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DEATH RECEPTORS ARE A SUBSET OF THE
TUMOR NECROSIS FACTOR RECEPTOR
FAMILY

So far, we have considered a pathway of apo-
ptosis, themitochondrial pathway, which is acti-
vated in response to cellular stress and some
developmental cues. In this review, we discuss
a different pathway of apoptosis that is triggered
by the interaction of extracellular ligands with
receptors on the cell surface.

On the surfaces of some mammalian cells
(and probably those of other vertebrates as
well) are receptors that, when bound by their
ligands, engage a pathway of caspase activation
and apoptosis that can be distinct from the mi-
tochondrial pathway that we have discussed.
These surfacemolecules are referred to as “death
receptors,” and their mode of caspase activation
is called the death receptor pathwayof apoptosis.

The death receptors and the proteins that
activate them (“death ligands”) are all closely
related molecules. The death ligands are mem-
bers of a larger family of proteins, the tumor
necrosis factor (TNF) family, and the receptors

for these ligands are members of the TNF recep-
tor (TNFR) family.1

The major death receptors are tumor necro-
sis factor receptor-1 (TNFR1), CD95 (also called
Fas and APO-1), the TRAIL receptors (TRAIL
receptor-1, also called DR4, and TRAIL recep-
tor-2, also called DR5 in humans; rodents have
only one, which resembles DR5), DR3 (death
receptor 3), and DR6 (death receptor 6). These
are shown in Figure 1. The death ligands are also
shown and include TNF, CD95-ligand (CD95-L
or Fas-L), and TRAIL (TNF-related apoptosis-
inducing ligand, also called APO-2L). Although
a ligand for DR3 has been identified, this does
not readily trigger apoptosis, and therefore there
could be other ways DR3 is engaged or it might
not normally function in apoptosis induction.
The apoptosis-inducing ligand for DR6 has
been identified as the cell-bound amyloid pre-
cursor protein, APP. Unlike the other ligands,
this is not a member of the TNF family, and its
function as a DR6 ligand is somewhat contro-
versial.

All of the TNF-family ligands, including the
death ligands, are trimers (an example is shown

1The TNF and TNFR superfamilies have been given the designations TNFSF and TNFRSF, respectively, followed by a number (those for
death ligands and receptors are shown in Fig. 1). We have chosen to employ the most widely used names in the text, rather than these
accepted designations.
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in Fig. 2). This is also true of the receptors. It is
often mistakenly suggested that the unligated
death receptors are monomeric and assemble
into trimers when bound, but there is very
good evidence that the receptors are already tri-

meric on the cell surface before engaging their
ligands. On binding a death ligand, the trimers
form higher-order complexes and expose a re-
gion located in the intracellular portion of the
receptor. This region contains a “death domain”
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Figure 1. The death receptors and their ligands. Several names for each are shown. Of all of the ligands, only APP
is not a member of the tumor necrosis factor (TNF) family.
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Figure 2.Death receptors and death ligands are trimeric. Shown are two views of the structure of tumor necrosis
factor (TNF; green) bound to the extracellular regions of the TNF receptor (TNFR1, blue). (PDB 1TNR [Banner
et al. 1993].)
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(DD; see Green 2022a). An exception is the in-
teraction between APP and DR6. In this case,
the receptor appears to be monomeric, and it is
dimerized by interaction with its ligand.

DDs are found in the death receptors but not
in any of the other TNFR-family members. Re-
call that, structurally, they show the death fold
also adopted by the death effector domains
(DEDs) and caspase-recruitment domains
(CARDs) found in caspases and their adapters
(Green 2022a) (Fig. 3). The death domains share
no sequence homology with the other death fold
domains, but they interact with proteins that
share the same domain (giving rise to DD–DD
interactions).

Different death receptors bind to different
DD-containing adapter proteins as the next
step in the signaling pathway. We begin with
the simplest version of this pathway, seen in
the case of the death receptor CD95.

