
fcell-08-00314 May 3, 2020 Time: 9:53 # 1

REVIEW
published: 05 May 2020

doi: 10.3389/fcell.2020.00314

Edited by:
Olivier Micheau,

Université de Bourgogne, France

Reviewed by:
Inna N. Lavrik,

University Hospital Magdeburg,
Germany

Fabien Picaud,
University of Franche-Comté, France

Ana Martin-Villalba,
German Cancer Research Center

(DKFZ), Germany

*Correspondence:
Nicolas Levoin

n.levoin@bioprojet.com
Patrick Legembre

patrick.legembre@inserm.fr;
plegembre@hotmail.com

Specialty section:
This article was submitted to

Signaling,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 25 February 2020
Accepted: 08 April 2020
Published: 05 May 2020

Citation:
Levoin N, Jean M and

Legembre P (2020) CD95 Structure,
Aggregation and Cell Signaling.

Front. Cell Dev. Biol. 8:314.
doi: 10.3389/fcell.2020.00314

CD95 Structure, Aggregation and
Cell Signaling
Nicolas Levoin1* , Mickael Jean2 and Patrick Legembre3*

1 Bioprojet Biotech, Saint-Grégoire, France, 2 Univ Rennes, CNRS, ISCR-UMR 6226, Rennes, France, 3 INSERM U1262,
CRIBL, Université de Limoges, Limoges, France

CD95 is a pre-ligand-associated transmembrane (TM) receptor. The interaction with
its ligand CD95L brings to a next level its aggregation and triggers different signaling
pathways, leading to cell motility, differentiation or cell death. This diversity of biological
responses associated with a unique receptor devoid of enzymatic property raises the
question of whether different ligands exist, or whether the fine-tuned control of CD95
aggregation and conformation, its distribution within certain plasma membrane sub-
domains or the pattern of post-translational modifications account for this such broad-
range of cell signaling. Herein, we review how the different domains of CD95 and their
post-translational modifications or the different forms of CD95L can participate in the
receptor aggregation and induction of cell signaling. Understanding how CD95 response
goes from cell death to cell proliferation, differentiation and motility is a prerequisite to
reveal novel therapeutic options to treat chronic inflammatory disorders and cancers.
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INTRODUCTION

Many Tumor necrosis factor (TNF) receptor superfamily members display significant roles in the
progression of human diseases, such as the death domain (DD)-containing receptors including
CD95, TNF-related apoptosis-inducing ligand receptor (DR4 and DR5), TNFR1, DR3, DR6, nerve
growth factor receptor (NGFR), and ectodysplasin receptor (EDAR, Figure 1A). These receptors
are characterized by the presence of an intracellular DD, which is required for their apoptosis-
inducing activity (Dostert et al., 2019). Several of them, including CD95 and TNFR1, are known to
form multimers not only in the presence but also in the absence of their cognate trimeric ligands
(Chan et al., 2000; Siegel et al., 2000), rendering complex to determine the nature and role of their
aggregation in the cell signaling process. This review discusses how the CD95 stoichiometry is
controlled by receptor-dependent and independent processes, and how stoichiometry can affect
the implementation of apoptotic or non-apoptotic signals.

A UNIQUE CD95 RECEPTOR BUT AT LEAST TWO FORMS OF
THE LIGAND

CD95
CD95 (also known as Fas, Apo-1, TNFRSF6) is a 319 amino acid type I transmembrane glycoprotein
(Itoh et al., 1991; Figure 1B). In the presence of its ligand CD95L, the receptor interacts with
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the adaptor protein Fas-associated protein with death domain
(FADD) through homotypic DD-mediated interactions. FADD
in turn recruits the protease caspase-8 and the long form
of the regulator of apoptosis cellular FADD-like interleukin-
1-β-converting enzyme-inhibitory protein (cFLIPL) via death
effector domain (DED) homotypic binding. Together, these
proteins form a complex designated DISK for death-inducing
signaling complex (Kischkel et al., 1995). The initial steps of
CD95-DISK formation are quite well defined and some of them
are shared with other death receptors of the TNFR superfamily.

Although initially described as a pure death receptor, CD95
undergoes a paradigm change, which might lead to a therapeutic
revolution. Indeed, cumulative evidence support that CD95 is
not only able to trigger a cell death signal but can also promote
inflammation and normal and tumor cell growth and migration
through the implementation of non-apoptotic cellular functions
including PI3K, NFkB, and JNK MAPKs (Desbarats and Newell,
2000; Desbarats et al., 2003; Kleber et al., 2008; O’ Reilly et al.,
2009; Hoogwater et al., 2010; Tauzin et al., 2011; Gao et al., 2016;
Poissonnier et al., 2016). Members of DISK including FADD
and caspase-8 could also participate in the induction of these
non-apoptotic cell signaling pathways (Barnhart et al., 2004;
Kreuz et al., 2004). Notably, caspase-8 acts through its scaffolding
function to drive cytokines production in various cancer cell lines
upon CD95L stimulation (Henry and Martin, 2017). Production
of pro-inflammatory chemokines in dying cells results in the
recruitment of monocytes and neutrophils that engulf the dying
cells expressing the “find me” signal (Cullen et al., 2013). How
CD95L triggers these apoptotic and non-apoptotic signaling
pathways and their respective biologic functions remain to be
better understood.

