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Cell death plays a pivotal role in the maintenance of tissue homeostasis. Key players in the controlled induction of cell death are the
Death Receptors (DR). CD95 is a prototypic DR activated by its cognate ligand CD95L triggering programmed cell death. As a
consequence, alterations in the CD95/CD95L pathway have been involved in several disease conditions ranging from autoimmune
diseases to inflammation and cancer. CD95L-induced cell death has multiple roles in the immune response since it constitutes one
of the mechanisms by which cytotoxic lymphocytes kill their targets, but it is also involved in the process of turning off the immune
response. Furthermore, beyond the canonical pro-death signals, CD95L, which can be membrane-bound or soluble, also induces
non-apoptotic signaling that contributes to its tumor-promoting and pro-inflammatory roles. The intent of this review is to describe
the role of CD95/CD95L in the pathophysiology of cancers, autoimmune diseases and chronic inflammation and to discuss recently
patented and emerging therapeutic strategies that exploit/block the CD95/CD95L system in these diseases.

Cell Death and Disease (2022)13:248; https://doi.org/10.1038/s41419-022-04688-x

INTRODUCTION

The division, differentiation, and death of a cell are highly
regulated events in every developing organism and, in the adult
individual, the loss of single cells plays a primary role in the
maintenance of tissue homeostasis. Cell death, considered as a
physiological event, can be defined as a highly evolved and
conserved cell elimination mechanism, which responds to
homeostatic and morphogenetic stimuli. The cells have a
genetically-encoded death program that is finely controlled at
the transcriptional and post-transcriptional levels. The definition of
“programmed or regulated cell death” (RCD) is appropriate for the
description of this phenomenon. Amongst the different types of
RCD [1], apoptosis remains the most studied. Two major apoptotic
pathways have been described: the extrinsic pathway or Death
Receptor (DR) pathway and the intrinsic or mitochondrial path-
way, which are linked [2]. In both pathways, specific aspartyl
cysteine proteases (caspases) are activated and cleave cellular
substrates, ultimately leading to the disruption of multiple cellular
processes and morphological changes, such as cell shrinkage or
the formation of apoptotic bodies, typical of apoptosis. The
crosstalk between the two apoptotic pathways is carried out by
the fact that caspase-8, involved in the extrinsic pathway, is able to
cleave BID, a Bcl-2 family protein involved in the intrinsic pathway,
thus activating the latter after apoptotic stimulus via DR and
eventually strengthening the apoptotic signal [3-5].

Molecular bases of apoptotic signaling

The intrinsic mitochondrial-mediated apoptotic pathway. The
intrinsic or mitochondrial pathway can be triggered by a variety
of cellular stressors (e.g DNA-damaging agents, nutrient depriva-
tion, hypoxia) and is tightly controlled by pro- and anti-apoptotic

members of the Bcl-2 family of proteins. These cellular stress
primarily lead to the increased transcription and/or post-
translational activation of pro-apoptotic members of the Bcl-2
family of proteins [6, 7]. The key event of this intrinsic RCD is the
mitochondrial outer membrane permeabilization (MOMP) induced
by the oligomerization of the pro-apoptotic effector members of
this family (BAX, BAK, and in some cases BOK) at the MOM [8].
MOMP allows the release of several caspase activators, such as the
cytochrome ¢, from the mitochondrial intermembrane space to the
cytosol. Hence, understanding the molecular bases of the pore-
forming capacity of the effectors and of the regulation of their
activation is crucial [8-11]. In the cytosol, cytochrome ¢ promotes
the assembly of a caspase activation platform called the apopto-
some that also includes caspase-9, the activation factor of apoptotic
proteases-1 (Apaf-1) and dATP [12]. Indeed, in the absence of
apoptotic stimuli, Apaf-1 exists in an inactive monomeric con-
formation while it undergoes heptameric oligomerisation upon
binding to cytochrome c and dATP in apoptotic conditions [13]. The
formation of the apoptosome triggers the activation of caspase-9
which in turn activates the effector caspases-3, -7 that drive cell
demise [14, 15]. MOMP also promotes the release of anti-apoptotic
factors, such as the second mitochondrial activators of caspase
(Smac/Diablo) and Omi/HtrA2 (high temperature requirement A2)
and endonuclease G (EndoG) [16]. The protein Smac [17, 18]
interacts with the BIR2 and BIR3 domains of the X-linked inhibitor of
apoptosis protein (XIAP), neutralizing the inhibitory effect of XIAP
on caspases-3, 7, and 9 [19]. Omi/HtrA2 [20-23] is a serine protease
which, once released into the cytosol, is also able to significantly
increase the activity of caspases by inhibiting XIAP. Noteworthy,
MOMP can also induce non-apoptotic cell death such as ferroptosis,
necroptosis and pyroptosis as recently reviewed elsewhere [7, 24].
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The extent of MOMP largely defines the propensity of a cell to
die or survive upon cell stress. The availability and activity of
the different Bcl-2 family members influences the cellular
readiness or “priming status” for MOMP. This priming status can
be determined through BH3-profiling [25, 26] that evaluates
MOMP upon incubation of permeabilized cells with BH3
peptides mimicking the action of some pro-apoptotic members
of the Bcl-2 family. This assay has mainly been used to predict
the sensitivity of cancer cells to various chemotherapeutic
agents (resistant cells usually display lower priming) and to
interrogate the sensitivity of cancer cells to the increasing
arsenal of BH3-mimetics (molecules mimicking the activity of
some pro-apoptotic Bcl-2 family members). MOMP is not
necessarily a complete process. Indeed, partial MOMP has been
observed when apoptotic induction is weak (minority MOMP) or
accompanied by caspase inhibition (incomplete MOMP). The
ability of cells to retain some non-permeabilized mitochondria,
ATP synthesis and to eliminate damaged mitochondria influ-
ences their propensity to survive upon incomplete MOMP.
Indeed, the remaining intact mitochondria can repopulate the
whole mitochondrial pool [27, 28]. In the case of minority
MOMP, caspase activation is insufficient to drive death but can
promote DNA damage and genomic instability [29]. In addition,
several reports indicate that MOMP can initiate multiple
inflammatory signaling, for example the cGAS/STING [30, 31]
or the NF-kB pathways [32]. Thereby MOMP can impact on the
cell and its microenvironment beyond its ability to promote
cell death.

Taken together, it appears that further understanding the
mechanisms dictating the extent of MOMP, its ability to induce
various types of cell death as well as non-death pathways in
different pathophysiological contexts (e.g., upon pathogen
infection, during tumor progression, etc.) and in different cell
types will be required to fully expand the therapeutic targeting
of the mitochondrial pathway. For further considerations on
this topic, we advise readers to explore the many recent reviews
available [7, 24, 33].

CD95 and CD95L: main structural features. The extrinsic apoptosis
pathway takes its name from the extracellular signal molecules
that bind to receptors exposed on the surface of target cells,
leading to a different way of activating the apoptotic signal
compared to the mitochondrial-mediated one. There is a family of
receptors specialized in the transmission of the signal upon
binding by their cognate ligand that leads to the extrinsic
programmed cell death: the DR. The DR belong to the Tumor
Necrosis Factor Receptor (TNFR) superfamily, which counts a total
of 29 receptors associated with a smaller selection of 19 ligands of
the corresponding TNF ligands superfamily. CD95, TNFR1, DR3,
DR4, DR5, and DR6 are the most studied DR that, upon ligand
binding, convey death signal by using a conserved intracellular
region of ~80 amino acids called the “Death Domain” (DD) [34].
This review particularly focuses on the DR CD95, its physiological
ligand CD95L and the current approaches developed to ther-
apeutically target this pair. CD95, encoded by the FAS gene, is a
319aa type | glycoprotein devoid of enzymatic activity that signals
through protein-protein interaction. Mature CD95 is composed of
three cysteine-rich extracellular domains, CRD3, CRD2, and
CRD1 starting from the transmembrane domain and moving
towards the N-Terminal. CRD2 and partly CRD3 are used for the
recognition and binding of the ligand, while CRD1, comprising a
subdomain called PLAD (Pre-Ligand Assembly Domain) [35, 36], is
needed for the preassembly of CD95 in homodimeric or
homotrimeric forms at the plasma membrane. The cytosolic
region is composed of the previously mentioned Death Domain
(DD) [34], which is essential for the transduction of the apoptotic
signal, and a Membrane Proximal Domain (MPD) which conveys
non-apoptotic signaling (Fig. 1) [37]. CD95L, encoded by the FASLG
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gene, consists of a total of 281aa, an extracellular region with a
C-terminus and an intracellular region with an N-terminus. This
protein is expressed at the plasma membrane in the form of a
homotrimer thanks to the preassembly between monomers that
takes place through an extracellular domain called TNF Homology
Domain (THD) [38]. The THD also mediates receptor binding. The
membrane-proximal extracellular stalk region is proteolytically
processed by several metalloproteases to release soluble forms of
CD95L (sCD95L), which generally display non-apoptotic activities
(see part 2). The cytosolic region is then composed of an 80 amino
acid tail containing a domain rich in proline, which is involved in
the reverse signaling induced by CD95L-CD95 interaction in CD4
and CD8 T cells (Fig. 1). This reverse signaling involves the co-
engagement of the TCR and co-stimulatory receptors along that of
CD95/CD95L [39-42]. The reported outcomes of this reverse
signaling depends on the cell type, with both proliferation and cell
cycle arrest being reported, but the knowledge on this subject is
still very partial.