HOW CD95 TRIGGERS APOPTOSIS

When CD95 is bound by its ligand CD95-L, or
by some antibodies against CD95 that mimic
this, the resulting conformational change in
the intracellular DD allows it to interact with a
small cytosolic protein called FADD (FAS-asso-
ciated death domain protein). FADD contains a
DD through which it binds to CD95 through a
DD–DD interaction. The DDs bind to each oth-
er at three different interfaces, producing a two-
layer structure (Fig. 4).

These assemble into arrays, as shown in Fig-
ure 5. This explains why at least two trimers of
CD95 must be brought together to produce the
complex that leads to apoptosis.

The binding of the CD95 DD to the FADD
DD causes FADD to expose a different death
fold, termed a death effector domain (DED). In
turn, the exposed DED on FADD now binds to

Figure 3. Ribbon diagrams of the representative structures of distinct death folds. DD, death domain; CARD,
caspase-recruitment domain; PyD, pyrin domain; DED, death effector domain.

Figure 4. The structure of the CD95 receptor death domain (DD) binding to the DD of the FAS-associated death
domain protein (FADD) viewed from top, side, and underside. (Redrawn from Wang et al. 2010. PDB kindly
provided by Dr. Hao Wu.)
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the prodomain of the initiator caspase, caspase-
8, through one of the two DEDs in this caspase.
In this way, ligated CD95 binds to FADD,
which exposes its DED to recruit caspase-8.
This results in the oligomerization of caspase-
8. This activates the caspase, which then cleaves
itself, stabilizing caspase-8 as dimers, as we saw
in Green et al. (2022a).

Actually, this is a bit more complicated. Cas-
pase-8 has two DED domains (Fig. 6) and only
one binds to FADD (DED1). The second one
(DED2) is then exposed, allowing it to bind to
the DED1 of another caspase-8 monomer,
which exposes its own DED2. This results in a

chain reaction, resulting in an extended filament
of caspase-8, unless something else stops it (Fig.
6). We consider this “something else” below. As
a result, one FADDprotein recruits a complex of
up to eight caspase-8 molecules. Caspase-8 can
now cleave and activate the executioner cas-
pases-3 and -7, which in turn orchestrate apo-
ptosis (Fig. 7).

The complex comprising ligated CD95,
FADD, and caspase-8 is called the CD95
death-inducing signaling complex (DISC). The
DISC forms within seconds of CD95 ligation,
and apoptosis can proceed within tens of min-
utes, presumably limited only by the rate of
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Figure 5.Model for the clustering of the CD95 receptor and FADD, based on the structure in Figure 4. The three
different types of interface between different death domains (DDs) are shown by different lines. (Redrawn from
Wang et al. 2010. PDB kindly provided by Dr. Hao Wu.)
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Figure 6. Caspase-8 oligomerizes into filaments. (A) Domains in caspase-8. DED, death effector domain; Large,
large subunit; Small, small subunit. (B) Cryoelectron microscopy structure of filament formed when caspase-8
prodomains are brought into proximity by FADD. Only death effector domain (DED) regions (1 and 2, colored
as in A) are shown. (Left) “Top-down” view. (Right) Side view.
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executioner caspase activation and substrate
cleavage. However, in some cells, as we will
see, this pathway can be slower and somewhat
more complex.

In humans, the DISC can also include cas-
pase-10, which appears to be similarly activated
by binding to FADD through DED–DED inter-
actions (note that caspase-10 is not found in
rodents). However, at present, there is no com-
pelling evidence that caspase-10 can replace cas-
pase-8 for CD95-induced apoptosis. Human
cells lacking caspase-8 are resistant to CD95 li-
gation (despite the presence of caspase-10).

