic cells are also sensitive to Fas-induced apoptosis but
CD40 signals protect against Fas-induced death75. This suggests that
dendritic cells that successfully present antigen to T cells during an
immune response may be selectively rescued from Fas-mediated apop-
tosis. Nevertheless, in vivo tracking studies have shown that dendritic
cells that present antigen to T
cells disappear after 48 h,
presumably through apopto-
sis76. Dendritic cells also
appear to be especially sensi-
tive to apoptosis through the
death ligand TRAIL77.

The expression of FasL on
nonimmune cells can also
induce apoptosis in T cells
that recognize tissue-specific
antigens. It was claimed that
this phenomenon underlies
the “immune privilege” of
FasL-expressing tissues such
as the anterior chamber of the
eye and in the testes78,79, but
these results have been dis-
puted80. T cell death in these
environments may be due to
FasL expressed on the
responding T cells rather than
the stimulating graft or tumor
cells81. Cell transfer experi-
ments in experimental
autoimmune uveitis (EAU)
have shown that FasL expres-
sion on retinal cells does not
prevent their destruction by
invading autoimmune lym-
phocytes82. Experiments with
enforced FasL expression in a
variety of tissue types have led not to tolerance but to hyperacute
inflammation associated with neutrophilic infiltration83,84. The mecha-
nism by which FasL promotes infiltration of activated neutrophils is not
clear but TGF-β may shift the balance towards immune privilege by
blocking neutrophil activation in response to FasL stimulation85. The
physiological significance of Fas-induced neutrophil activation is also
not clear because so far it has been observed only with enforced over-
expression of FasL.

Fas and caspases in T cell costimulation
As early as 1993 it was shown that antibodies to Fas provide costimu-
latory signals for freshly isolated human T cells in vitro86. These find-
ings have been supported by more recent studies in which addition of
Fas-Fc–soluble receptor chimeras inhibited costimulation, whereas
FasL promoted proliferation and IL-2 secretion in response to subopti-
mal doses of anti-CD387,88. Inhibitors of caspase-3 and caspase-8, but
not the inflammatory caspases such as caspase-1 (also called inter-
leukin-converting enzyme, ICE), were able to inhibit T cell prolifera-
tion in response to anti-CD3 stimulation in a dose-related manner at the

level of IL-2 production. Other evidence linking Fas signaling to cellu-
lar proliferation came from studies of FADD-deficient mice. Due to the
embryonic lethality of the FADD–/– mouse, FADD-deficient hematopo-
etic stem cells were used to reconstitute the immune system of RAG-
1–deficient mice. Lymphocytes from these mice had defective Fas-
induced apoptosis, similar to that seen in homozygous lpr mice
(Faslpr/lpr). However, FADD-deficient mice also exhibited B cell deple-
tion and severe impairment of TCR-mediated proliferation of naïve T
cells. This proliferative block could not be reversed with exogenous IL-

2, which suggested that
FADD has a function in T
cell proliferation that is
downstream of IL-2 and sep-
arate to it’s role in costimula-
tory Fas signaling37.

In addition to its anti-apop-
totic activity, it has been pro-
posed that c-FLIP may also
link Fas signaling to costimu-
lation. Transfection or trans-
genic expression of c-FLIP
enhanced the activation of
both nuclear factor κB (NF-
κB) and the mitogen-activat-
ed protein (MAP) kinase
extracellular signal-related
kinase (ERK), which led to
increased IL-2 secretion89. In
this scheme, caspase
inhibitors could act by
inhibiting processing of c-
FLIP in the Fas signaling
complex, which is apparently
important for its function.
However, the in vivo physio-
logical significance of this
mechanism is unclear
because Fas-deficient mice or
humans have no clinically
apparent immunodeficiency.

Fas-FasL interactions in autoimmune disease
The in vivo function of Fas was originally defined by the observation
that the recessive mouse lpr mutation associated with systemic autoim-
munity and lymphoproliferation is due to a transposable element inser-
tion that inactivates Fas transcription90,91. A similar mouse syndrome is
caused by the recessive gld allele of the Fasl gene92. In humans, the
autoimmune lymphoproliferative syndrome (ALPS), which has many
similarities to lpr-associated disease in mice, is associated with domi-
nant mutations in the Fas, Fasl or other genes in the Fas pathway93,94

(reviewed in95).
ALPS is characterized clinically by massive lymphadenopathy and

splenomegaly, which typically presents in childhood96,97. These clinical
findings are accompanied by autoimmune hemolytic anemia, thrombo-
cytopenia and other autoimmune manfestations91. In addition, patients
have markedly increased numbers of circulating double-negative 
T cells (that are negative for CD4 and CD8). These cells express the αβ
TCR and are normally found at very low levels (<1%) in the peripheral
blood. ALPS patients also have increased numbers of circulating B cells
together with a polyclonal hypergammaglobulinemia. These findings