Molecular bases of CD95-induced apoptotic signaling. CD95-
mediated extrinsic apoptotic signaling begins with the binding
of CD95L, via its THD on CRD2 and part of the CRD3 of CD95. In
addition to the pre-association of CD95 mediated by the PLAD
[35, 36], Fu et al. recently showed that proline motifs in the
transmembrane (TM) domain also contribute to the trimerization
of the receptor. Mutations of these motifs did not abrogate PLAD-
mediated preassembly of unliganded CD95 but reduced CD95L-
induced apoptosis, implying that these residues are important for
stabilizing signaling-active CD95 oligomers [43]. Binding of CD95L
has been proposed to trigger a reorganization of CD95 multimers
and a conformational change in CD95 intracellular domain,
allowing for the recruitment of the adaptor FADD (Fas-associated
protein with Death Domain) to CD95 via DD-mediated homotypic
interactions [44-47]. FADD is necessary for CD95L-induced
apoptosis [48, 49]. In addition to its DD, FADD contains a Death
Effector Domain and acts as a pivot for the assembly of DED
filaments which are chains of proteins formed through DED-
mediated interactions [50-52]. The DED chains nucleate from
FADD [51-54] and also comprise procaspase-8 and cellular FLICE-
like inhibitory proteins (c-FLIP) which are both key players in the
cell death network [51, 52]. Extensive work has been undertaken,
mainly in the past 15 years, to understand the mode of assembly
of these structures. Beyond CD95- and TRAIL-R1/2-associated
complexes, similar structures likely also nucleate from other death-
inducing complexes such as the ripoptosome, inflammasomes,
TNF-induced complex I, as well as the panoptosome [53, 55-57]
and could thus influence cell fate upon a plethora of signals. In the
case of CD95 signaling, the complex formed by CD95, FADD,
caspase-8 and cFLIP constitutes a platform for caspase-8 activation
which was first called the DISC (for Death-Inducing Signaling
Complex) [44]. Procaspase-8 contains two DEDs, DED1, and DED2,
located at its N-terminus and C-terminal large (p18) and small
(p10) catalytic subunits. As described below, the formation of the
DED filaments allows for the activation of caspase-8 which occurs
via dimerization and a serie of internal cleavages, leading to the
separation of the tandem DED from the catalytic subunits p18 and
p10 [53, 54, 58-60]. The active p10 and p18 subunits are released
into the cytoplasm to form mature active caspase-8 (Fig. 2). Fully
matured caspase-8, an heterotetramer of two p18 and two p10,
cleaves effector caspases-3, 6 and 7, which then cleave sub-
cellular substrates, ultimately inducing cell death [61]. Three
isoforms of cFLIP have been described: cFLIP long, short and
related (cFLIP_, cFLIPs and cFLIPg). cFLIPs and cFLIPg comprise
solely two tandem DED. In addition to the tandem DEDs, cFLIP_
comprises a small and a large caspase-like catalytically inactive
subunit. The initial DED-chain model, described by Inna Lavrik and
Marion MacFarlane’s laboratories, proposed a nucleation of the
chain from FADD involving an interaction between the DED of
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Fig. 1 The CD95 receptor and its cognate ligand CD95L. Schematic representation of the functional domains of the CD95 Death Receptor
(A) and its ligand CD95L in its membrane-bound form (B). (DD Death Domain, MPD Membrane Proximal Domain, CRD Cysteine-Rich Domain,

PRD Proline-Rich Domain, THD TNF Homology Domain).

FADD with the DED1 of caspase-8, whilst further chain elongation
implicated an interaction between the DED2 of FADD-associated
caspase-8 with the DED1 of the incoming caspase-8, ultimately
bringing the two catalytic domains of caspase-8 in close proximity
[51, 52, 62, 63]. The molecular configuration of the DED filaments
was further unveiled in 2016, by cryogenic electron microscopy
(cryo-EM) analysis [53]. This study established that the orientation
of the DED filaments actually relies on three different types of
interactions (type |, Il and Ill) between DEDs. Rather than a single
linear chain nucleating from FADD through type | interactions,
three strands of DED chains assemble via type Il and Ill interactions
to ultimately form a triple-helical structure [53, 54]. These different
types of interactions define a hierarchy in the formation of the
DED filaments, with FADD being rather poorly able to nucleate the
DED of cFLIP, arguing against the theory of competition between
procaspase-8 and c-FLIP for FADD. Thus, by affecting the
conformation of caspase-8 and bringing in proximity the catalytic
subunits of two procaspase-8, the DED-chain architecture works as
a platform for the activation of this initiator caspase [64, 65].
With regard to cFLIP proteins, it was first thought that these act
by competing with caspase-8 for FADD binding or by preventing
FADD self-association, akin to the viral FLIP MC159 [65], but this
view has been challenged. Multiple evidence now demonstrate
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that cFLIPsz actually precludes caspase-8 activation within the
DISC. Indeed, reports highlighted that cFLIPs,z could limit DED-
chain elongation and that cFLIPs,z incorporation into DED
filaments actively prevented the formation of inter-strand
assembly of caspase-8 catalytic domains [54, 63, 65]. Contrary to
the small cFLIP isoforms, cFLIP_ has been reported to possess a
dual function, promoting or limiting caspase-8 activation and
apoptosis. This is likely due to the fact that the cFLIP /caspase-8
heterodimer does possess a catalytic activity, albeit DISC
restricted, and that cFLIP. does not limit but promotes DED
elongation. Hence, depending on the relative cellular amount of
cFLIP, to caspase-8, cFLIP. might either facilitate the formation of
filaments, and thereby of apoptosis-inducing caspase-8 homo-
dimers (low cFLIPL to caspase-8 ratio) or, on the contrary (high
cFLIP_ to caspase-8 ratio), mainly result in formation of cFLIP./
caspase-8 heterodimers which, whilst able to cleave local
substrates (e.g RIPK1), do not mediate apoptosis [63, 66—70].
Another initiator caspase, caspase-10, can be recruited to the
TRAIL-R1/2 and CD95 DISC [66, 71, 72]. The role of this caspase in
apoptosis induction by CD95L and TRAIL, and in particular its
ability to substitute to caspase-8 loss, has been controversed.
Caspase-10 is conserved in multiple other vertebrates [73] but lost
in certain rodents (mice and rats) which has limited the study of its

SPRINGER NATURE
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Fig. 2 CD95-dependent apoptotic signaling. Representation of the CD95-mediated conventional or apoptotic pathway. The interaction
between CD95 and its membrane-bound ligand mCD95L, triggers the recruitment of the adaptor protein FADD, which then recruits
procaspase-8 generating the oligomerized DISC. The oligomerisation and auto-cleavage of procaspase-8 into its active form induces then the
activation of the effector caspases-3, -6, -7 leading to apoptosis. Active caspase-8 is also able to cleave Bid, generating t-Bid that promotes
Mitochondrial outer membrane permeabilization (MOMP) and thus the apoptosome-mediated effector caspase activation.

in vivo function. Some studies, mainly but not exclusively using
Jurkat cells or primary T cells, reported that caspase-10 can
contribute to DR-induced apoptosis, sometimes independently of
caspase-8 [71, 74-79]. Interestingly, a recent study argued that this
protease displays anti-apoptotic properties in certain cell lines
[80]. Of note, this initiator caspase has been found as different
splice variants in human cells, which have also been suggested to
display opposing functions towards DR-mediated apoptosis [81].
How each of these isoforms and potentially their post-translational
modifications (PTMs) impact on the DED-triple helix formation
remains to be deciphered. Indeed, PTMs, most prominently
glycosylation, phosphorylation and ubiquitination, of core com-
ponents of the DISC proteins represent additional crucial
checkpoints of DR signaling [82-84].

As mentioned above, caspase-8 also cleaves Bid, generating
t-Bid that promotes MOMP and thus apoptosome-mediated
effector caspase activation. Whether the engagement of the
mitochondrial pathway downstream of CD95 is required for
completion of apoptosis depends on the multiple variables
described to influence DISC formation (e.g expression level of
the DISC components, local lipid composition of the plasma
membrane, etc) as well as downstream regulators of the
apoptosis pathway such as XIAP [85-87]. The discovery that
caspase-8 is essential during embryonic development lead to the
identification of its role as a regulator of necroptosis. Indeed,
caspase-8, in concert with cFLIP,, is able to cleave RIPK1, along
other key components of the necroptotic cascade, which limits
necroptosis induction, as reviewed in [61]. In addition, as further
developed later, several of the players of the apoptotic pathway,
and in particular DISC components, are also involved in non-
cytotoxic signaling outputs.

INVOLVEMENT OF CD95/CD95L IN CANCER AND
AUTOIMMUNE DISEASES

Cancer

Multiple defects in the DR-mediated pathway have been observed
in human tumors [88-91]. In healthy individuals, extrinsic
apoptosis plays a central role in the immune-mediated elimination
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of infected or transformed cells. Therefore, defects in the extrinsic
apoptotic pathway contribute to tumorigenesis primarily by
limiting the efficiency of immune surveillance [92]. Cancer cells
have different ways of escaping from apoptosis [93]. These include
modification of the expression of pro- and anti-apoptotic proteins,
such as inhibitors of apoptosis (IAPs) and the anti-apoptotic
members of the Bcl-2 family among others, as well as the
expression of CD95 itself at the membrane [94, 95]. Mutations in
the FAS gene have been detected in both hematologic and solid
tumor malignancies [96-99]. These mutations are mainly located
in exon 8 and 9, which code for the DD, thus leading to resistance
to CD95-mediated apoptosis [91, 93]. Accumulating evidence has
shown that CD95 signaling cascades are often disrupted in several
autoimmune diseases and malignant tumors [100-102], leading to
the triggering of pro-tumorigenic cellular outcomes, rather than
apoptosis [89, 103]. Considering the potential pro-tumorigenic
effect of an incomplete induction of mitochondria-dependent
death-signaling mentioned above, one could hypothesize that
weak apoptotic signaling downstream of CD95 could also have
tumor-promoting effects. Furthermore, the quality of cell death
induced downstream of CD95 might also differentially impact on
inflammation and tumor progression, even though this remains to
be tested. In addition, several non-apoptotic pathways are also
induced by CD95L, as detailed below, and contribute to its tumor-
promoting and pro-inflammatory roles [88].

Non-apoptotic CD95-mediated pathways (NF-kB, MAPK, PI3K/
Akt)

NF-kB pathway. Several studies reported that CD95-mediated
stimulation can induce the apoptotic pathway in some cells, while
in others, the non-apoptotic NF-kB (nuclear factor kappa B)
pathway is favored [104, 105]. NF-kB is a transcription factor
playing an important role in the inflammatory responses as well as
in the regulation of cell survival, differentiation and proliferation. A
non-optimal regulation of this signaling pathway has been
associated with a high incidence of pathological conditions, such
as cancer and chronic inflammation [106]. At the cell population
level, the stimulation of CD95 by CD95L has long been reported to
concomitantly induce apoptotic signaling and NF-kB activation

Cell Death and Disease (2022)13:248
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Fig. 3 CD95-dependent non-apoptotic signaling. Representation of the CD95-mediated unconventional or non-apoptotic pathways. The
interaction between CD95 and its ligand CD95L recruits several adaptor proteins leading to the activation of the MAPK, NF-xkB and PI3K
pathways. The MAPK pathway requires a cascade of phosphorylations to eventually activate ERK, allowing its translocation to the nucleus
where it induces the transcription of pro-survival/proliferation/pro-inflammatory genes. The NF-kB heterodimer is kept inactive by IxB, which
after IKK-mediated phosphorylation releases NF-kB allowing its translocation to the nucleus where it promotes the transcription of pro-
inflammtory/proliferation/migration genes. The PI3K/Akt and PLCy1 pathways are functionally linked in triggering the cell migration. Active
PLCy1 participates in the elevation of cytoplasmic calcium levels, which then leads the activation of biochemical pathways that leads to cell
proliferation, survival and migration through the phosphorylation and activation of Akt.