CD95L
CD95 ligand also known as CD95L (FasL, TNFSF6 or
CD178) is a type II transmembrane protein with a long
cytoplasmic domain, a transmembrane (TM) domain, a stalk
region, a TNF homology domain (THD) that mediates
homotrimerization and a C-terminal region involved in CD95
binding (Figure 1C). The TM CD95L (membrane-CD95L or
m-CD95L) can be cleaved in its stalk region by several matrix
metalloproteases (MMPs) including MMP3, MMP7, MMP9,
a disintegrin and metalloprotease-domain-containing protein
(ADAM)-10 (Guegan and Legembre, 2018). The resulting
soluble form of CD95L (s-CD95L) is a homotrimer (Tanaka
et al., 1998) whose binding to CD95 fails to induce cell
death (Suda et al., 1997; Schneider et al., 1998). Although the
pathophysiological roles of s-CD95L remain to be elucidated,
it accumulates in the bloodstream of patients suffering from
a variety of diseases, including certain cancers such as NK
cell lymphomas (Tanaka et al., 1996), ovarian cancers (De
La Motte Rouge et al., 2019), and triple-negative breast
cancer (TNBC) (Malleter et al., 2013). In TNBC women, high
concentrations of s-CD95L are associated with the risk of relapse
and metastatic dissemination (Malleter et al., 2013). s-CD95L
levels are also elevated in inflammatory and autoimmune
disorders such as systemic lupus erythematosus (SLE) (Tauzin
et al., 2011; Poissonnier et al., 2016), rheumatoid arthritis

(RA) (Hashimoto et al., 1998), and acute lung injury (ALI)
(Herrero et al., 2011).

CD95 STRUCTURE

CD95 is detected homotrimerized independently of the
presence of its ligand (Papoff et al., 1996; Siegel et al.,
2000). Different domains in the death receptor seem to
contribute to its aggregation, including the cytoplasmic
DD (Ashkenazi and Dixit, 1998), TM and extracellular
regions. Due to the TM nature, aggregation propensity and
domain flexibility, the whole CD95 structure has not been
solved yet. Nevertheless, 3D structures of some parts of
the receptor have been deciphered by electron microscopy,
X-ray crystallography or NMR spectroscopy (Figure 2A).
Although CD95 structure has been extensively studied by these
biophysical methods, the conformation of some important
domains within the receptor, including a part of the pre-
ligand assembly domain (PLAD) and the calcium-inducing
domain (CID) (Figures 1B, 2A,B) are absent from these
pictures, precluding a comprehensive understanding of the
CD95-mediated cell signaling.

Extracellular Region
The extracellular region of TNF receptors is characterized
by the presence of cysteine-rich domains (CRDs), which
contain six cysteine residues engaged in the formation of
three disulfide bridges (Bodmer et al., 2002). The number
of CRDs in a given receptor varies from one to four,
and CD95 encompasses 3 CRDs (Figures 1B, 2C; Bodmer
et al., 2002). The repeated and regular arrangement of CRDs
confers an elongated shape to the receptors. In the absence
of stimulation, CD95 is found at the plasma membrane as
monomers or homodimers and homotrimers associated through
their respective extracellular N-terminal PLAD, encompassing
the amino acid residues 17–82 (or amino acid residues 1–66
according to the mature protein) (Papoff et al., 1999; Siegel
et al., 2000). Accordingly, the elimination of PLAD in DD-
mutated CD95 constructs abrogates their dominant-negative
inhibitory effect, while expression of PLAD alone exerts a
dominant negative action on the CD95-mediated apoptotic
signal (Papoff et al., 1999; Siegel et al., 2000). More precisely,
the minimal domain required for CD95 homotypic interaction
contains amino acids 59–82 (43–66 without the peptide signal)
(Edmond et al., 2012).

The structure of CD95 extracellular domain (ECD) has been
determined after complexation with a Fab fragment of agonistic
(i.e., apoptotic) anti-CD95 antibodies, bound to the CRDs 1 and
2 (Chodorge et al., 2012). The CD95/Fab complex is monomeric
(Figure 2C), and although the antibody is an agonist, it shares
only a short region with the CD95/CD95L interface, mainly the
arginine at position 102 (based on the human CD95 precursor
sequence with 16 amino acids subtracted to obtain the position on
the mature sequence corresponding to R86, see Figure 1B). CD95
ECD exhibits a linear organization and its putative orientation
to the membrane is predicted based on the solved Holo trimeric
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FIGURE 1 | CD95 domains. (A) Phylogenetic tree of human TNF receptors. DD-containing receptors are surrounded in red. Sequences were aligned with MAFFT 7
(Katoh and Standley, 2013) following L-INS-I strategy with BLOSUM 30 matrix, incorporating Mafft homologs and bootstrapping. MaxAlign option was used to
increase the number of gap-free sites. The tree was built with Phylip 3.6 (Felsenstein, 1989) using a Neighbor-Joining method. (B) Main domains in the CD95
protein. (C) Main domains in the CD95L protein.

structure of other members of the TNFR family, including
DcR3/CD95L (PDB:4MSV), DR5/TRAIL (1D0G), TNFR2/TNF
(3ALQ), and DcR3/TL1A (3MI8). The PLAD residues consist
of amino acids 17–82 (1–66 without the peptide signal) (Papoff
et al., 1996; Siegel et al., 2000) and part of this region is missing
from the X-ray data, i.e., amino acids arginine 17 (first amino acid
following the peptide signal) to histidine 54 (Figure 1B). Also,
the CD95 domains encompassing amino acid residues K148 to
E156 and K164 to S170 are absent from X-ray and NMR analyses
(Figure 2A). Threading approaches (Dunbrack, 2006) previously
allowed us to build some plausible models of a completed ECD
(including PLAD) in a trimeric organization (Levoin, 2017).
However, in the present work focused on understanding of the
trimeric assembly, we preferred not modeling a region whose
structure is not strongly supported by experimental evidence.
Therefore, to fill the two main gaps within the CD95 extracellular
structure, we interrogated the PDB using PISA (Krissinel and
Henrick, 2007) to find 3D homologs to the CD95 crystal structure
(PDB : 3TJE). This method seems more appropriate than classical
sequence-based screen, because sequence homology between
DRs is rather low, and it is accepted that structure is more
conserved than sequence (Murzin, 1998). Using this approach, we
found that the structure of CD40 ECD (PDB : 3QD6) was close to
that of CD95, with good geometric superposition and extended
sequence solved (PISA Qscore = 0.55, with RMSD = 1.4 Å
for 87 amino acids). Therefore, we completed the structure of