Not all cells expressing CD95 are sensitive
to CD95-induced apoptosis. Another protein,
FLICE-like inhibitory protein (FLIP), which is
related to caspase-8 but lacks an active cysteine,
can also bind to FADD in the DISC through a
DED–DED interaction (see Green 2022a). If
caspase-8 and FLIP are dimerized, caspase-8
becomes activated and cleaves FLIP, but the
caspase-8 molecule does not require cleavage
for enzymatic activity of this complex. Never-
theless, apoptosis does not ensue (Fig. 8). The
reason for this is that although FLIP, like cas-
pase-8, contains two DEDs, the second does not
bind to the DED1 of caspase-8 (or of FLIP).
FLIP, then, is the “something else” that is able

to prevent formation of the caspase-8 filament,
thereby restricting its activity and preventing
apoptosis.

The requirement for caspase-8 cleavage for
apoptosis to occur is supported by the observa-
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Figure 7. The CD95-induced apoptotic pathway, showing the principal players from the initial binding of the
CD95 ligand (CD95-L) to the clustered receptors at the cell plasma membrane to formation of the death-
inducing signaling complex (DISC), leading to eventual activation of executioner caspases.
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Figure 8. FLIP inhibits apoptotic signaling. When
FLICE-like inhibitory protein (FLIP) is present, the
formation of the death-inducing signaling complex
(DISC) recruits it, and this prevents caspase-8 from
forming an active filament that would lead to apopto-
sis (as illustrated in Fig. 6). DED, death effector do-
main; FADD, FAS-associated DD protein.
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tion that replacing this caspase with a noncleav-
able form fails to restore CD95-induced apo-
ptosis, even though the noncleavable caspase-8
dimer is enzymatically active. Cleavage of FLIP
might generate a signal with other roles in the
cell; alternatively, the caspase-8–FLIP dimer
might interact with some substrates but not
with others (such as the executioner caspases,
which are not activated when FLIP is expressed).
We return to FLIP and its interaction with cas-
pase-8 when we consider another form of cell
death in Green (2022b).

Some herpes viruses express a short form of
FLIP (v-FLIP) that blocks CD95-induced apo-
ptosis by binding to FADD and preventing cas-
pase-8 filament formation and activation. There
is also a short isoform of mammalian FLIP
(called FLIPS), which similarly prevents cas-
pase-8 activation (but does not form a proteo-
lytically active dimer).

DEFECTS IN CD95 SIGNALING CAUSE A
LYMPHOACCUMULATIVE DISEASE

Inactivating mutations in CD95, its ligand, or
caspase-8 can cause the childhood disease acute
lymphoproliferative syndrome (ALPS). This is
marked by accumulation of T and B lympho-
cytes, including amassive increase in an unusual
T-cell subset not found in normal individuals
(for aficionados, this subset is CD3+, CD4−,
CD8−, and B220+), presumably because apopto-
sis that would normally control the numbers of
these cells does not occur. Autoimmunity and
lymphoid tumors are not uncommon in people
with ALPS, and the disease is usually lethal if
not treated.

Mice with naturally occurring mutations
in CD95 (lymphoproliferative, “lpr”) or CD95-
L (generalized lymphoproliferative disorder,
“gld”) show the same lymphocyte accumulation
seen in ALPS, including accrual of the peculiar
T-cell type and often become autoimmune (Fig.
9). Genetic deletion of CD95 or CD95-L has the
same effects, but this is not seen when the dele-
tion of CD95 is restricted to only T cells; it ap-
pears that loss of CD95 in another cell type,
dendritic cells, is also involved in the disease.
Such observations tell us that interactions be-

tween CD95 and its ligand are important for
homeostasis in the immune system.2

TRAIL AND APOPTOSIS

TRAIL is a TNF-family ligand produced by T
cells and other cell types. Like CD95-L, it is a
trimer that can trigger apoptosis in target cells
bearing the appropriate death receptors. In ad-
dition, like its relative, not all cells bearing recep-
tors for TRAIL are sensitive to TRAIL-induced
apoptosis, but in this case the mechanisms of
resistance are less well understood (although
one mechanism probably involves FLIP).