[105, 107]. More recently, single cell studies have assessed if the
apoptotic and NF-kB pathways were activated in the same cell
[107, 108]. NF-kB was found to be activated in dying apoptotic
cells, confirming the hypothesis that CD95-mediated NF-kB
activation is correlated with the production of the so-called “find
and eat me” pro-inflammatory cytokines, including IL-6, IL-8,
CXCL1, MCP-1, and GMCSF [104]. Some of these cytokines act as
chemokines and are therefore able to affect the tumor immune
microenvironment.

Mechanistically, it appears that CD95 mediates NF-kB activation
through a FADD and caspase-8-involving pathway [104, 109-111].
The Death Domain of CD95, FADD, and caspase-8 were in fact
reported as required for NF-kB activation by CD95L [110].
Experiments carried out inhibiting caspases prevented TRAIL/
anti-APO-1-induced apoptosis, but not NF-kB activation, indicating
that both pathways bifurcate upstream of caspase-8 full activation
[112]. Furthermore, the ability of DR to induce NF-kB activation
was drastically reduced in a FADD-deficient CD95P°* cell line (e.g.,
Jurkat cells) [112]. Caspase-8 participates in CD95L- and TRAIL-
induced inflammatory signaling as a scaffold for assembly of a
Caspase-8-FADD-RIPK1-containing complex, leading to NF-kB-
dependent inflammation [109, 113]. Whilst this has not been
studied for CD95 yet, it is tempting to speculate that NF-«kB
activation could also be ignited from the CD95 DISC, as recently
shown for TRAIL [114]. Contrary to FADD and caspase-8 which
seem to be essential for NF-KB activation upon CD95L, the role of
RIPK1 in this process seems to be less pronounced and depends
on the cell type [104, 109]. Recently, Horn et al. described a new
role for caspase-10 that would negatively regulate the caspase-8-
induced cell death, thus activating the cell survival induced by the
NF-kB pathway [80]. TRADD, which is essential for the TNF-alpha-
induced NF-kB activation, was not involved in the CD95L-induced
NF-kB activation [110]. Experiments performed on cell lines
resistant to CD95-mediated apoptosis, reported TRAF2 as a key
player in pancreatic cancer pathophysiology [115]. This group also
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observed that the stimulation of TRAF2-overexpressing cells with
CD95L led to induction of NF-kB, enhanced IL-8-secretion, and a
further increased invasiveness. In fact, several E3 ligases contribute
to NF-kB activation upon CD95 stimulation, namely clAP1/2 and
the Linear UBiquitin chain Assembly Complex (LUBAC), likely in a
manner similar to their roles in TNF and TRAIL-induced gene-
activation [104, 114, 116]. Downstream of these different actors,
the activation of NF-kB relies on IkBa degradation, the protein
responsible for constitutively inhibiting NF-kB. In a manner similar
to TNF and TRAIL signaling, it is likely that several components of
the CD95 DISC and/or secondary complex modified with ubiquitin
allow the recruitment and activation of the IKK complex and
potentially the TAB/TAK1 complex. The IKK complex is composed
of three subunits (i.e., IKKa, IKK{, IKKy). The IKKB subunit can then
phosphorylate IkBa, marking it for lysine-48 ubiquitination and
degradation by the proteasome. This leads to the translocation of
NF-kB into the nucleus which promotes the expression of multiple
genes including pro-inflammatory cytokines as well as anti-
apoptotic proteins, such as clAP1, clAP2, and XIAP (Fig. 3)
[117, 118]. Moreover cFLIP can be upregulated in some cell lines
under critical involvement of the NF-kB pathway [119, 120] also
resulting in increased resistance to CD95L or TNF.

MAPK pathway. The MAPK family includes six main groups in
humans, among which JNK (Jun N-terminal Kinase), ERK1/2 and
the p38 isoform must be mentioned for their involvement in
CD95-mediated pro- and anti-apoptotic signaling pathways [121-
123]. The induction of the mitogen-activated protein kinase/
extracellular signal-regulated kinase (MAPK/ERK) signaling path-
way, which regulates growth, proliferation, differentiation, survival,
innate immunity and cellular development is involved in
tumorigenesis in multiple tumor types [124]. In the latent state,
the inactive MAPKs are cytosolic. The activation of the different
MAPKs takes place according to a common general scheme, which
provides for a series of sequential phosphorylations catalyzed by

SPRINGER NATURE
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different kinases activated in succession. MAPK is phosphorylated
by a MAPK kinase (MKK), itself phosphorylated by a MAPK kinase
kinase (MKKK), in turn activated by an activator protein.
CD95-mediated stimulation has been suggested early on to
induce the JNK pathway through the DAXX adapter protein (Death
domain associator protein 6), which after fixation with CD95-DD
induces the apoptotic pathway [125, 126]. c-FLIP can block this
pathway by inhibiting DAXX [127]. CD95-mediated JNK activation
also appears to occur rather slowly, compared to other cell stress
stimuli, such as inflammatory cytokines and oxidative stress [128].
Indeed, expression of cFLIP variants or use of different caspase
inhibitors in primary human keratinocytes, blocked late death
ligand-induced JNK or p38-MAPK activation, suggesting that these
responses are secondary to caspase activation [129]. This may be
due to the fact that caspase-3 can cleave and thereby activate the
MAP3K MEKK?1 [128]. Of note, the signal induced by soluble CD95L
rather results in a rapid and transient phosphorylation of ERK1/2
[130]. This MAPK protein is widely involved in enhancing growth
and proliferation upon CD95 activation [121]. Stimulation of CD95
on primary sensory neurons triggers neurite growth through
sustained activation of the extracellular signal-regulated kinase
(ERK) pathway and subsequent upregulation of p35, a neurite
growth mediator [131]. Of note, in pancreatic apoptosis-resistant
tumor cells, CD95L- and TRAIL-induced upregulation of pro-
inflammatory genes was found to be partially depend on the ERK
signaling pathway via caspase-mediated activation [132]. The
same group suggested that the stimulation of the ERKs pathway
must probably depend on a caspase-dependent factor operating
downstream of the DISC complex. According to another group,
CD95L can also induce the autocrine production of EGFR
(Epidermal Growth Factor Receptor) ligands and the consequent
activation of EGFR followed by ERK1 and ERK2 mitogen-activated
protein kinases [133]. In primary fetal astrocytes, blocking ERK
phosphorylation with specific inhibitors resulted in a significant
reduction of CD95-induced proliferation [134]. In this context, ERK
phosphorylation is also caspase-dependent. Noteworthy, cFLIP,
can also contribute to ERK activation. Indeed, caspase-8 can cleave
cFLIP_ into different cleavage products. One of these cleavage
products is identified with the name of p43-FLIP [135], which
associates with Raf-1 activating the phosphorylation cascade,
leading to ERK activation and ultimately to ERK translocation into
the nucleus, where it exerts proliferative or pro-inflammatory
effects through downstream transcription factor targets (Fig. 3).

PI3K pathway. As mentioned previously, mCD95L can be cleaved
by various metalloproteases to produce several soluble forms of
the ligand, together referred here as sCD95L [136-140]. Soluble
CD95L has been shown to be accumulated in the serum of
patients suffering from various diseases [141, 142], whilst the exact
cleavage form(s) accumulating in most of these cases remains to
be determined. sCD95L was initially believed to be a competitor of
its membrane-bound counterpart (mCD95L) in the interaction
with CD95 and the consequent induction of the apoptotic signal.
It is only in the last decade that it has been reported that not only
sCD95L failed in the induction of programmed cell death
[143, 144], but that its interaction with CD95 led to the induction
of a different type of signal, including engagement of ERK, NF-KB,
and PI3K/Akt [145, 146]. Gene-targeted mice selectively lacking
either metalloprotease-dependent soluble CD95L (sCD95L) or
membrane-bound CD95L (mCD95L) were generated [147]. Mice
lacking sCD95L appeared normal and their T cells were able to kill
target cells, whereas T cells lacking mCD95L could not kill cells
through CD95 activation. Furthermore, mice lacking mCD95L
displayed SLE-like symptoms and histiocytic sarcoma. Of note, one
group has described that the stimulation of CD95 with sCD95L can
induce a calcium-dependent process that leads to the activation
of a c-yes/PLCy1/PI3K/Akt pathway promoting Triple Negative
Breast Cancer (TNBC) cell migration [141] (Fig. 3).
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mCDI95L has also been shown to activate the PI3K/Akt pathway.
There appears to be a crosstalk between the two signaling paths
PI3K and NF-kB under mCD95L stimulation. Indeed in mutant
PIK3CA (PI3K alpha catalytic subunit), but not WT PIK3CA-
expressing Hct116 cells, TRAIL, and CD95L stimulated NF-kB
activation [148]. It is now clear that caspase-8 not only mediates
the cell death signal initiated by CD95L, but also contributes to the
induction of apoptosis-independent pathways, such as cell
migration and adhesion. Caspase-8 was found to be a substrate
of Src kinase c-yes [149]. It has been observed that the stimulation
of motility through the EGF, first activates c-yes, and then triggers
the phosphorylation of caspase-8 on Tyrosine-380 in the linker
region between the two subunits (i.e, p18 and p10) of the
procaspase-8 converting it from a pro-apoptotic factor to a cell
motility factor. The Y380 phosphorylation prevented downstream
activation of the caspase cascade proving a valuable path to
explore for sensitization of CD95-resistant tumors to extrinsic
apoptotic stimuli [150]. The catalytic domain of caspase-8 is in fact
not required for the induction of the migration signal. Once
phosphorylated, caspase-8 interacts with the p85 alpha subunit of
PI3K (Fig. 3) [151].

In a mouse cell model of glioblastoma (GBM) the c-yes/PI3K-p85
interaction was reported to signal cell invasion via glycogen
synthase kinase 3-beta pathway and subsequent expression of
matrix metalloproteinases [152]. Blockade of CD95-mediated
activity in this cellular model drastically reduced the number of
invading cells. In the same context CD95 expression associates
with stemness and EMT features and poorer overall survival. CD95-
mediated activation of the PI3K p85 also maintained the
expression of EMT-related transcripts. The authors therefore
suggested that CD95 would be a potential prognostic biomarker
in GBM [153].