CD95 protomer (residue N48 to E167, Figure 2B) using CD40
as a structural template. Afterward, each protomer served to
assemble homotrimers through protein-protein docking, using
SymmDock software (Schneidman-Duhovny et al., 2005b). We
imposed a symmetric nature of the complex as a constraint,
and the predicted four best solutions are presented Figure 3.
These associations can be described as close Nt/remote Ct (model
1), close Nt/close Ct (model 2), remote Nt/close Ct (model 3),
and remote Nt/remote Ct (model 4). The second solution is
definitely the most compatible with biochemical data, because
PLAD is known to be necessary and sufficient for receptor
aggregation (Papoff et al., 1996; Siegel et al., 2000), and model
2 is the only one that orientates the amino terminal region
in a way that can draw a large interface between PLADs.
According to this computer-driven model, the interface between
protomers occurred mostly between amino acid residues N48
to L52, K61 to P65 in CRD1, E114 to N118 in CRD2, R128
to V139 and C146 to E167 in CRD3. A noticeable structural
feature of all trimer models is that protomers are tilted to
the membrane, with an angle of about 45◦ for model 1 to
9◦ for model 2.

It is noteworthy that the homotypic PLAD affinity is rather
low, almost in the mM range (Cao et al., 2011) suggesting
that other domains in CD95 could exert a complementary
role for the receptor homotrimerization, in agreement with the
proposed trimeric model.
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FIGURE 2 | CD95 sequence and structure. (A) Sequence of CD95 with solved 3D structures and corresponding PDB ID code. Blue, gray and orange strips
represent the extracellular domain, the transmembrane domain and the intracellular region of CD95, respectively. CRD, cysteine rich domain; TM, transmembrane;
ICD, intracellular domain; ECD, extracellular domain. (B) Domains of a monomeric CD95 whose structure has been experimentally solved. The plasma membrane is
symbolized by two parallel planes, with the outer leaflet in purple and the cytosolic couleur in green. Note that the orientation toward membrane is a hypothesis.
(C) Structure of the extracellular domain of CD95. Crystal structure of CD95 ECD domain (PDB:3TJE), colored according to the sequence order (blue to red, from Nt
to Ct extremities). The yellow structure (amino acid residues N31 to D55) represents the gap in the crystal structure, which has been completed using CD40
homology. Nt: Amino-terminal region; Ct: COOH-terminal region.

FIGURE 3 | Models of trimeric CD95 ECD. Four models of the trimeric Apo CD95 ECD are depicted according to their decreasing docking score from left to right.
Trimers were obtained by protomer docking, performed with SymmDock (Schneidman-Duhovny et al., 2005a). Ct ends are depicted in red, while the CD95 Nt region
is in blue.

Transmembrane Domain (TM)
Recent studies highlight that for several death receptors, the TM
domain is involved in their aggregation. For example, DR5 TM
helix promotes the assembly of high-order complexes responsible
for cell death induction, independently of the ectodomain.

Nuclear magnetic resonance (NMR) analysis of this TM region in
bicelles shows different trimerization and dimerization interfaces
responsible for a supramolecular dimer-trimer network (Pan
et al., 2019). Surprisingly, elimination of the DR5 ECD triggers
cell death in a TM-dependent and ligand (TRAIL)-independent
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manner, suggesting that the extracellular region of DR5 exerts
an inhibitory action on the receptor activation; TRAIL binding
overcoming this auto-inhibitory process (Pan et al., 2019).

The CD95 TM domains have also been investigated by NMR
in lipid/detergent bicelles (Fu et al., 2016) and these structures
are found associated as stable trimers (Figure 4A). While the
ends of the three helices display a certain flexibility, their core
was more rigid (Figure 4B). The amino terminal portions of
the helices (extracellular side) are closer and less flexible than
their C-terminal counterparts (mean d1 = 9.7 ± 0.5 Å vs.
d2 = 18.2 ± 2.6 Å, respectively, between L174 or V195 Cα of
each protomer, for the 15 NMR structures). Unlike DR5, a proline
motif is present in CD95 TM and in many members of the
TNFR superfamily, including TNFR1, DR3, DR4, and CD40. This
proline-rich sequence (P183 and P185 residues in the human
sequence) within the CD95 TM helix favors packing of CD95
protomers through van der Waals interactions (Fu et al., 2016).

Transmembrane mutants affect the CD95L-mediated cell
death program to a lesser extent than DD mutants (Fu et al.,
2016). Indeed, co-expression of wild type and TM mutants
does not disturb the formation of CD95 homotrimer in the
absence of CD95L, indicating that the TM region of CD95
does not participate in its pre-ligand association (Fu et al.,
2016). Nonetheless, CD95 TM domain probably stabilizes CD95
aggregation and/or conformation in the presence of CD95L
because mutants within this domain impinge on the induction
of apoptosis in cells exposed to CD95L (Fu et al., 2016).

Super-resolution microscopy data points out that monomers,
dimers, and trimers of receptors co-exist on the plasma
membrane before ligand binding, supporting that CD95
stoichiometry results from a dynamic equilibrium among
oligomeric states (Fu et al., 2016), which could differ according
to the expression level of the receptor itself and other factors that
remain to be identified. Interestingly, somatic mutations exist
in the human CD95 TM domain associated with malignancy,
such as P183L associated with lymphoma or C178R mutation
with squamous cell carcinoma (Tauzin et al., 2012) and
these mutations abrogate the trimerization of TM domains in
bicelles (Fu et al., 2016). Because TM mutants disrupting the
CD95 homotrimerization impede the CD95L-induced apoptotic
program, we can envision that this stoichiometry corresponds to
its minimal arrangement required for induction of cell signaling.