The mechanism of apoptosis induced by li-
gation of a TRAIL receptor appears similar to
that induced by CD95; ligation of the receptor
recruits FADD to the DD on the intracellular
region of the TRAIL receptor, and this binds
to and dimerizes caspase-8 to activate it. Cells
lacking either FADD or caspase-8 are resistant
to TRAIL-induced apoptosis.

At least one of the TRAIL receptors (DR5)
can engage apoptotic signaling in a manner that
is independent of its ligand, TRAIL. Endoplas-

Figure 9. Lymphoproliferative lpr disease. The mouse
on the left carries the lpr mutation in the Cd95 (Fas)
gene, resulting in massive enlargement of the lym-
phoid organs. The control mouse on the right is
wild type. (Image courtesy of Dr. Ralph C. Budd, Uni-
versity of Vermont, Burlington.)

2Intriguingly, background genes influence the susceptibility
to the disease, whichmanifests differently in different mouse
strains. This is also true in people. Families that carry dom-
inant-negative forms of CD95 (which can act in a partially
dominant manner) can sometimes showALPS in some chil-
dren, whereas others are generally normal.
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mic reticulum (ER) stress can induce DR5 gene
expression and cause DR5 protein in the ER to
spontaneously oligomerize, resulting in cas-
pase-8 activation and apoptosis. This is not the
only way in which ER stress can cause apoptosis
(other mechanisms involve engagement of the
Bcl-2 family proteins, such as BIM, among oth-
ers; see Green 2022c).

APOPTOTIC SIGNALING BY THE TNFR1
IS COMPLEX

Two different, but related, ligands bind to the
death receptor TNFR1. These are TNF itself and
another TNF-family ligand called lymphotoxin.3

Ligation of TNFR1 by either causes it to expose
its DD and interaction sites for another type of
signalingmolecule, TNF-receptor-associated fac-
tor-2 (TRAF-2).TheDDofTNFR1doesnot bind
to FADD but, instead, to another DD-containing
adapter protein, TRADD (tumor necrosis factor
receptor type 1–associated death domain).
TRADD helps to stabilize the binding of TRAF-
2 and also recruits other molecules to the com-
plex, RIPK1, cIAP, and cIAP2.

RIPK1 is a kinase, but here it is not the ki-
nase activity that concerns us; the following
steps do not depend on its enzymatic function.
(We return to RIPK1 kinase activity in another
form of cell death in Green [2022c].)

The cIAPs are members of the inhibitor of
apoptosis protein family (IAP family; see Green
2022a), but they do not inhibit caspases. Instead,
they act as E3-ubiquitin ligases to polyubiquity-
late RIPK1. This involves lysine 63 of the ubiq-
uitin chain and so has a function different from
degradation (characteristic of lysine 48 link-
ages). The lysine-63-linked polyubiquitin on
RIPK1 recruits other proteins, including a com-
plex called LUBAC, which then creates a linear
ubiquitylation on the protein. This, in turn, re-
cruits NEMO (also known as I-κB kinase-γ,

IKKγ). This recruits and activates the rest of
the IKK complex, which in turn activates the
transcription factor NF-κB (Fig. 10).

NF-κB induces the transcription of a num-
ber of genes involved in cell survival, including
FLIP. When NF-κB is activated by TNFR1 liga-
tion, apoptosis does not occur, and instead the
cell responds in other ways—for example, par-
ticipating in inflammatory responses by produc-
ing cytokines.

There are additional signaling consequences
of this complex. For example, ligation of TNFR1
induces the activation of c-Jun amino-terminal
kinase (JNK). This phosphorylates the protein
Jun, which forms part of another transcription
factor, AP-1. TRAIL ligation can also activate
JNK. JNK has other targets in the cell, and its
activation can promote apoptosis in some cell
types, as discussed below.