Systemic autoimmune diseases

To date, more than 80 diseases in which the etiology is certainly,
or most likely, autoimmune have been described [154]. Around
the 1960s/70s the distinction was made between systemic
autoimmune diseases, with general signs and symptoms and
the involvement of multiple organs and systems, and organ-
specific autoimmune diseases, where the immuno-pathological
damage is localized to an organ and the clinical picture closely
linked to the dysfunction of the organ itself. The self and non-self
recognition functions are carried out through an elaborate
identification system that involves T and B lymphocytes. The
central selection process eliminates the vast majority of auto-
reactive lymphocytes at an immature stage during their develop-
ment, through Bcl-2-interacting mediators of cell death, such as
Bim [155]. However, despite the numerous central tolerance
mechanisms, many mature B and T lymphocytes, generated in the
central lymphoid organs, then reach the peripheral lymphoid
organs and undergo activation, turning into their self-reactive
form [156, 157]. The Bim-dependent apoptotic pathway is
required both for the killing of self-reactive immature B and T
lymphocytes during their development and for the elimination of
auto-reactive mature B and T lymphocytes in peripheral lymphoid
organs [158]. However, except in the thymus, most of the TCR-
related mature T-cell apoptosis is induced by the extrinsic
pathway via membrane DR, and in particular one of the most
important elements of this regulation is apoptosis activated by the
CD95/CD95L system [159]. The importance of CD95 and CD95L in
eliminating activated T cells is underlined by the anomalies
observed when mutations in the genes coding for CD95 or CD95L
occur. The CD95/CD95L system has a dual role in immune
regulation [160-163]. It constitutes one of the mechanisms by
which cytotoxic lymphocytes kill the target, but is also involved in
the process of turning off the response. Activation of the
lymphocytes leads to an increase in CD95L expression and the
ability to trigger apoptosis. Recently Heikenwalder's group
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reported that blocking CD95L could prevent auto-aggression of
hepatocytes by CD8P°* T cells in the precancerous context of Non-
alcoholic steatohepatitis (NASH). The liver cells coming into
contact with aberrantly activated CD8°°° T cells die by apoptosis
due to contact with the CD95L overexpressed in these reactive
T cells [164]. The same process could occur and damage other
organs as well. This observation, made on a mouse model, could
be useful for the design of future immunotherapies without
affecting the antigen-specific T-cell immunity.

Peripheral T-cell CD95-induced apoptosis eliminates over-
activated and self-reactive T cells via a mechanism called
“Activation-Induced Cell Death” (AICD) [165]. T-cell activation is
also associated with CD95L expression at the cell surface, thus
representing a specific aspect of the immune system. AICD is
induced through the interaction between CD95 and CD95L, both
expressed on activated T cells surface [166]. Similarly to T cells, it
has been reported that not only B cells are capable of expressing
CD95L but that the level of CD95L expression correlates with the
level of activity of B cells, thus making them capable of killing
CD95 expressing cells [167]. Consequently, the abnormal activa-
tion of these CD95L-expressing B cells is implicated in the immune
modulation of various diseases and thus constitutes a therapeutic
target [168, 169]. The constitutive expression of CD95L in some
“immunologically privileged” tissues (e.g., the Sertoli cells, the
testes, or the anterior chamber of the eye), has suggested that
CD95L plays also an important role in reducing the activity of
immune cells in these tissues. Several studies exploring mutations
in the genes encoding CD95 and CD95L have allowed to better
understand the pathogenesis of autoimmune diseases, such as
ALPS (Autoimmune LymphoProliferative Syndromes) or SLE
(Systemic Lupus Erythematous).

ALPS: Autoimmune lymphoproliferative syndromes. Some FAS
gene mutations impair the function of the molecule, leading
either to a reduced expression on the membrane, or to the
impairment of the ability to transmit the apoptotic signals [170].
The defective shutdown of the immune response resulting from
the defective function of CD95 can be the cause of both the
progressive accumulation of lymphocytes in the peripheral
lymphatic organs and the development of autoimmune reactions
[171]. The most common trigger of ALPS is due to autosomal
dominant mutations of the FAS gene [172, 173], and, less
frequently, of FASLG, the gene encoding the CD95 ligand [174].
Much less common forms of autoimmune lymphoproliferation are
due to mutations in another factor in the T-cell apoptosis pathway,
caspase-10. Controversial studies have been carried out in this
regard as several heterozygous CASP10 variants have been
identified along with variants known to be polymorphic. It has
recently been observed that said CASP10 mutations are capable of
impaired apoptosis [175]. In ALPS patients lacking germline
mutations in FAS, some dominant somatic mutations in the DR
and notably in the Death Domain were found. These somatic
mutations were identified as missense variants likely to change
the normal structure and impact the oligomerization and
functionality of CD95 [176]. Of note, a large study in a cohort of
100 ALPS patients with CD95 DD mutations reported that the risk
of non-Hodgkin and Hodgkin lymphomas, respectively, was 14
and 51 times greater than expected [177]. Collectively, all diseases
associated with abnormal lymphocyte apoptosis, lymphoprolifera-
tion, and autoimmunity, are named Autoimmune Proliferative
Syndromes. The syndromes can be classified according to the
mutated gene(s) responsible for the defect and they are usually
characterized by lymphadenomegaly and hepatosplenomegaly
associated with autoimmune manifestations, mainly of the
hematological type, such as hemolytic anemia, thrombocytopenia,
and neutropenia, as well as the presence of cell-type-specific
autoantibodies [178-180]. Furthermore, the accumulation of a
minority population of self-reactive CD3P°* TCRaP°® CD4"*9 CD8"*9
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T cells called double negative (DNT) has been reported in the early
1990s as a major feature of ALPS. Despite their similarity to normal
differentiated T cells, DNTs are remarkably proliferative, particu-
larly in the paracortical region [181]. Last year Kimberly Gilmour’s
group carried out a study on 215 patients with clinical evidence of
ALPS, intending to define the most useful and predictable
biomarkers for a better ALPS diagnosis. Among the several
subgroups of patients, levels of different biomarkers, including
DNTs and sCD95L, were observed significantly higher in the ALPS-
FAS patients than in the “unknown ALPS” (ALPS-U), cases for
which the genetic determinant is not identified. They developed a
diagnostic protocol for the potential identification of patients with
presymptomatic or mild disease. The combination of such
biomarkers could be useful in the process of confirming or
excluding the ALPS diagnosis [182]. Today the diagnosis requires
performing a cell apoptosis test and molecular type analysis, and
the choice of therapy is guided by the severity and nature of the
symptoms, but generally it is based on the intake of immuno-
suppressants such as rituximab. The increased sCD95L serum
levels are now part of the new diagnostic criteria procedure for an
ALPS [183, 184]; these high levels have indeed been associated
with the pathology without their pathophysiological role being
elucidated [185]. Curiously, some groups observed a change in
sCD95L levels in correlation with aging, and age-related condi-
tions and/or diseases with an increase in molecular signals due to
aging oxidative stress [186]. Furthermore, oxidative stress seems
to promote CD95L cleavage through activation of MMPs, and
more interestingly this MMP activation seems to increase as a
function of aging [187].

SLE: Systemic lupus erythematous. In both humans and mice,
mutations in the genes coding for CD95 or CD95L are also strongly
associated with certain forms of lupus disease. The defects in
apoptosis described in autoimmunity and lymphoproliferative
syndromes correspond to the human equivalent of the MRL/Ipr
mouse model (Murphy Roths Large/lymphoproliferation), deeply
investigated as a murine SLE-like model [188, 189]. This model was
generated following the identification of an autosomal recessive
modification on chromosome 19 [190]. The mentioned mutation
was found on the gene encoding CD95 protein. Similar to this
model, a second model was designed and generated after the
discovery of a second autosomal recessive mutation, on chromo-
some 1, corresponding to the gene coding for CD95L [191]. The
latter model took the name of MRL/gld for generalized lympho-
proliferative disease. In addition to those two mouse models, a
wider selection of mouse models is available to sift genetic and
cellular aspects of SLE [192, 193]. Since the etiology of SLE is
multifactorial and multigenetic, some of these models, such as
those mentioned above, derive from spontaneous genetic factors,
while others assume a SLE-like phenotype after exposure to
certain chemicals such as intraperitoneal injections of pristane (2,
6, 10, 14 tetramethylpentadecane) [194], or overexpression of
cytokines (ie IL-6, IL-12, INF-l) [195-197]. Others, similarly to
induced graft-versus-host disease models, develop a lupus-like
syndrome following donor cell injection [198]. Despite their
numerous limitations, over the years these SLE-like mouse models
have been widely used to screen numerous potential therapies,
pointing out their importance in the study of this disease and in
the therapeutic advancement in this field [199]. Systemic lupus
erythematosus is a rare systemic autoimmune disease, more
severe in women, especially of childbearing age. Very recently Lars
Ronnblom’s group has observed that there is a correlation
between the cumulative genetic risk and survival, organ damage,
renal dysfunctions, in patients affected by SLE, introducing
Genetic Risks Score (GRS) as a potential tool for predicting
outcomes in patients with SLE [200]. The term “systemic” means
that the disease affects several organs. Genetically speaking,
germline heterozygous mutations in the FAS gene have been
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observed in pediatric cases with ALPS-FAS. These children develop
symptoms similar to those of systemic lupus erythematosus
disease [201]. According to Neven's report, FAS mutations were
located within the intracellular domain of CD95. On the other
hand, germline mutations in the FASLG gene seem to be involved
only in a minority of patients with SLE. This does not exclude the
possible role of somatic mutations in the FASLG gene in some of
the self-reactive clones that contribute to the expression of the
disease [202]. High levels of sCD95L have also been detected in
the serum of SLE patients, compared to those present in the
serum of healthy donors [142]. This observation seems to suggest
that high levels of sCD95L may be related to the aggravation of
the disease, which constitute a new opening for the study of new
therapeutic strategies. Indeed, to date, there are unfortunately no
targeted therapies against SLE disease. The diagnosis of this
heterogeneous disease is not always simple, as in the early stages
the symptoms can simulate other pathologies. For instance, the
first “red flags” are given by skin and joint symptoms, both of
which can be traced back to multiple pathologies. Less commonly,
various infections, as well as pathological conditions such as
mixed connective tissue disease (MCTD) or sarcoidosis, can mimic
the symptoms of lupus. As a general rule, the first test to be
performed is the fluorescence analysis for the detection of
antinuclear antibodies (ANA), commonly called autoantibodies.
Indeed, 98% of patients with systemic lupus have a positive
immunofluorescent ANA test. Several blood and kidney involve-
ment tests are later performed to support the latter. Patients with
SLE frequently develop haematopathological and nephropatholo-
gical conditions, such as leukopenia, thrombocytopenia, hemolytic
anemia and active nephritis [203, 204]. The treatment of lupus is
standardized and involves corticosteroids, immunosuppressants,
and non-steroidal anti-inflammatory drugs in addition to hydro-
xychloroquine for mild disease [205, 206]. As for new therapeutic
options, a large number of drugs, mainly monoclonal antibodies
(mAbs), have been evaluated and tested with rather disappointing
results. The main objective is to reduce the doses of corticoster-
oids and immunosuppressants used, as a chronic administration
of these drugs causes complications such as infections or
secondary osteoporosis [207, 208]. To date, Belimumab (anti-B-
cell activating factor) is the only biotherapeutic approved for the
treatment of the non-renal form of SLE [209]. The use of
Belimumab as an addition to standard therapies seems to
improve the quality of life of patients suffering from this disease,
but the goal to replace “conventional” drugs remains to be
demonstrated. The study conducted on the use of other
monoclonal antibodies, for instance Rituximab (anti-CD20) and
Anifrolumab (anti-type | interferon receptor), for the treatment of
this pathological condition is still ongoing.