Intracellular Domain (ICD)
Like other death receptors, CD95 does not possess any intrinsic
enzymatic activity and thereby initiates signaling cascades by
recruiting proteins through protein-protein interactions (PPIs)
in a dynamic manner. Most of the intracellular domain (ICD)
is constituted by a DD, a scaffolding unit recruiting FADD
through homotypic interactions. FADD in turn is a hub that
binds caspase-8 and c-FLIP (Ferrao and Wu, 2012), and
this complex cooperatively activates the apoptotic program
(Hughes et al., 2016).

The 3D structure of CD95 DD has been solved in complex
with FADD by different teams (Figures 5A,B; Scott et al.,
2009; Wang et al., 2010). Due to the different experimental
conditions used in these studies, including low pH/high salt

concentration vs. neutral pH and low salt concentration, and
different methods (i.e., X-ray and NMR), the CD95 structures
obtained are not completely superimposable (Figure 5A) and
probably represent different conformational states of the domain.
The X-ray structure of CD95 performed at pH 4 (Scott et al.,
2009) reveals a dramatic shift in the carboxy-terminal region
of the DD encompassing helices 5 and 6, resulting in the
opening of the globular structure to render amino acids of
the interface accessible to the FADD DD. This modification of
the DD conformation was not detected in other X-ray studies
of the CD95/FADD complex (Wang et al., 2010) or NMR
analyses of CD95 alone (Huang et al., 1996) or combined with
FADD (Esposito et al., 2010). Interestingly, mutations of residues
within DD, which favor the opening of helix 6, enhance CD95-
induced cell apoptosis, presumably because of an improved DISK
formation. Unexpectedly, Driscoll’s team showed that shifting
pH from 6.2 to 4 causes the loss of CD95/FADD interaction
(Esposito et al., 2010) weakening the conclusions drawn at low
pH or suggesting that acidic conditions could affect the way CD95
implements cell signaling (Monet et al., 2016).

The first crystallized CD95-DD/FADD complex showed
a tetrameric arrangement (4:4) mostly mediated by CD95
domains (Figure 5C; Scott et al., 2009). However, the predicted
orientation toward the membrane renders this model hardly
compatible with the full assembly of the receptors. Indeed,
Figure 5Cα illustrates that two chains of the tetramer are too
far from the membrane. An alternative perpendicular orientation
(Figure 5Cβ) seems also improbable for the same reason.
Therefore, we suppose that this assembly results from crystal
packing, and that a relevant biologic dimer is close to Figure 5Cγ.
The second crystal structure of CD95 DD showed an asymmetric
oligomeric complex composed of 5 CD95 DDs and 5 FADDs
(Figure 5D; Wang et al., 2010). This latter study revealed that
half of the residues involved in CD95/CD95, CD95/FADD or
FADD/FADD interfaces are positively or negatively charged,
suggesting again a sensitivity to salts or pH for the formation of
the aggregated complex and thereby signal induction. Although
the structure of this complex matches with the data obtained
using electron microscopy, it remains questionable because
rebuilt from the supposed orientation shown in Figure 5A, the
structure is asymmetric, and one DD penetrates the membrane
(Figure 5Dα). Optimization of the pentameric complex shows
again a questionable asymmetry (Figure 5Dβ), even if the
juxtamembrane region that we designated CID for Calcium-
Inducing Domain (Figure 1B) is long and flexible enough to
accommodate such a variability.

Calcium-inducing domain encompasses a 36 amino-acids
sequence (amino acids K191 to D226), which is predicted to be
disordered, explaining why it has never been solved by structural
studies. Molecular modeling can, however, illuminate this
structure at a single molecule level, showing that CID presented
sparsely and transiently folded small α helix (Poissonnier et al.,
2016). The role of this peptide in the DD conformation
and orientation to the plasma membrane and thereby in the
recruitment of FADD is difficult to predict.

While the DD (amino acid residues 210–303) is involved
in cell death, the biological roles of the last 15 residues of
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FIGURE 4 | Structure and flexibility of CD95 TM. (A) Left panel: NMR-based structure of the trimeric TM helices according to PDB: 2NA7. The helix bundle is virtually
inserted in a membrane, whose thickness is a hypothesis. Right panel: the Nt interdistance is less wide than its Ct counterpart (d1 = 9.7 ± 0.5 Å vs.
d2 = 18.2 ± 2.6 Å between L174 or V195 Cα, for the 15 NMR structures). (B) Superposition of the 15 NMR structures, showing that the core of the bundle is quite
rigid, while both ends are more flexible.

FIGURE 5 | Structure and flexibility of CD95 ICD. (A) Superimposition of the two crystal structures of CD95 death domain (PDB:3EZQ in red and PDB:3OQ9 in
yellow). In addition to the displacement of its juxtamembrane region, note the transformation of the α helices 5 and 6 within the death domain into a long stem helix.
(B) Superimposition of Holo and Apo structures of the CD95 death domain (PDB:3OQ9 in yellow and PDB:1DDF in red). Note that there is still a conformational
rearrangement of helices 5 and 6, but with a limited amplitude. (C) Different X-ray structures of ICD and their orientation toward the plasma membrane. Panels α to δ:
proposed orientations of the tetrameric crystal structure of CD95:FADD complex (only CD95 is depicted). The N-terminal region of the death domain starting at N223
is the closest residue to TM and is labeled with black spheres. Chains in red seem correctly oriented regarding the plasma membrane, but the orientation of chains in
yellow renders the position of the tetramer improbable. Panels γ to δ: only the closest dimers to the membrane are considered. Drawing in γ represents the most
probable orientation toward the membrane. (D) Orientation of the pentameric CD95-DD, taking as reference the protomer showed in Figure 2B. Note that using this
model, one DD is inserted into the plasma membrane. β. Optimized orientation of the pentameric CD95-DD regarding the position of the amino terminal residues
K231 and Y232 (black balls and sticks) to the plasma membrane. Note the asymmetry of the structure, particularly for chain (A) (arrow).