If NF-κB is not functional or if survival
genes induced byNF-κB are not active, a second
signaling step can lead to apoptosis. This hap-
pens in some cell types or under conditions
in which cell signaling is experimentally altered.
An enzyme that removes ubiquitin chains (a
deubiquitinase, or DUB), called CYLD, removes
ubiquitin from RIPK1. The modified TRADD–
RIPK1 complex (called TNFR1 signaling
complex I) disengages from the receptor and
becomes cytosolic. The DD of TRADD, previ-
ously associated with TNFR1, is now exposed,
and this recruits FADD. FADD, in turn, binds
and activates caspase-8 (forming TNFR1-sig-
naling complex IIa). The caspase-8 then precip-
itates apoptosis, as we have seen (Fig. 11). Alter-
natively, RIPK1, which also has a DD, can
recruit FADD (TNFR1-signaling complex IIb).

Mice that display defective NF-κB function
(because parts of the NF-κB pathway have been
knocked out) die during development because
of extensive apoptosis in the liver. However, if
these animals also lack TNFR1, they survive be-
yond birth. This tells us that it is apoptotic sig-
naling from TNFR1 that is responsible for liver
failure in NF-κB-defective embryos.

The rescue of these mice by TNFR1 defi-
ciency tells us that other death ligands, such as
TRAIL or CD95-L, do not contribute signifi-
cantly to the lethal effects of loss of NF-κB sig-

3Both of these also bind to another TNFR-family member
that is not a death receptor; TNF binds to TNFR2, and lym-
photoxin binds to the lymphotoxin receptor. However, be-
cause these are not death receptors, we do not further discuss
them nor other non-death-receptor members of this extend-
ed receptor family.
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naling during development. Note, however, that
activation of NF-κB can produce resistance to
apoptosis induced by ligation of other death
receptors by inducing expression of FLIP and
other proteins.

There is evidence that other death recept-
ors, including CD95 and the TRAIL receptors,
might also form cytosolic signaling complexes
following ligation that resemble complex II in
TNFR signaling. At this point, it is not clear
that this is necessary for caspase-8 activation
and apoptosis in these cases. Furthermore, these
and other death receptors can also activate JNK
or NF-κB in some cells, although the precise
mechanisms are less well defined.

DEATH RECEPTOR SIGNALING CAN
ENGAGE THE MITOCHONDRIAL
PATHWAY OF APOPTOSIS

In Green (2022c), we discussed how the BH3-
only protein BID is a sensor for proteases, be-
cause cleavage of the protein can activate it to
engage the mitochondrial pathway of apoptosis
by activating BAX and BAK.When death recep-
tors are ligated and activate caspase-8, this caus-
es mitochondrial outer membrane permeabili-
zation (MOMP) and engages the mitochondrial
pathway of apoptosis. This is because caspase-8
is very efficient at cleaving BID and activating
this BH3-only protein (Fig. 12).

In some cells, inhibition of MOMP by anti-
apoptotic BCL-2 proteins has little or no effect
on death receptor–mediated apoptosis. These
have been called type I cells in terms of their
response to death ligands.4 Lymphocytes and
lymphoid tumors are examples of type I cells.
In other cells, inhibition of MOMP effectively
blocks apoptosis, and these are referred to as
type II cells. Hepatocytes are an example of
type II cells, as we will see.

The crucial difference between type I and
type II cells in the response to death receptor

ligation could be the expression of XIAP. This
protein blocks the activities of caspase-9 and the
executioner caspases-3 and -7 (see Green 2022a)
but does not inhibit caspase-8. When MOMP is
triggered by cleaved BID, antagonists of XIAP,
such as Smac and Omi, are released from the
mitochondrial intermembrane space and disrupt
XIAP function, allowing apoptosis to proceed.
This effect can be seen in cells lacking APAF1
(which therefore cannot activate caspases as a
result of cytochrome c release), and this tells us
that the function ofMOMP to blockXIAP can be
crucial for caspase-8 to activate caspases-3 and -7
and promote apoptosis by this pathway. This
scheme is illustrated in Figure 13.