Organ-specific autoimmunity. In contrast to systemic autoim-
mune diseases, organ-specific autoimmunity is characterized by a
cell-mediated attack against a specific type of cell in a given target
organ, thus causing tissue damage. Some examples of such
clinical conditions are insulin-dependent diabetes mellitus,
ulcerative colitis (UC), multiple sclerosis (MS), or Sjogren’s
syndrome (SS), all conditions to which excessive CD95-mediated
apoptosis can contribute [210, 211]. As previously stated, the
CD95/CD95L complex plays a central role in controlling immune
reactions via AICD. This process is crucial in regulating the
autoantigen-dependent primary T-cell response. Therefore,
CD95L-mediated AICD dysregulation could be implicated in the
acceleration process of organ-specific autoimmune lesions.
Furthermore, sCD95L secretion is generally increased in effector
cells upon specific activation with organ-specific autoantigen
[212]. sCD95L could thus act as an inhibitor of CD95-mediated
AICD in these contexts, promoting effector T-cell proliferation and
tissue lesions, as demonstrated for antoantigen-reactive CD4
T cells in SS mouse models [212]. Over the years, the numerous

SPRINGER NATURE

studies carried out on the role of the soluble form of CD95L in the
context of organ-specific autoimmune diseases, have led to
conflicting results. It seems that the role of soluble CD95L varies
according to the type of disorder and the mouse model used. In
2019 a group showed on non-obese diabetes mice (NOD) lacking
sCD95L and maintaining mCD95L and immune homeostasis that
sCD95L does not markedly affect islet inflammation, hence the
pathogenesis of autoimmune diabetes, but more interestingly that
sCD95L deficiency does not alter immune homeostasis in NOD
mice [213].

CURRENTLY USED CANCER THERAPIES

Since the discovery of CD95 [214-217], it has been thought
possible to exploit the physiological importance of CD95/CD95L to
develop new powerful chemotherapeutic agents. However, it was
quite soon discovered that systemic administration of CD95
agonists resulted in severe toxicity [218]. It was observed that
these agents induced massive apoptosis of hepatocytes resulting
in a form of fulminant hepatitis, lethal to the treated animals
[219, 220]. Over the past two decades, controversies over the
different implications assumed by the CD95/CD95L system in
various diseases such as cancer, autoimmune diseases and
inflammatory diseases have made it difficult to identify targeted
therapies. Several studies have developed interesting approaches
to strengthen the apoptotic function of CD95 and limit the side
effects deriving from the non-specificity of the previously
developed molecules. Some of these studies will be described in
this review. Unfortunately, very few of these approaches have
reached clinical trials (Table 1: Breakdown of the patents targeting
Death Receptors and/or their ligand).

It is now well established that the apoptotic signal is often
defective in cancer and that the CD95/CD95L interaction is
involved in the tumor cells’ escape from the immune surveillance
system. For instance, some tumor cell types [221], i.e., some cancer
cells, effector T cells (CD8P%), regulatory T cells (CD4P°%, CD25P%),
tumor endothelial cells, Myeloid-derived suppressor cells (MDSC),
Monocyte-derived human macrophages (MDM), Cancer-
associated fibroblasts (CAF), Cancer stem cells (CSC), are able to
express CD95L at the membrane, thus conferring the tumor
environment a “counterattack” mechanism involved in the
elimination of tumor-infiltrating lymphocytes and prevention of
successful immunotherapy [222-228]. Interestingly, it was
observed that the vascular endothelial cells of some solid tumors
also express the membrane-bound form of CD95L through a
mechanism involving tumor-derived vascular endothelial growth
factor A (VEGF-A), interleukin 10 (IL-10) and prostaglandin E2
(PGE2) [229]. CD95L expression becomes here a defense barrier
against CD8P% T cells, preventing their extravasation and their
access to the tumor nest [230]. Furthermore, it has been observed
that different types of cancer cells release vesicles called Tumor-
Derived Exosome (TEX) into the microenvironment, which act as
messengers between cells. TEX can carry several immunosuppres-
sive molecules, including membrane-bound CD95L. This repre-
sents a further defense mechanism by the tumor cells against the
CD8P** T cells that manage to infiltrate the tumor nest [231]. TEX
can inhibit the proliferation of CD8°° T cells by apoptotic
induction, thus playing a major role in immune evasion [232, 233].
In this context, engineered exosomes appears interesting to
design potential immunotherapies such as cancer vaccines [234].
Moreover, inhibition of CD95L could prevent cancer resistance to
radiotherapeutic or immunotherapeutic treatments, thus repre-
senting another path to follow in cancer immunotherapy. Today it
is possible to predict, assess and monitor whether a subject with
cancer is sensitive to treatment with immunotherapeutics. The
Gustave Roussy institute has published a method and kits to
determine if in a sample of a said subject one or more biomarkers,
including CD95P°° CD4°* T cells, CD95P°* CD8P* T cells is present/
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absent together with its expression level (W02017140826). In
2019, the soluble metalloprotease-cleaved CD95L, associated with
a large number of immune infiltrate cells, has been identified as a
possible biomarker for tumor immune infiltration (CD3P°* and
CD8P*, and also CD4 and FoxP3 T cells) in advanced HGSOC
(High-Grade Serous Ovarian Cancer) [235]. These biomarkers can
facilitate the identification of cancer patients prone to respond or
resist to proposed immunotherapy and therefore to select an
appropriate and personalized chemotherapy treatment. In the last
20 years, the strategies adopted in cancer immunotherapy can be
classified into the two large families of active and passive
immunotherapy.

Active approaches

Active immunotherapy is based on the principle that the drug
stimulates the patient’'s immune response against the tumor,
thus acting indirectly. On the contrary, in the case of passive
immunotherapy, the drug is directly capable of destroying the
tumor cell. Among the active forms of immunotherapy recog-
nized by the US Food and Drug Administration (FDA) and the
European Medicines Agency (EMA), should be mentioned the
immunomodulatory mAbs, which mostly inhibit the immuno-
suppressive receptors expressed by activated T cells (e.g.,
Ipilimumab inhibiting CTLA-4 and Pembrolizumab inhibiting
PD-1), the immunostimulatory cytokines, generally used as
adjuvants of other anticancer immunotherapies (e.g., IL-2/
Proleukin + Ipilimumab), the immunogenic cell death (ICD)
inducers, which exert their antitumoral effect through cytostatic
and cytotoxic mechanisms.

Immunomodulatory mAbs. In some pathological conditions, the
so-called immune system checkpoints act directly as a “brake” in
the immune response against cancer. The role of immunomodu-
latory monoclonal antibodies mAbs is precisely to lift these
inhibitions by “removing the brake” of the immune system. To
date, the most common and most widely used are the inhibitors
of checkpoint Cytotoxic T Lymphocyte-Associated Antigen-4
(CTLA-4), Programmed Death 1 (PD-1) and PD-L1 [236]. There
are six drugs targeting PD-1 or PDL-1 and only one targeting
CTLA-4 currently approved for use in therapy of different types of
cancer. Recently, the combination of two inhibitory checkpoints
(i.e., ipilimumab (anti-CTLA-4 and nivolumab (anti-PD-1) has also
joined the list of approved drugs, showing good therapeutic
efficacy in several studies and thus paving the way for new clinical
trials in different types of cancers [237]. However, other immune
checkpoints are targeted in preliminary stages of clinical devel-
opment [238]. In recent years, bispecific antibodies have also been
developed with the aim of targeting multiple checkpoints
simultaneously (e.g., CTLA-4 and PD-1), thus amplifying the signal
[239]. However, this double-targeting has so far showed a higher
toxicity as compared to its corresponding single therapies. Some
of these double-targeting systems will be described in later
sections of this review.

Immunostimulatory cytokines. With a counterbalancing action,
immunostimulatory cytokines act instead as “stimulators” of the
immune response. Cytokines can promote the activation, pro-
liferation and survival of lymphocytes (T, B, NK) so as to obtain an
antitumor response. Interleukins, interferons and chemokines
belong to this large family. The protagonists in the field of
immuno-oncology are certainly interleukin-2 (IL-2), the first
cytokine FDA approved for therapeutic purposes, IL-12, -15, -21,
and interferon alpha (IFN-q), for a long time used for the treatment
of hematological neoplasms, for renal carcinoma and melanoma
[240]. Having a short half-life, the efficacy of these drugs is limited
following their systemic administration. They also induce severe
adverse effects before reaching therapeutic doses [241-243].
Today the new engineered generation of these cytokines is

SPRINGER NATURE

making its way into the world of oncological immunotherapy, with
improved half-life, antitumor efficacy and toxicity [244].