CD95 (amino acids 303–319) remain largely unknown. The
protein tyrosine phosphatase FAP-1 (Sato et al., 1995) or
Dlg1 (Gagnoux-Palacios et al., 2018) can interact with this
carboxy-terminal region and inhibit cell death, through unknown
molecular mechanisms.

In conclusion, 3D structures of CD95 combined with
biochemical and cellular data suggest the existence of different
conformations for CD95-DD but their roles in the recruitment of
FADD or other partners and the implementation of cell signaling
remain to be understood.
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Reconstitution of a Whole CD95 ECD/TM
Structure
Apo CD95
Superposition of the trimeric model 2 shown in Figure 3 to
the experimental TM bundle showed a near perfect alignment
(Figure 6A). The only 3 residues lacking in the ECD (i.e.,
E168GS) near the outer leaflet of the plasma membrane could
form a short loop with a flexible glycine. This loop can easily
fill the gap between ECD and TM, supporting our trimeric
model 2. Indeed, the estimated distance between α carbon of
each protomer of CD95 ECD at position E167 corresponds to
51 Å for model 1, 18 Å for model 2, 14 Å for model 3, and
64 Å for model 4, while trimeric NMR-based TM showed an
average distance of 21 Å between α carbon at position R171
(Fu et al., 2016).

Holo CD95
The structure of the CD95L complexed with the decoy receptor
DcR3 in a trimeric complex has been solved (Liu et al., 2016).
Based on structural similarities, we superimposed our previously
rebuilt CD95 ECD to DcR3 receptor, resulting in a trimeric
CD95L/CD95 complex (Figure 6B). The homotrimeric Apo
CD95 structure exhibits a packed conformation (Figure 6A),
so a large opening of this quaternary structure is necessary
to allow the insertion of the CD95L homotrimer (Figure 6B).
In this Holo conformation, the structural organization of the
CD95L/CD95 trimer reveals that the missing three amino acids
of CD95 ECD cannot fill anymore the gap between ECD and
TM, with a distance between α carbon of each ECD CD95
at position E167 of 39 Å (Figure 6B). This observation raises
two hypotheses: either the distance of the TM bundle changes
between Apo and Holo CD95 trimers, or CD95 CRD3 is very
flexible and naturally pivots under CD95L to cover partially
its bottom side, probably around the hinge formed by N132
(Figure 6C). The second scenario seems the most plausible,
because, first, TM domain has to be trimeric to implement the
apoptotic signaling pathway in the presence of CD95L (Fu et al.,
2016), and second, the lack of electron density in the crystal
structure of CD95 CRD3 suggests a flexible domain. Moreover,
the slope of the CD95 ECD protomers inside the trimer is
reminiscent of an inverted iris-like mechanism observed for
certain channels and transporters (Yoder et al., 2018; McCarthy
et al., 2019), in which the inducer engenders a small conformation
change, echoed into a huge amplitude modification at the
opposite end of the structure. Marchesi et al. (2018) recently
theorized the mechanical lever effect of the iris-like motion,
and concluded that this mechanism reduces by 3 the force
required to open channels. If this iris-like mechanism permits an
amplification of motion from ECD to TM in response to small
extracellular ligands (i.e., cyclic nucleotide and ATP), an inverted
physical principle might here switch an important extracellular
movement (i.e., insertion of a large ligand) into a minimal
TM perturbation. Based on this mechanism, the trimeric TM
would not need to dissociate when CD95 ECD widely opens to
accept the homotrimeric CD95L. Moreover, a small motion in
the juxtamembrane hinge region (for example, E168GS) should

counterbalance the large shift of the PLAD domain (Figure 6C).
In agreement with a movement of the CD95 juxtamembrane
domain, we estimated in our model a distance of 7 Å between
the CD95 residue S137 and its partner on CD95L (P206),
which was shown critical for the interaction (Schneider et al.,
1997). Because this distance is too important for an implication
of P206 in CD95/CD95L interaction, the receptor requires to
approach the ligand, either through CRD3 flexibility or by a
rotation/rocking of the receptor protomer following the iris-like
hypothesis. These conformational rearrangements will require
further investigations using normal mode analysis (Wako and
Endo, 2017) and molecular dynamics (Arroyo-Manez et al., 2011;
Wang et al., 2018).

EXTERNAL FACTORS MEDIATED
STOICHIOMETRY

CD95 Post-translational Modifications
(PTMs)
CD95 can be glycosylated and different reports indicate that
sialylation of asparagines 118 and 136 (corresponding to N102
and N120 in the human mature CD95 protein), improves
the induction of the cell death program (Peter et al., 1995;
Keppler et al., 1999). However, more recent data challenged
the involvement of these glycosylations in the induction of
cell death (Shatnyeva et al., 2011). Because the elimination of
these glycosylations do not affect the stability or the plasma
membrane expression of CD95 (Shatnyeva et al., 2011), it
could be interesting in the future to explore the effect of these
PTMs on the induction of the CD95-mediated non-apoptotic
signaling pathways.

Several other PTMs affect the extent of oligomerization
of CD95 prior to or following its interaction with CD95L.
These include S-palmitoylation of the juxtamembrane cysteine
at position 199 (Chakrabandhu et al., 2007; Feig et al., 2007)
and S-nitrosylations on both C199 and C304 (Leon-Bollotte
et al., 2011). S-glutathionylation of CD95 at cysteine 294
(mouse amino acid sequence) promotes its aggregation and
subsequent caspase activation and apoptosis (Anathy et al., 2009).
Glutaredoxins (Grxs) reverse this process. Therefore, reactive
oxygen species (ROS) can enhance CD95-mediated caspase-8
activation, which in turn cleaves and inactivates Grx1, generating
a positive feedback loop sealing the cell fate. Also, CD95
S-glutathionylation promotes its distribution into lipid rafts and
its avidity for CD95L (Anathy et al., 2009). These results highlight
that CD95 aggregation and signaling can be modulated by a
redox-based mechanism.