Figure 2. Models for transmembrane signaling by Fas and related TNFR superfam-
ily members. (a) Requirement for cooperativity in recruitment of signaling proteins for dom-
inant inhibition by Fas death domain mutants. Given the random assortment of wild-type and
mutant receptor chains in a heterozygous mutant, only one-eighth of trimeric receptor com-
plexes will be completely wild-type. If recruitment of FADD is cooperative, as shown, all three
death domains in a Fas receptor complex must be wild-type to efficiently recruit the down-
stream signaling proteins FADD and caspase-8.Thus seven-eighths of receptor complexes have
defective signaling. (b) Post-ligand association in which receptors are trimerized by ligand. (c,d)
Preligand association of receptor chains, a model favored by recent studies of extracellular
receptor mutants and splice variants.The ligand may induce a rearrangement of (c) receptor
chains or (d) superclustering into a large complex, shown from above the plasma membrane.

a b

c d
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are similar to those found in Fas or FasL-deficient lpr and gld mouse
strains98.

One major difference between the ALPS patients and the animal
model is that multiorgan autoimmune disease with renal involvement is
seen in the mice, whereas autoimmune cytopenias predominate in
ALPS. However, strain-specific background genes are also critical to
the spectrum of immunopathology seen in the lpr mouse99. Within fam-
ilies, ALPS is not fully penetrant. However, studies of apoptosis in clin-
ically unaffected relatives have shown that the apoptotic defect was as
severe as in their affected family members, which indicated that Fas
deficiency is fully penetrant at the cellular level (M. Johnson, R. M.
Siegel and M. J. Lenardo, unpublished observations). This indicates
that the additional factors that predispose an individual to disease are
likely to be environmental or outside the apoptotic pathway.

In experimental autoimmune disease models, results obtained from
Fas or FasL-deficient animals have revealed a distinct role for Fas in
mediating organ-specific immunopathology. In autoimmune diabetes, the
interaction between FasL-
expressing T cells and Fas-
expressing islet cells may
be an important mechanism
in causing islet cell destruc-
tion. The original evidence
for this was the observation
that diabetogenic T cells
transferred into lpr
homozygous, Fas-deficient,
non-obese diabetic (nod)
host mice did not develop
diabetes100. It is now known
that this phenomenon is due
to destruction of injected T
cells by high FasL expres-
sion in the lymphocytes of
lpr mice101. However more
recent experiments have
shown that heterozygous
gld mice (gld/+) diabeto-
genic T cells, which are
partially deficient in FasL,
are unable to induce dia-
betes in nod host mice
despite the presence of T
cell islet infiltrates102. These
data reinforce a role for
FasL-mediated killing of
target tissues. In experi-
mental autoimmune encephalomyelitis (EAE) Fas also functions in T
cell–mediated killing of oligodendrocytes103,104. However, other experi-
ments have shown that in some mouse strains, propriocidal death of T
cells is also important in regulating EAE, particularly in inducing disease
remissions. In addition, direct induction of T cell apoptosis with high-
dose antigen can induce remission of EAS105–107. Taken together, these
results suggest that Fas and related death receptors may have opposite
effects in the regulation of autoimmune lymphocytes and in mediation of
immunopathogy. Signaling by Fas and related death receptors can direct-
ly down-modulate the production of autoantibodies and the numbers of
autoreactive T cells. However, during T cell attack of target tissues, FasL
can increase organ damage by mediating apoptosis of Fas-expressing tar-
get tissues. The balance between these two opposing effects will 

determine the outcome of autoimmune disease in Fas-deficient hosts and
appears to vary between different disease models and mouse strains.

Receptor preassociation and cooperativity
A major question concerning the pathogenesis of ALPS has been how
heterozygous Fas mutations cause disease in the presence of wild-type
Fas protein. Transfection studies have shown that mutant Fas alleles
were dominant-negative at the molecular level93,108. Intracellular Fas
mutations are clustered in the Fas death domain and abolish binding to
the adapter protein FADD. With 1:1 noncooperative interaction
between Fas and FADD, mutant chains should only block recruitment
of FADD to a maximum of 50%. Studies of Fas signaling in ALPS
patient cells have shown a much greater than 50% reduction in recruit-
ment of the signaling proteins FADD and caspase-8 to the Fas receptor
after receptor cross-linking33. Transfec-tion of increasing amounts of
mutant Fas proteins inhibits recruitment of FADD to wild-type Fas109.
This suggests that, in the recruitment of FADD, there is cooperativity