One example is the cells of the liver—the
hepatocytes. Injection of mice with CD95-
ligand or with antibodies that activate CD95
causes a rapidly lethal destruction of the liver.
Expression of BCL-2 in hepatocytes prevents
this lethal effect. Mice that lack BID are also
resistant to these treatments. Therefore, these
cells are type II cells that require engagement
of the mitochondrial pathway following CD95
ligation to cause apoptosis. However, mice lack-
ing both BID and XIAP are sensitive.

CD95 ligation on hepatocytes therefore en-
gages caspase-8, but, although caspase-8 can
activate the executioner caspases, it seems that
XIAPblocks them and preserves survival of both
the cells and the animals. However, when cas-
pase-8 cleaves and activates BID, the resulting
MOMP releases proteins such as Smac and Omi
that neutralize XIAP, and death ensues. At least
in the case of hepatocytes, it is the expression
and function of XIAP that make these type II
cells; and MOMP must be engaged to inhibit
XIAP in order for apoptosis to proceed.

There could be another way in which some
death receptors engage apoptosis. Asmentioned
above, signaling from the TNFR1 and TRAIL
receptors can activate JNK. As we saw in Green
(2022c), JNK can phosphorylate the BH3-only
protein BIM, promoting its activity. Signaling
from some death receptors might therefore trig-
ger apoptosis in this way, and there is evidence
to support this idea. If this is the case, we have to
reconcile this with the finding that caspase-8 is
required for apoptosis induced by death recep-

4It is unfortunate (and confusing) that the forms of cell death
are referred to as “type 1,” “type II,” and “type III,” whereas
the cells that respond differently to death receptor signaling
are also referred to as “type 1” and “type 2” cells. In this
chapter, any reference to “type 1 cells” or “type II cells” is
to the latter.
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tors. Unfortunately, at present, we know of no
way for caspase-8 to participate in the activation
of JNK or BIM. This could change, however.
Recently, another function for caspase-8 was
identified that is independent of its caspase ac-
tivity, instead acting as a scaffold for additional
signaling events following death receptor liga-
tion. If correct, this might provide some insights
into how caspase-8 might be involved in apo-
ptosis via JNK and BIM.

DEATH RECEPTORS IN OTHER ANIMALS

Although there is a TNFR-family protein in
Drosophila, its ligation does not appear to acti-
vate caspases or apoptosis in any situation. Dro-
sophila also have a homolog of FADD (called

dFADD) and a homolog of caspase-8 contain-
ing DEDs (Dredd). If these proteins are not in-
volved in apoptosis, what do they do?

It could be that the role of this pathway
in Drosophila (and presumably other insects)
is in host defense. Dredd and dFADD partici-
pate in the production of antibacterial peptides
in the fly. Intriguingly, this is because Dredd
cleaves and thereby activates a protein related
to NF-κB called Relish. This has led to the
idea that caspase-8 in mammals might have a
similar role in a NF-κB pathway, but currently
this is controversial.

In contrast to Drosophila, a TNFR-like re-
ceptor has been identified in corals, and remark-
ably this interacts with human TNF to trigger
apoptosis, both in coral cells and in human cells

Caspase-8

Active BIDInactive BID

Death 
receptors

Death 
ligands

MOMP

BAX/BAK

BAX/BAK
oligomer

Figure 12. The pathway of death receptor signaling giving rise to mitochondrial outer membrane permeabiliza-
tion (MOMP) through caspase-8-mediated cleavage of BID. TNF, tumor necrosis factor; FADD, FAS-associated
DD protein; TRAF, TNF-receptor-associated factor; TRADD, tumor necrosis factor receptor type 1–associated
DD protein.
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in which it is experimentally expressed. It might
be that the death receptor pathway, like the mi-
tochondrial pathway, is more common in ani-
mals than we once thought.
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does not appear to be necessary for apoptosis by this mechanism. DD, death domain.
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