Phosphorylation of CD95 on different serine/threonine and
tyrosine (Y232 and Y291) within its intracellular region can
modulate its signaling pathways (Chakrabandhu and Hueber,
2016). The replacement of Y291 by phenylalanine prevents
recruitment of the AP-2 adaptor complex and the subsequent
clathrin-mediated CD95 internalization but does not affect
FADD binding and cell death induction (Lee et al., 2006).
Interestingly, although this Y291 mutation inhibits the induction
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FIGURE 6 | CD95/CD95L complex and its association to the homotrimeric CD95 TM. (A) Manual alignment of trimeric Apo CD95 ECD model and experimental
trimeric TM. Only residues E168GS are missing, and ECD E167 and TM R171 appeared close. (B) CD95-ECD was rebuilt using CD40 structure as a template. Next,
this protomer was geometrically superimposed to the DcR3 homotrimer structure interacting with homotrimeric CD95L (yellow) with Maestro, Schrödinger Inc.
(optimization of the α carbons superposition, with a final RMSD of 7.5 Å between DcR3 and CD95). CD95 TM is depicted in red. (C) Unlike the Apo CD95-ECD, the
Holo Ct ends of CD95-ECD are too remote (each Ct end is distant from 40 Å) to be connected to the Nt ends of CD95-TM (in red) by the only 3 missing amino acids.
The most probable rearrangement following ligand binding is a rotation/rocking of the whole CRD3 depicted in navy blue around N132 (the resulting modeled
position is in navy blue ribbons, marked by blue arrows).

of the apoptotic signaling pathway (Lee et al., 2006), it fails
to alter the induction of non-apoptotic signals such as NF-
KB and MAPK (Lee et al., 2006) suggesting that similarly to
TNF-R1 signaling (Micheau and Tschopp, 2003), apoptotic and
non-apoptotic machinery are assembled within different sub-
cellular localizations.

In addition to receptor tyrosine kinases (RTKs) described
below (see paragraph III-2), src-family kinases (SFKs) can
phosphorylate tyrosines in CD95 leading to the inhibition of the
apoptotic program and these phosphorylation marks might serve
as poor prognostic markers in several types of cancer, including
breast, ovarian, and colon cancers (Chakrabandhu et al., 2016).
Of note, this Y291 phosphorylation can also recruit some
phosphatases including SHP-1 and SHP-2 and SH2-containing
inositol phosphatase (SHIP), whose activities counteract the
granulocyte–macrophage colony-stimulating factor (GM-CSF)-
mediated pro-survival signal in neutrophils (Daigle et al.,
2002). In conclusion, phosphorylation of Y291 within DD
of CD95 might participate in the inhibition of the CD95-
mediated apoptotic pathway and at least in certain cells including
neutrophils, might terminate the cytokine-mediated pro-survival
signaling pathways rendering difficult to predict the role of this
PTM in the cell fate.

CD95 ECD Partners
The tyrosine-protein kinase c-Met, also known as hepatocyte
growth factor receptor (HGFR), can be associated with CD95, via
a YLGA amino-acids sequence located in the N-terminal region
of the c-Met α-chain (Wang et al., 2002), and CD95L also bears
a 244YLGA247 sequence. Nonetheless, the observed competition
between c-Met and CD95L for CD95 interaction raises some
questions because the YLGA-containing c-Met sequence (i)
competes with CD95L for CD95 binding, despite the fact that
the CD95/CD95L interface involves amino acid residues different
from the CD95L YLGA sequence (Schneider et al., 1997) and (ii)
seems to disrupt CD95 oligomerization even if the CD95/CD95
aggregation requires CRD1 (PLAD) and TM domains different
from the CRD2 and CRD3 regions involved in CD95/CD95L
interface. Therefore, it remains to better understand how c-Met
and CD95 interact to elucidate how this receptor affects the CD95
signaling pathway.

Of note, an additional RTK, namely epidermal growth factor
receptor (EGFR) has been linked to the modulation of the
CD95-mediated signaling pathway. Accordingly, Haussinger’s
team reported that the hydrophobic bile salts can trigger cell
death in hepatocytes through activation of EGFR, which induces
CD95 tyrosine phosphorylation and implementation of cell death
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(Reinehr et al., 2003a,b). By contrast, other groups established
that the EGFR-induced MAPK pathway counteracts CD95-
mediated apoptosis in hepatocyte cells exposed to bile salts
(Qiao et al., 2001) and this RTK also inhibits the CD95-
mediated apoptotic signaling pathway in glioma cells (Steinbach
et al., 2002) rendering difficult to conclude on the role of
EGFR in the modulation of the CD95-mediated cell death
program. On the other hand, the presence of EGFR exerts
a pivotal role in the induction of the CD95-mediated non-
apoptotic signaling pathways. In the presence of CD95L, CD95
recruits EGFR to implement the PI3K signaling pathway in
TNBC cells (Malleter et al., 2013) or the MAPK pathway (i.e.,
extracellular signal-regulated kinase) in hepatic stellate cells
(HSCs) (Reinehr et al., 2008) and thereby promotes cell migration
or proliferation, respectively.