between receptor sub-
units. If this is the case,
then mixed complexes of
wild-type and mutant
receptors would be ineffi-
cient at forming a stable
signaling complex (Fig.
2a). In support of this
model, it has been found
that the related CD40
receptor recruits the
adapter molecule TRAF2
in a 3:3 complex with
each CD40 intracellular
domain contacting one
subunit of a TRAF2
trimer110. We have also
found preliminary bio-
chemical evidence of a
Fas-FADD hexameric
complex (J. Chung, M.
Johnson and M. J.
Lenardo, unpublished ob-
servations). Cooperative
recruitment of adapter
proteins may be a general
principal of TNFR signal-
ing that prevents random
activation of signaling but
predisposes these recep-

tors to dominant interference by heterozygous receptor mutants.
Dominant-interfering extracellular Fas mutations in ALPS encode

either secreted Fas proteins with premature termination codons or inter-
stitial deletions, many of which cannot bind FasL. This finding cannot
be explained by a model for Fas signaling in which trimeric ligand
aggregates single receptor chains into trimers111,112. It was also observed
that nonreceptor subunits were unable to bind FasL but were able to
dominantly interfere with wild-type Fas. This led us to investigate the
possibility of ligand-independent interactions between chains of the
Fas receptor that allow the formation of defective signaling complexes
of Fas. We found that Fas receptor chains could specifically self-asso-
ciate and that this was mediated through an NH2-terminal domain of the
receptor we called the PLAD (preligand assembly domain)113,114.

Figure 3. Dominant interference in ALPS depends on the NH2-terminal PLAD. Alignment
of selected ALPS patient Fas mutations from families studied at the National Institutes of Health. Bold
crosses indicate the location of point mutations.The capacity of each mutant to associate with wild-
type Fas, as tested by coprecipitation (SA) and dominant inhibition of Fas-induced apoptosis in
cotransfection studies (DI), is shown.
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Preassociation was found to be specific for each member of the TNFR
superfamily tested, with no interactions between heterologous recep-
tors. Using a panel of Fas-truncation mutants, we found that deletion of
a region in the first CRD of Fas resulted in a loss of self-association and
decreased receptor function. Preassociation with the wild-type receptor
chain, which does not bind ligand, correlated with the ability of a
mutant Fas molecule to dominantly interfere with apoptosis induction
through wild-type Fas. Secreted Fas molecules generated by natural
RNA-splicing variations also interfere with Fas signaling through pre-
association115. Chemical cross-linking studies revealed that the native
Fas, TNFR1 and TNFR2 receptors are also closely preassociated on the
surface membrane in higher-order complexes113–115.

These findings have a number of implications for receptor signaling
by Fas and related TNFR superfamily members. From a mechanistic
standpoint, recruitment of downstream signaling proteins by these
receptors cannot be a consequence of post-ligand aggregation of the
intracellular domains through ligand-mediated trimerization of the
receptor (Fig. 2b). Rather, binding of the ligand to the preligand recep-
tor complex is likely to induce a change in the arrangement of receptor
subunits that allows efficient recruitment of FADD and other down-
stream components. The relative orientation of receptor subunits may
be critical for proper recruitment of adapter molecules. Formation of
the ligand-receptor complex may “lock-in” a quaternary structure that
brings the death domains into an orientation favorable for FADD
recruitment (Fig. 2c). Alternatively, ligand binding to preassociated
receptors may allow formation of receptor superclusters (Fig. 2d).
Biophysical and structural studies will be necessary to distinguish
between these possibilities.

Analysis of mutations from a large number of ALPS patients show
that all dominantly interfering Fas mutants harbor the PLAD, whereas
not all encode the ligand-binding CRD2 region (Fig. 3). Thus, preasso-
ciation is critical for the dominant-interfering effect of these mutations.
Preassociation may also be critical for rapid transmembrane signaling,
even with low receptor expression, and allow specific transmembrane
signals to be generated by TNFR family members that share the same
ligand. Receptor preassociation itself may be a regulated phenomenon:
cells with Fas molecules that are not preassociated due to lower expres-
sion or the presence of modulator proteins may also be inefficient at
inducing apoptosis. Blocking receptor preassociation with small mole-
cules that bind the PLAD would be a new pharmacological approach to
prevent signaling by Fas and related TNFR family members. Unlike
interfering with ligand-receptor interactions with soluble receptor
decoys, blocking PLAD-mediated receptor preassociation could be
receptor-specific, which allows, for example, inhibition of TNFR1 but
not TNFR2 function.

In the second decade of studying Fas and the growing family of death
receptors, the challenges are to understand the molecular basis for the
multiplicity of cellular responses controlled by receptor ligation. The
door has now been opened to allow detailed analysis of the structural
changes mediated by ligand binding to Fas and to related receptors that
trigger transmembrane signaling. At a cellular level, investigation of the
cell type–specific roles of Fas will potentially lead to a deeper under-
standing of the pathogenesis of autoimmunity and immune cell home-
ostasis in Fas-deficient and normal animals.
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