Immunogenic cell death inducers. One of the most widely used
ICD agents is Doxorubicin (DOX), a drug discovered in the late
1960s that acts as a DNA intercalating agent and induces
apoptosis. As above-mentioned, it has been observed by several
groups that some tumor cell lines express CD95L on their surface
[245-249] and more importantly, that DOX-induced apoptosis is
mediated by the expression of CD95L with the consequent
induction of cell death by binding to CD95 [250]. This observation
introduced a new perspective on the use of the targeted CD95/
CD95L system. In the following years, several other cytotoxic drugs
showed the ability to up-regulate the expression of CD95L in
cancer cells. In addition to doxorubicin, among the many, we
mention Cisplatin, Etoposide, 5-Fluorouracile, Methotrexate, and
Bleomycin [251-253]. A parallel mechanism by which these DNA-
damaging chemotherapy agents lead to autocrine or paracrine
apoptosis of the cell involves the activation of the p53 system,
which once activated acts as a transcription factor that regulates
the expression of pro-apoptotic genes such as PUMA and BAX
[254, 255]. Several studies have been conducted on the
implication of p53 in the regulation of dose-dependent heavy
side effects, the first of which is cardiotoxicity [256, 257]. Other
studies explored the combination of DOX with different drugs
with the aim to reduce both acute and chronic DOX-induced
cardiotoxicity without affecting its p53-mediated anticancer
activity. These studies mention beta-blockers (e.g., Carvedilol),
iron-chelating agents (e.g., Dexrazoxane, DEX), angiotensin-
converting enzyme inhibitors -ACEl- (e.g., Zofenopril) or even
Flavonoids (e.g Frederine), used in combination with DOX for the
attenuation of cardiotoxicity [258-261]. Very recently, Todorova
et al. carried out a study in which a new combination of DOX and
Dantrolene is proposed. Dantrolene appears to mitigate the
cardiotoxicity of DOX without affecting its antitumor action in a
breast cancer model [262]. Also in 2020, a team from China has
developed a new method of co-administration of the DOX,
according to which by pre-treating the triple-negative breast
cancer cells MDA-MB-231 with Quercetin, followed by the DOX, it
is possible to hinder the multidrug resistance of this aggressive
cell line [263]. Taken together, these observations are promising
for future development from a clinical point of view.

Cancer vaccines. The concept of cancer vaccines was first
introduced in the 1990s when Bacillus Calmette-Guerin was
approved by the FDA for the treatment of early-stage bladder
cancer. To date, only three cancer vaccines have been approved
by the FDA, due to the poor results often obtained in phases llI
and IV of the trials [264]. The cancer vaccine approach does not
aim to prevent the cancer onset but to activate the immune
system against cancer cells. The patent WO2015197874, published
by a German team in 2017, proposes a combination of inhibition
of the CD95/CD95L complex and cancer immunotherapy, such as
a cancer vaccine [265-268]. As previously mentioned, CD95L
expression on the tumor endothelium promotes an immunosup-
pressive environment through preferential killing of tumor-
reactive CD8P°* cells. Thus, the cancer vaccine would try to get
the immune system to mount an attack against cancer cells by
using a simultaneous inhibition of the CD95L/CD95 signaling
system. More specifically, this cancer vaccine would contain
cancer antigens in the form of a protein, a fragment thereof, or as
RNA or DNA encoding that protein, to stimulate the immune
system against this antigen.

Passive approaches

Monoclonal antibodies. Passive forms of immunotherapy include
mAbs that specifically target the receptors on the surface of
neoplastic cells expressing “tumor-associated antigens” (TAA), by
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altering their functions. Some of these antibodies can be
administered in combination with chemotherapeutic agents so
that the antibodies deliver these agents specifically to cancer cells.
An example of such a system is represented by the combination of
anti-CD95 antibodies with a chemotherapeutic agent such as
5-Fluorouracil or Tomudex (W02003097698) [269, 355]. The goal is
to synergize the pro-apoptotic effect of anti-CD95 mAbs with
cancer chemotherapeutic agents to kill cancer cells. A different
combination approach consists in genetically fusing a full-length
monoclonal antibody targeting the cancer cell, such as rituximab,
with a more biological component represented by a TNF
superfamily ligand, such as CD95L, in its full-length, or truncated
form, or a fragment thereof, thus offering two approaches to kill
cancer cells. The antibody-TNFSF ligand fusion molecules would
combine the specificity of the antibodies to the target antigen
with the potent death-inducing properties of the TNFSF member
ligand, thus providing improved efficacy and safety. The two
combined killing approaches are thus performed through ADCC-
independent apoptosis (Ab-dependent cellular cytotoxicity), and
the second through the recruitment of effector cells to kill tumor
targets (W02012170072) [270]. Another technique involves the
use of bispecific antibodies, the method of which consists of
linking an antibody that reacts with the tumor cell to a second
antibody that reacts with a cytotoxic effector cell. This is the case
of patent WO2014076292 published by Baliopharm AG concern-
ing a bispecific antibody with a first binding site for the CD95
receptor and a second binding site for the CD20 antigen
[271, 272, 351]. This strategy aims to improve the treatment
carried out with rituximab, an antibody able to target and Kkill
CD20 expressing malignant and normal B cells unspecifically, thus
showing significant side effects. This technique brings the effector
cell into close opposition to the tumor cell, producing increased
tumoricidal activity. Overall, the results of preclinical tests
performed on antibody systems referring to CD95 have been
encouraging, but to date, none of these CD95-related molecules
are currently in clinical trials.

ACT adoptive cell transfer. Adoptive cell transfer is another very
promising type of passive immunotherapy, which involves the re-
introduction of specific effector cells into the patient bloodstream
[273, 274]. Among them, Lymphokine Activated Killer Cells (LAK),
Tumor-infiltrating lymphocytes (TILs) and Chimeric Antigen
Receptors (CAR)-T cells are to be mentioned. Lymphokine
Activated Killer Cells are obtained from the patient’s endogenous
T cells, which are extracted, cultured in the presence of the
lymphokine interleukin-2 (IL-2) and reinfused into the patient’s
blood [275]. Tumor-infiltrating lymphocytes may have greater
tumoricidal activity than LAKs, as they are isolated from resected
tumor tissue, thus originating cells with greater tumor specificity
than those obtained from blood [276]. An interesting method has
recently been published by lovance Biotherapeutics, Inc., con-
cerning the expansion of TILs from tumor cells using, among
others, CD95 agonists, for the treatment of diseases such as cancer
(W02018129332) [277, 278, 366]. A more recent strategy has been
developed on the idea of genetically modifying T cells to express
TAA-specific T-Cell Receptors, or Chimeric Antigen Receptors that
recognize specific proteins on the cancer cells surface. Lately, it
has been shown that CAR-T cells up-regulate the expression of
CD95 and CD95L resulting in activation of the cell death program
independently of TCR or CAR antigen-mediated activation [279].
The work of the Donda’s team highlights the importance of the
role of the CD95/CD95L system in CAR-T cells-induced apoptosis
by demonstrating the rescue of CAR-T cells upon in vivo blockade
of this death-signaling pathway by CD95-Fc recombinant proteins.
Patent US20180008670, published in 2018 in the U.S., concerns a
method using CAR-T cells to stimulate immunity towards tumor
endothelial cells. It is known that one of the limitations of CAR-T
cells includes the lack of ability for the T cells to infiltrate deep into
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tumor tissue. In this formulation CAR-T cells would be able to
destroy the CD95L-positive tumor endothelial cells, but also
survive in their presence [280]. A year later an American group
made the observation that CD95 is highly expressed on patient-
derived T cells used for clinical ACT (adoptive cell transfer). They
elaborated a T-cell co-engineered system including CD95 DNR
(Dominant Negative Receptor) and either a T-cell receptor or
Chimeric Antigen Receptor. These cells were genetically modified
to express a defective CD95 variant, impairing the induction of
apoptotic signal, together with a Chimeric Antigen Receptor,
resulting in superior antitumor efficacy, greater longevity and no
observed autoimmunity [281]. An interesting observation was
recently made by Joshua D Brody's team, who found that the
CD95/CD95L system, in addition to its antigen-specific T-cell killing
capability, mediates off-target “bystander” killing of antigen-
negative tumor cells. They propose that CD95-mediated bystander
elimination of Ag-loss variants may already be occurring in CAR-T
treated patients. This process appears to be induced by CD95
upregulation on tumor cells after exposure to T-cell-secreted IFN-
Y- They developed a CAR-T mouse model showing an improve-
ment in tumor clearance when CD95 signaling is intact [282].
Overall, these observations open the door to promising new
therapeutic opportunities exploiting the CD95/CD95L system in
the cancer immunotherapy context

THERAPEUTIC PERSPECTIVES IN CANCER

It is well described that CD95 can promote pro-apoptotic and anti-
apoptotic activities according to the physiological context [90].
Some previous studies have shown that down-regulating CD95 via
shRNA in cancerous cells activates a death program by the
induction of DNA damage and the activation of apoptotic
effectors. One of these studies has been carried out and exposed
in the US20100324116 patent, in which the inventors set out a
siRNA-agent with the aim to reduce the amount of RNA encoding
a CD95/CD95L gating polypeptides (e.g., FAPP2 or PATZ1
polypeptides) in significant quantities to sensitize brain tumor
cells to CD95-mediated apoptosis [283, 284]. Over the past 25
years, several different potential therapeutic strategies related to
the CD95/CD95L interaction have been studied. Among them,
polypeptide systems, fusion proteins, methods, chemicals, anti-
bodies and drug delivery systems are probably the most
extensively studied.

Antitumoral polypeptides

Few patents describing CD95-related polypeptides have been
published to provide a different approach in cancer treatment. In
2015 it was observed that blood polymorphonuclear neutrophils
(PMNSs) could kill cancer cells with a mechanism that remains to be
elucidated [285]. Last year, a new method for reducing the toxicity of
anticancer treatment on normal or non-cancerous cells has been
registered as a patent at the University of Chicago (W02020132465).
This invention showed that ELANE, identified as the major
anticancer protein released by PMNs, could cleave the CD95
receptor, releasing an intracellular proteolytic fragment containing
the Death Domain and selectively killing a wide range of cancer cells
[286]. The invention is a combination of specific CD95 peptides and
the DNA encoding these peptides to treat different types of cancer.
As previously mentioned, metalloproteases-cleaved CD95L (sCD95L)
can exert a pro-oncogenic activity, through its interaction with CD95,
promoting the survival and proliferation of cancer cells, but also
their dissemination [141]. Therefore, a group proposed
(W02015158810) the use of polypeptides composed of the amino
acid sequence encompassing the intracellular domain of CD95
which they previously identified as inducing a calcium-dependent
cell motility process in T lymphocytes [145]. These inventors
reported that the use of such peptides prevented the activation of
PLCy1 and the consequent calcium response that leads to cell
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migration. The same group reported a few years later that five
molecules selected from the FDA/EMA-approved chemical library,
namely Ritonavir, Diflunisal, Anethole, Rosiglitazone and Daunorubi-
cin, could all block the recruitment of PLCy1 to CD95 and reduce T
lymphocyte motility (WO2018130679). Less recently, Wagner and
Wei published a method related to the use of a combination of
polypeptides and their encoding polynucleotides (W02008067305)
[287, 288]. They proposed a polypeptide composed of a ligand
domain for a stimulatory Natural Killer receptor (e.g., the extracellular
domain of MULT-, which binds the NK cells receptor NKG2D) and the
CD95 intracytoplasmic death domain. This method is supposed to
activate the NK cells through the NKG2D receptor after contact with
the tumor cells expressing the polypeptidic fusion compound so that
not only the engaged tumor cells will be killed via CD95 induced-
mechanisms but also are lysed directly by the activated NK cells.