Interestingly, a recent study highlighted the role of CD95
in sensing the cell survival of epithelial cells and thereby the
maintain of tissue integrity (Gagnoux-Palacios et al., 2018). In
adherens junction, the proximity of E-cadherin and α-catenin
to CD95 favors the recruitment of Dlg1 to the C-terminal
region of CD95 (Gagnoux-Palacios et al., 2018). Dlg1impinges
on the DISK formation in cells exposed to m-CD95L and the
loss of adherens junction will favor the release of this anti-
apoptotic factor to promote cell death, a mechanism that could
prevent metastatic dissemination of pre-tumor cells. Another
method for adhesion molecules to control cell death has been
also established for ICAM-2 (Perez et al., 2002). ICAM-2 over-
expression or its interaction with leukocyte function-antigen-1
(LFA-1) induces ezrin phosphorylation by src tyrosine kinase
and PI3K/AKT activation (Perez et al., 2002), which in turn
impairs the induction of the CD95-mediated apoptotic program
in leukocytes. This study points out that the PI3K activation
by adhesion molecules can protect cells from apoptotic signal
induced by death receptors.

Ion-Driven CD95 Stoichiometry
As aforementioned, upon addition of CD95L, CD95 undergoes
conformational modification of its DD, inducing a shift of helix 6
and fusion with helix 5, promoting both oligomerization of the
receptor and recruitment of the adaptor protein FADD (Scott
et al., 2009). However, the idea of an elongated C-terminal
α-helix favoring the cis-dimerization of CD95-DD in the acidic
conditions (pH 4) was challenged by Driscoll and colleagues
(Esposito et al., 2010) who did not observe the fusion of the last
two helices at a more neutral pH (pH 6.2). These findings raise
the question of whether a local decrease in intracellular pH might
affect the CD95 conformation by promoting the opening of the
CD95-DD and eventually by contributing to the formation of
a complex that elicits a sequence of events distinct from what
occurs at physiologic pH. Accordingly, we recently observed
that CD95 activates the Na+/H+ exchanger 1 (NHE1) in the
presence of s-CD95L (Monet et al., 2016). NHE1 catalyzes an
electroneutral exchange of extracellular Na+ for intracellular H+,
and its activity is necessary for cell migration (Putney et al., 2002;
Frantz et al., 2007). While the presence of s-CD95L activates
NHE1, no such modulation is observed in cells stimulated with
a cytotoxic, multi-aggregated CD95L, suggesting that an acidic

pH may surround the intracellular region of CD95 in cells
stimulated with cytotoxic CD95L as compared to that in cells
exposed to s-CD95L (Monet et al., 2016). This observation might
explain how a drop of pH close to CD95 could promote a
receptor conformation recruiting FADD and thereby, unleash the
apoptotic signaling pathway.

By contrast, NHE1 activation by CD95 (Monet et al.,
2016) alkalinizes the intracellular region and could prevent
modification of DD helix 5 and 6 fusion (Scott et al., 2009).
Of note, acidification can affect the protein conformation
through the modulation of histidines as demonstrated for the
phosphoinositide binding of cofilin, which is pH-dependent and
decreases at high pH (Frantz et al., 2008). Interestingly, the
intracellular region of CD95 encompasses four histidines and two
of them (H282 and H285, i.e., H266 and H269 in the mature
protein) are localized upstream helix 5 (Tauzin et al., 2012).

Lipid-Driven CD95 Stoichiometry
CD95 aggregation relies on the plasma membrane composition
in lipids. Indeed, CD95 aggregation is slower in 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) than in
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), thereby
the apoptotic program is faster in the latter lipid environment
(Gulculer Balta et al., 2019). CD95 engagement triggers the
accumulation of ceramide in a caspase-8-dependent manner,
which in turn contributes to its aggregation and thereby
favors the induction of cell death (Grassme et al., 2003).
The initial stage of the CD95 response could be described
as a two-step process, first requiring a certain degree of
CD95 aggregation to secondarily promoting a caspase-8-driven
intracellular signaling pathway that results in the aggregation and
distribution of unstimulated CD95 into lipid rafts (Siegmund
et al., 2017) which seems to favor the apoptotic response
(Gajate et al., 2004). S-palmitoylation of CD95 (Chakrabandhu
et al., 2007; Feig et al., 2007) appears to promote CD95
redistribution into lipid rafts (Muppidi and Siegel, 2004;
Chakrabandhu et al., 2007).

Ligand-Mediated CD95 Stoichiometry
Two Ligands
Contrary to its receptor, CD95L is a type II transmembrane
protein whose N-term extremity is in the cytoplasm (Figure 1C).
The membrane-bound native CD95L (m-CD95L) can be
processed by several proteases, including MMP3, MMP7,
MMP9, and ADAM-10 (Tauzin et al., 2012), to release a
soluble form of the ligand (s-CD95L) (Figure 1C). m-CD95L
is responsible for the DISK assembly, whereas s-CD95L can
trigger the formation of a different complex designated MISC
(Malleter et al., 2013; Poissonnier et al., 2016). While most of
the studies on s-CD95L report that this ligand possesses an
homotrimeric stoichiometry, its membrane-bound counterpart
shows a higher degree of aggregation such as large synapse
of CD95L are observed between CD95L-expressing T-cells
or NK cells and their cellular targets. Human CD95L self-
association domain spans between amino acid residues 137–
183 (Voss et al., 2008) and the last three amino acids are
important for CD95 interaction (Figure 1C; Orlinick et al., 1997).
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CD95L ectodomain contains three putative sites for N-linked
glycosylation (N184, N250, and N260) and a lack of glycosylation
alters the expression level of this ligand, probably by acting
on its stability and/or intracellular trafficking (Schneider et al.,
1997; Voss et al., 2008). Although CD95L/CD95 structure
and surface plasmon resonance analyses reveal that CD95L
glycosylation is not interfering with CD95 binding, the
glycosylated ligand triggers a stronger cell death signal as
compared to its sugar-free counterpart (Liu et al., 2016). While
this difference of function has been associated with the fact
that CD95L glycosylation might reduce the magnitude of its
aggregation level (Liu et al., 2016), other studies showed no
effect on the induction of cell death signal (Orlinick et al.,
1997; Schneider et al., 1997; Voss et al., 2008), rendering
difficult to conclude on the exact biological role played by
the N-glycosylation of CD95L. Although O-glycosylation for
DR5 (Wagner et al., 2007) and N-glycosylation for DR4 do
not alter the intensity of their interaction with TRAIL (Dufour
et al., 2017), these PTMs enhance the apoptotic signal through
molecular mechanisms that remain to be elucidated (Micheau,
2018). A possible explanation could come from galectins,
which are small proteins capable to bind to the β-galactoside
sugars present in the extracellular region of TNF receptors
family members. Of note, different galectins can bind and
aggregate DR4, DR5, and CD95 and thereby, stimulate or inhibit
cell death (Micheau, 2018) suggesting the subtle role played
by glycosylation in the implementation of cell signaling by
death receptors.