CD95-related chimeric proteins

Another similar therapeutic approach related to the CD95/CD95L
system for the treatment of cancer is the use of fusion proteins or
chimeric proteins. Since the years 2000s, the fusion protein system
has been perhaps the most widely studied. Patent WO2014121093
should be mentioned among the most recent of them [289]. Here,
the inventors elaborated a chimeric system composed of a
component capable of inducing the CD95-mediated apoptotic
signal, and a component capable of blocking the CD47 receptor
expressed at the tumor cell membrane and involved in the
suppression of macrophage phagocytosis of the tumor cells.

The approach concerning fusion proteins that provide a
physiologically similar oligomerized form of CD95L was studied by
two different groups. One exposed a bi-component protein
comprising the CTLA-4 extracellular domain and the CD95L
extracellular domain, present in the form of a covalently bound
and stable homo-hexamer, suitable for the treatment of a patient
with cancer (W02014106839) [290, 291]. If said patient has a tumor
expressing the B7 receptor (e.g., B-cell lymphoma), this compound
should be administered to exploit the double affinity of the bi-
protein for the B7 and CD95 receptors, and finally inducing apoptosis
of the malignant cells. The second group instead describes a
chimeric protein composed of the extracellular domain of CD95L and
a domain capable of inducing the oligomerization in this chimeric
system (W0O2013060864) [292-294]. Said domain is represented by
the Ig-like domain of the Leukemia Inhibitory Factor (LIF) receptor
gp190, which self-associates in the context of the chimeric protein
giving rise to a dodecameric form with cytotoxic activity towards the
cells expressing CD95. This system could therefore have various
applications in the clinical field for the treatment of various diseases,
such as cancer, autoimmune diseases and others.

Innovative antitumoral methods

The innovative methods approached in the context of the
treatment of cancer patients are numerous and varied, among
the most recent of which are the patents W02015189236,
WO02015104284, and W02014118317, all filed and published by
the same group. The first concerns a method aimed to reduce
CD95-induced cell migration (W02015189236). NHE1 is a NAT/H™
exchanger channel which this group reported to be indispensable
for the CD95-induced cell motility process in fibroblasts [295]. This
invention provides pharmaceutical compositions of compounds
with NHE1 inhibiting properties to be administered if the subject
shows elevated blood levels of sCD95L. This group also reported
that in triple-negative breast cancer (TNBC), the serum level of
CD95L could constitute an important parameter for the prognosis
of the survival time and/or the relapse-free survival time. The same
group therefore patented the invention WO2015104284, which
aims to first determine the expression of sCD95L in the serum of
subjects with triple-negative breast cancer (TNBC) and then to
compare this level of expression to a predetermined standard
value. The concluding step involves the administration to said
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subject of an effective therapeutic dose of plasma membranes
structural components. The goal is to reduce the fluidity of the
plasma membrane, a factor that this group reported as involved in
the induction of cell migration by CD95 [296]. Subsequently, this
same research group developed another patent, this time
concerning the prediction and prevention of metastases in TNBC
(W02014118317). The authors describe a method for identifying
serum levels of sCD95L in TNBC patients, stating that these
patients develop a high risk of relapse if the level of sCD95L is
significantly higher than a standard expression level [141]. In the
same couple of years, another inventor published a method for
predicting the sensitivity of tumor cells for a given treatment
targeting inhibition of the CD95/CD95L system (W02015107105)
[297-299]. The invention more specifically concerns the analysis of
the methylation levels of a DNA sequence of a gene belonging to
this apoptotic signaling cascade obtained directly from a subject
suffering from cancer, and consequent observation on the
possible responsiveness of said cancer cells to a specific
treatment. DNA and histone modifications remain the two major
mechanisms of epigenetic regulation of gene expression [300].
Some inhibitors of these mechanisms, such as Decitabine and
Vorinostat, are currently in clinical use to inhibit DNA methylation
and histone acetylation respectively. An equally important role in
the regulation of gene expression is played by the methylation of
histone lysine residues through the action of Histone Methyl-
transferase (HMTase), for which to date only two chemical
inhibitors (Verticillin A and Chaetocin) have been generated and
found to be toxic in vivo. The Augusta University Research
Institute, Inc. has developed a new inhibitor for HMTase SUV39H1
that appears to be useful in activating certain cytotoxic T-cell
effectors, such as CDO95L, thereby reversing cancer-induced
immune suppression and promoting the killing of cancer cells
by cytotoxic T cells (US20190084987) [301].

CURRENTLY USED THERAPIES AND THERAPEUTIC
PERSPECTIVES IN AUTOIMMUNE DISEASES

Despite our growing knowledge of the immunological abnorm-
alities that can lead to autoimmunity, the etiologies of most
human autoimmune diseases remain unclear. This is probably
because human autoimmune diseases are generally heteroge-
neous and multifactorial, not only between different diseases but
also within the same disease [302]. They can, within a single
disease, present a wide variety of clinical manifestations and
severity, for instance the propagation speed, the number of
affected joints, as well as a vast phenotypic heterogeneity.
Besides, autoimmune diseases can clinically manifest long after
the autoimmune reactions have been induced. Autoimmune
diseases are often characterized by a severe imbalance between
pro and anti-inflammatory mechanisms and by a vast diversity of
signaling pathways and of cells and cytokines such as interleukins,
interferons, and Treg cells that play a crucial role in immune
tolerance. In recent decades, enormous progress has been made
to identify the mechanisms associated with the activation and
inactivation of T cells and to improve techniques based on the
study of selective immune suppression in human autoimmune
diseases. To date, the techniques used to counteract the
mechanisms of autoimmunity are varied and include different
peptide analogs, immunosuppressants, anti-inflammatories,
monoclonal antibodies, inducers of immune tolerance, therapies
targeting certain autoantigens, often used in conjunction with
immunosuppressants to reduce their doses. Several groups
around the world have carried out studies for which patents have
been filed.

Multiple sclerosis

MS is a chronic autoimmune neurodegenerative disease that
affects the central nervous system (CNS). It is characterized by an
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abnormal reaction of the immune defenses towards certain
components of the CNS, damaging myelin and oligodendrocytes
[303]. The symptoms are varied but CNS defective functions are
frequent, with recurrent remissions and exacerbations. MS is
suspected in patients with optic neuritis, especially if the deficits
are multifocal or intermittent. In such cases, magnetic resonance
imaging (MRI) scans of the brain and spinal cord and cerebrospinal
fluid (CSF) analyses are performed, as this techniques allow to
exclude other treatable pathologies that can mimic MS [304]. At
the moment there is no definitive cure, but numerous therapies
are available to modify its course, slowing its progression. The
most severe form of MS is undoubtedly represented by relapsing-
remitting multiple sclerosis (RRMS). Subjects with RRMS tend to
have more brain lesions with widely varying localization and very
different symptoms [305]. To date, the diagnosis to confirm the
presence of the disease is given by tests resulting positive at least
on two areas of myelin lesions in the CNS. These tests are not only
painful but also risky and highly expensive. It is, therefore,
necessary to develop additional methods for the diagnosis of this
disease. The inventors of US20160194714 offer a new method for
detecting relapse in RRMS patients using biomarkers, such as
CD95L, sirtuin 1 (SIRT1), RGC-32 and IL-21, in a population of cells
(e.g., PBMCs, CD4P°, CD8P°*, glial cells, neurons, etc.) [306-309].
They noted a decrease in CD95L, SIRT1, and RGC-32 in relapsing
RRMS patients, while an increase in IL-21 occurs. Overall, these
four proteins can be used as markers to highlight the activity of
this disease.

Systemic lupus erythematosus

The involvement of CD95L has been extensively studied in
different chronic inflammatory autoimmune diseases, such as MS,
SLE and RA. Several groups have observed differences in the
frequency of the T-helper cells (Th) subgroups in SLE patients
versus HCs (Healthy Controls), which also differ in their sensitivity
to TCR-mediated cell death [310-313]. This could explain the
discordant results on CD95L expression levels in total lymphocytes
from healthy donors and patients with chronic inflammatory
disease. A few years ago, it was noted that transcription of CD95L
is a crucial step for the regulation of T-helper cell death sensitivity.
This group found that human Th1 cells express higher mRNA
levels of CD95L than Th17 cells. Resistance of Th17 cells to AICD
was associated with lower expression of CD95L and overexpres-
sion of the anti-apoptotic caspase-8 inhibitory protein (FLIP) [314].
In the mid-2000s, an important role was attributed to these IL-17A
and IL-17F producing lymphocytes in the context of autoimmune
diseases. Th17 cells orchestrate autoimmune inflammation, in
addition to their function as eliminators of extracellular pathogens
[315-317]. Yang et al. observed that SLE patients exhibit
significant infiltration of Th17 lymphocytes secreting cytokines in
their skin [318]. It is therefore possible to hypothesize that by
modaulating their trafficking to the organs, the pathogenesis of the
SLE disease could consequently be modulated. In the context of
this chronic inflammatory disease, soluble CD95L (sCD95L) has
been shown to be involved in promoting the trafficking of Th17
lymphocytes into damaged organs, at the expense of Treg
lymphocytes in a CD95-driven murine model of SLE [142]. Blocking
the CD95/CD95L system could thus represent an attractive
approach for the treatment of Th17 cell-mediated diseases. This
was the intent of the authors of the W02016170027 patent, who
proposed to use CD95 antagonist antibodies, having specificity for
CD95 or sCD95L, with the potential to prevent the endothelial
transmigration of Th17 cells in the organs and the consequent
damage given by the accumulation of the activated T cells in said
organs [142]. DR-mediated cell death is essential for the
differentiation, growth and function of lymphocytes. In 2017,
Croft and Siegel discussed the implication of some of these
receptors in inducing inflammation and their potential in future
therapies for rheumatoid diseases [319]. Interestingly, the
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combined blockade of TNFR1, TRAIL-R and CD95 seems to give
excellent results in the prevention of inflammation caused by the
respective ligands, whereas targeting these receptors individually
did not have that effect (W02019141862) as demonstrated in a
murine model of dermatitis [320]. Such observations lead to the
conclusion that different cell DR systems may act in combination
to contribute to the pathogenesis of autoimmune inflammatory
diseases. Importantly, uncontrolled induction of cell death down-
stream of DR, rather than increased DR-induced gene-activatory
signaling pathways, could actually be key in driving inflammation
in such contexts [320-322]. Interestingly, the Decoy Receptor 3
(DcR3), encoded by the TNFRSF6B gene, was found to act as a
regulator of the amplification of the immune response by binding
with stimulatory cytokines, such as CD95L, TL1A and LIGHT,
limiting the interaction of the latter with their own receptor [323].
It, therefore, seems deductible that genetic modifications of the
TNFRSF6B gene, involving a reduced expression of DcR3, or a
lower binding activity for the aforementioned cytokine, or even
the suppression of its expression, could contribute to cause
inflammatory signals. With this idea in view, the inventors of
US20170051352 have developed a method for treating auto-
immune conditions in patients carrying alterations of the gene
encoding the DcR3 protein, or of a DcR3 network gene, by
administering to said patient an effective amount of DcR3 ligands
inhibitors [323].