CD95 Ligands and Aggregation
The role of CD95L in the extend of CD95 aggregation is
not clearly understood. Although most studies report that the
metalloprotease-cleaved CD95L engenders homotrimer unable
to induce cell death (Tanaka et al., 1996, 1998; Tauzin et al.,
2011; Suda et al., 1997; Schneider et al., 1998) but instead triggers
pro-inflammatory signaling pathways, in certain pathologies, a
soluble CD95L is accumulated and reaches an aggregation level
of CD95 allowing the implementation of the cell death program
(Bajou et al., 2008; Herrero et al., 2011). Moreover, although the
homotrimeric s-CD95L does not induce cell death, a recombinant
and hexameric form does (Holler et al., 2003), supporting
that the extent to which CD95L is multimerized is a pivotal
step in determining whether non-apoptotic signaling or cell
death is induced. Notably, some pathophysiological conditions
could favor s-CD95L oligomerization, thereby promoting its
cytotoxic activity. CD95L in the bronchoalveolar lavage (BAL)
fluid of patients suffering from acute respiratory distress
syndrome (ARDS) undergoes oxidation at methionines 224
and 225, promoting its aggregation and thereby rendering
it cytotoxic (Herrero et al., 2011). In addition, in ARDS
BAL fluid, another methionine oxidation occurs at position
121 within CD95 and prevents its cleavage by MMP7 which
can explain why this cytotoxic ligand retains its stalk region
(Herrero et al., 2011). Nonetheless, whether this corresponds
to an alternatively cleaved form of s-CD95L with higher-level
stoichiometry or a full-length exosome-bound m-CD95L remains
to be elucidated.

The stoichiometry of CD95L can also be increased by external
elements including fibronectin in the extracellular matrix (Aoki
et al., 2001), rendering the inactive molecule apoptotic and
raising the question of which domain within the soluble ligand
interacts with fibronectin.

The different responses obtained with soluble and membrane-
bound CD95L are a common feature among the TNF
superfamily. For instance, while soluble TNF binds efficiently
both TNFR1 and TNFR2, it stimulates TNFR1 signaling and
induces cell death, but fails to trigger any response with
TNFR2 (Grell et al., 1995). More importantly, the artificial
oligomerization of soluble ligands restores the implementation
of a classical response (Wajant, 2015) indicating that the ligand
stoichiometry modulates the cell signaling in this superfamily.
However, the difference between soluble and membrane-bound
ligand signaling can be not so tremendous that what is observed
for TNR2 or CD95. For instance, membrane TWEAK (TNF-like
weak inducer of apoptosis) induces both alternative and classical
NFκB pathways while soluble TWEAK only triggers the classical
NFκB pathway (Wajant, 2015).

Agonistic Antibodies
An interesting study using a set of agonistic anti-CD95 antibodies
revealed an inverse correlation between antibody affinity and
cell death (Chodorge et al., 2012). A structure–function analysis
disclosed that dissociation rate (Koff) of anti-CD95 antibodies
is crucial for receptor activation because beyond affinity,
dissociation of one antibody arm allows antibodies to bring
together more CD95 monomers, forming a receptor cluster
required to trigger cell death (Chodorge et al., 2012). These
observations strengthen that the level of CD95 aggregation
is important to induce the cell death process. However, the
role of aggregation in the induction of non-apoptotic signaling
pathways has not been investigated in this study and could be
interesting to address.

DISCUSSION

Unsurprisingly, initial therapeutic solutions involving CD95
focused on the apoptotic pathway. Most of research efforts have
dealt on deciphering the molecular basis of apoptosis induction
by CD95 and considering the biological functions of CD95 in
light of this role. Although non-apoptotic functions of CD95
(Alderson et al., 1993) have been reported soon after CD95
cloning (Itoh et al., 1991; Alderson et al., 1993), these have
been largely neglected over the years. As a consequence, no
CD95 agonists have become a standard of care in inflammatory
disorders or cancers. It is now clear that CD95 can contribute
to multiple biological functions, including inflammation and
tumorigenesis through the induction of non-apoptotic signaling
pathways. Accordingly, a CD95 decoy receptor blocking both
the apoptotic and non-apoptotic signaling pathways, Asunercept
(APG101), has nevertheless entered clinical trials for glioma and
myelodysplastic syndrome (Wick et al., 2014; Boch et al., 2018).

Overall, the evidence that homotrimeric ligand can activate
certain receptor-associated signaling pathways favors the concept
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of a two-step model of TNFRSF activation. In a first
step, there is ligand induced formation of homotrimeric
TNFSF/TNFRSF complex, triggering some signaling
pathways (mainly non-apoptotic signaling pathways).
In a second step, there is multimerization of the
homotrimeric complex through different mechanisms
including oligomerization, transactivation, plasma membrane
or microdomain redistribution/exclusion inducing different
signaling pathways. Each of these steps constitute possible
targets for therapeutic agents and should be scrutinized in
future studies.
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