Fusion proteins in the context of autoimmune diseases

As in the context of cancer, one of the widely adopted strategies
in studying new potential treatments for autoimmune diseases is
represented by the use of fusion proteins and nucleotides that
encode them. In 2018, APOGENIX AG published a patent relating
to a nucleotide sequence encoding an isolated chimeric
compound formed by the extracellular domain of CD95 and an
immunoglobulin domain or a functional fragment thereof. The
inventors intend to generate a stable system to inhibit the
extrinsic apoptotic signal initiated by CD95L for the prophylaxis or
treatment of various diseases, including autoimmune diseases and
solid cancers (US20180186856) [324, 325, 402]. A few years earlier
the same inventors developed a mixture of fusion protein
isoforms having the same composition as the aforementioned
system with the difference that this patent does not mention any
nucleotide sequence encoding the chimeric protein, as well as the
cell hosting the nucleotide sequence (WO2014013039). A different
chimeric system is represented by the invention W0O2016205714,
which exposes an immune tolerance inducer “medicament”
comprising a CD95L moiety together with a streptavidin or avidin
moiety [326-328]. The claimed compound is to be administered
alone or mixed with the IL-2 protein to achieve sequential or
simultaneous action in inducing long-term and specific immuno-
suppression. CD95L is then part of another fusion compound, the
one described by the patent W02014121085, in which the
extracellular domain of CD95L corresponds to half of the fusion
protein. The other half is the extracellular domain of a PD-1
receptor-activating factor, such as its ligand PD-L1 and PD-L2
[329]. This system aims to inhibit the differentiation and
proliferation of a selection of cells, including activated T cells on
which the PD-1 receptor is widely expressed, thus the induction of
PD-1 ligation by its ligands mediates an inhibitory signal that
results in reduced cytokine production and reduced T-cell survival.
Thus, in the setting of autoimmune and inflammatory diseases,
the fusion protein of this invention could reduce autoimmune and
inflammatory manifestations.

Cells engineering modifications

Some other groups have then explored the field of cells
engineering modification by proposing methods of isolating
these cells from a patient sample, treating/modifying these cells
and reintroducing the said modified cells by systemic infusion or
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transplantation. This is the case of the patent W0O2013149211,
which describes a method using modified mesenchymal stem
cells (MSCs) to overexpress CD95, CD95L as well as the CD95-
regulated monocyte chemotactic protein 1 (MCP-1) which seems
to play an important role in the recruitment of T cells to MSCs
[330, 331]. It has previously been hypothesized that such MSCs
play an important role in reducing T-cell proliferation through a
mechanism involving T-cell apoptosis [332]. Therefore, this
invention offers a potential therapeutic method for the treatment
of autoimmune diseases, and more specifically of Systemic
Sclerosis. Similarly, patent W0O2015038665 relates to a system
composed of modified MSCs to overexpress CD95L after exposure
of these cells to a salicylate, such as common aspirin [333]. The
authors offer a method aimed at increasing survival rates in
patients suffering from autoimmune and inflammatory diseases. In
2016, another modified cell-related strategy was developed by the
Trustees of the University of Pennsylvania, which involves the use
of genetically modified effector cells to downregulate endogen-
ous CD95 using the CRISPR system to treat autoimmune diseases
(WO2016069282) [364].

DISCUSSION AND CONCLUSION

For nearly three decades, members of the TNF superfamily, and
the signal cascades they trigger, have been targeted by
researchers and pharmaceutical companies to develop new
therapies for the treatment of cancer and autoimmune diseases
[334-338]. These molecules are widely involved in multiple cellular
mechanisms such as apoptosis, proliferation, survival, tumor
growth and differentiation. Since their role in mediating immune
surveillance as well as protection from infections is essential,
prolonged inhibition of these molecules could be dangerous. The
progenitor of the TNF superfamily (i.e., TNF) remains the most
studied and the most promising in terms of therapeutic potential
[337, 338]. Among the members of the TNF superfamily, the
research carried out on the TNF system is the most funded, with
sales revenues exceeding 25 billion USD [338] followed by DR4/
DR5 (Trail) systems and finally by the CD95 complex. Currently,
five anti-TNF biologics have been clinically approved for the
treatment of autoimmune diseases, namely Infliximab, Adalimu-
mab, Etanercept, Golimumab, and Certolizumab Pegol, all with a
specific structure for TNF-alpha recognition and blockade [339].
Despite the evident efficacy of these drugs, not all treated patients
respond as expected and some seem to develop adverse reactions
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associated with these drugs, such as effects on the neurological
and dermatological levels [340-342]. There is therefore a growing
need for new pharmacological systems with better specificity and
greater safety.

CD95-related therapeutic perspectives

Despite the evident role of CD95/CD95L in cancer and chronic
inflammatory autoimmune diseases, since 1990 only a little over a
hundred patents targeting the CD95/CD95L system have been
conceived and published (Fig. 4). In the past, the complexity of the
multiple CD95/CD95L-mediated signaling systems found in cancer
and autoimmune diseases, the lack of specificity of the previously
proposed strategies tested in vivo and the consequent severe side
effects found [219, 220], have diminished the pharmacological
interest for this target. Recent study report strategies focusing on
more challenging compounds and delivery methods, with a
particular attention to circumventing the severe adverse effects
associated with the systemic activation of CD95. The extensively
studied CD95-Fc fusion proteins, for instance, represent an
interesting way to inhibit CD95L. However, these chimeric
proteins, compared to those used in the TNF-TNFR2 system
[343], exhibit a relatively low affinity for the corresponding CD95L
and far less efficacy in inhibiting death induced by ligand
interaction with CD95. A possible explanation is given by the fact
that the interactions between these proteins occur through a
complex mechanism of oligomerization given by the association
of multiple trimers of both counterparts [35, 294, 344]. A better
neutralization or stimulation of these proteins might therefore be
achieved by a neutralization/stimulation system in which the
binding protein is in a stable physiological-like form consisting of
at least one trimer, if not an oligomer thereof. It seems that the
oligomerization of the binding protein improves the stability of
the therapeutic compound, consequently increasing its affinity for
the target and the final system specificity [345]. Such
oligomerized-related strategies have exhibited more efficient
results, compared to previous systems generations. Fortunately,
some of the newly proposed strategies appear to give encoura-
ging preclinical results and so far, only one of these is currently in
clinical trials. APG101 is the best prototype of future therapeutic
approaches involving the CD95 system. It is an 84 kDa CD95L-
neutralizing CD95 trimer fusion protein, able to pass the blood-
brain barrier. Asunercept, the trade name for APG101, is now the
subject of a controlled phase Il clinical trial in patients with
relapsed glioblastoma multiforme (GBM) (NCT01071837). The

. TNF / TNFR1 -R2
N=3253

. TRAIL/ TRAILR1 -R2
N=2457

CD95L / CD95
N=127

Fig. 4 Contribution of the CD95L/CD95 system in therapeutic-end studies. Graphic representation of the distribution of the number of
patents targeting the most studied cell Death Receptors CD95, TNFR1 and -R2, TRAILR1 and -R2 and their respective ligands CD95L, TNF alpha,

and TRAIL.
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glioblastoma model was chosen in accordance with several in vivo
and in vitro non-clinical studies, which extensively described the
involvement of CDI5L in the growth, invasiveness and migration
of glioblastoma cells [152, 324]. Merz et al. observed a decreased
invasiveness on two cellular models of GBM after knockdown of
the FASLG gene, without however affecting the viability of the
cells sensitive to apoptosis [325]. They also reported a restored
invasiveness following the administration of soluble recombinant
CD95L, which was blocked by the addition of the APG101 fusion
protein. This formulation, consisting of the extracellular domain of
human CD95 and the Fc domain of human IgG1, was in fact
designed to specifically bind CD95L, thus disrupting the CD95L/
CD95 signal cascade and the resulting cellular invasiveness. The
collected results show a remarkable survival prolongation in
patients with GBM, which makes it interesting for a possible
transfer to other types of cancer [324, 346]. Furthermore, some
experiments carried out on a cohort of 84 patients, showed
greater efficacy of this compound when it is administered in
combination with radiotherapy, observing a significant reduction
in tumor growth compared to radiotherapy treatment alone [347].
Other preclinical studies, conducted on patients suffering from a
lower risk myelodysplastic syndrome (MDS), have then high-
lighted a possible role of Asunercept in the treatment of anemia, a
characteristic feature of this pathological condition [348]. In low
risk MDS the administration of erythropoiesis-stimulating agents
(ESAs) is widely used to correct cytopenia. However, some patients
show resistance to ESA, thus requiring alternative treatments to
contain the anemia associated with low risk MDS. CD95 is
overexpressed in two-thirds of MDS patients, and is thought to be
negatively implicated in the regulation of erythrocyte production
[348]. The blocking of CD95 signal cascade can therefore increase
erythropoiesis in MDS patients. The use of APG101 in this context
seems to be particularly promising, as the neutralization of CD95L
allows the blocking of the CD95L/CD95L signal and finally the
restoration of erythropoiesis. A phase | clinical study
(NCT01736436) conducted on 20 patients with low and inter-
mediate MDS treated with intravenous APG101 is currently
underway [349]. In said patients APG101 showed good tolerance
and safety, promising prerequisites for use on a larger scale of this
drug in the future.
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