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Abstract

Although CD95L (also known as FasL) is still predominantly considered as a death ligand
that induces apoptosis in infected and transformed cells, substantial evidence indicate that it
can also trigger non-apoptotic signaling pathways whose pathophysiological roles remain to
be fully elucidated. The transmembrane ligand CD95L belongs to the tumor necrosis factor
(TNF) superfamily. After cleavage by metalloprotease, its soluble form (s-CD95L) fails to
trigger the apoptotic program but instead induces signaling pathways promoting the
aggressiveness of certain inflammatory disorders such as autoimmune diseases and cancers.
We propose to evaluate the various pathologies in which the metalloprotease-cleaved CD95L
is accumulated and analyze whether this soluble ligand may play a significant role in the
pathology progression. Based on the TNFa-targeting therapeutics, we envision that targeting
the soluble form of CD95L may represent a very attractive therapeutic option in the
pathologies depicted herein.



1. Introduction

CD95 (Fas or APO-1) is undergoing a paradigm change, which could lead to a therapeutic
revolution. In addition to its apoptotic function, the death receptor (DR) CD95 can also favor
tumor growth and metastasis through the induction of non-apoptotic signaling pathways [1,
2]. In this regard, although the interaction between transmembrane CD95L and CD95 leads to
an expected and well-known apoptotic response, which is involved in the elimination of
infected and transformed cells [3], the metalloprotease-cleaved CD95L induces multiple non-
apoptotic signaling pathways, resulting in chronic inflammation [2, 4-6] and tumor
development [2, 7]. Although CD95L-expressing immune cells including lymphocytes and
natural killer (NK) cells infiltrate tumor tissues to kill CD95-expressing cancer cells [3], the
loss of CD95 in cancer cells is rarely observed supporting that CD95 might exert oncogenic
functions. In this regard, the maintain of CD95 expression by ovarian and liver cancers in
mice promotes tumor growth through the constitutive induction of the c-Jun N-terminal
Kinase (JNK) signaling pathway [1]. In addition, CD95 participates in the metastatic
dissemination of cancer cells [7-10], and contributes to maintain the population of cancer
stem cells (CSCs) [11-14]. The CSCs present tumorigenic properties allowing them to
replenish the heterogeneous tumor population after an initially successful therapy [15] and
thereby, their elimination is crucial to achieving remission. These seminal studies highlight
that by inhibiting the CD95-mediated non-apoptotic functions, new generation of drugs could
revolutionize the therapy efficiency in these pathologies. Despite the fact that a list of
autoimmune, infectious, and cancer diseases with elevated s-CD95L levels was published
over fifteen years ago [16], the role of this cytokine in the pathogenesis of these diseases has
yet to be elucidated. This review intends to describe the pathologies in which s-CD95L have
been found up-regulated and could therefore represent a potential therapeutic target.
Associated with this analysis, we will emphasize some of the incorrect conclusions about the
CD95/CD95L pair, mainly drawn due to technical issues.

2. Structure, aggregation level and biological functions of CD95 and CD95L.

CD95 is a type | transmembrane glycoprotein encompassing 335 amino acids in its pre-
mature form (Fig.1), and the removal of its peptide signal engenders a mature protein
containing 319 amino acids (Fig.1) [17]. The ligand of CD95, namely CD95L (FasL), is a
type 1l transmembrane protein belonging to the tumor necrosis factor (TNF) family. CD95L
exhibits a long intracellular domain, a transmembrane domain, a stalk region, and a C-
terminal TNF homology domain (THD) (Fig.2). The long intracellular region of CD95L
harbors different motifs, including a tandem casein kinase | phosphorylation site and a
proline-rich domain, which serves as a binding site for SH3 (Src homology 3) domain-
containing proteins [18]. Although neglected, the interaction between CD95 and CD95L also
induces a “reverse signaling” in the CD95L-bearing cells increasing in the proliferation rate in
CD8+ lymphocytes and inducing cell death in CD4+ T cells [19, 20]. The bi-directional
signaling induced within CD95L- and CD95-expressing cells renders it difficult to draw
definitive conclusions from the phenotype of CD95L or CD95 knockout (KO) mice. In other
words, the lupus-like phenotype developed by these mice [21] is the consequence of the
combined failures to trigger not only the apoptotic and non-apoptotic signaling pathways by
CD95, but also the reverse signaling by CD95L rendering difficult to decipher the role of each
signal in the pathological phenotype of these mice.

The transmembrane CD95L designated m-CD95L for membrane-CD95L, can be processed
within its stalk region (amino acids 102 to 136) by metalloproteases (MMPs) [22]. The
soluble extracellular CD95L (s-CD95L) released into the extracellular medium corresponds to



a homotrimer due to the presence of a trimerization domain in its C-terminal region [23].
Initial studies on s-CD95L suggested that this ligand was neutral in terms of cell signaling and
could compete with its membrane-bound counterpart to prevent the implementation of the
apoptotic response [24, 25]. Thus, a homotrimeric CD95L fails to induce apoptosis, while a
recombinant hexameric counterpart does [26], indicating that the increase in CD95L
stoichiometry exerts a pivotal role in the biological function of the ligand. After cleavage in
the cornea, s-CD95L seems to interact with fibronectin within the extracellular matrix to
increase in its stoichiometry and retrieve its cytotoxic activity [27]. Interestingly, plasmin can
also cleave CD95L between arginine at position 144 and lysine 145 [28], but the soluble
ligand seems to preserve its pro-apoptotic activity involved in the elimination of endothelial
cells and the inhibition of angiogenesis [28]. In the serum, another form of CD95L exists as a
transmembrane ligand present at the surface of exosomes [29]. Many cells can secrete these
small extracellular vesicles (20-200 nm), transferring lipids, proteins, and RNAs between
cells [30]. These CD95L+ exosomes can be secreted by Epstein-Barr virus (EBV)-infected B-
cells [31] or V52 T-cells [32], contributing to kill follicular T cells and dampen the humoral
response or to eliminate EBV-associated tumors, respectively. Overall, CD95L is found
accumulated in the serum of patients suffering from various diseases and the biological
function (i.e., driver or bystander) of this ligand in such pathologies remains to be elucidated.
It is important to keep in mind that CD95 is not an enzyme and thereby, to trigger cell
signaling, it requires the recruitment of proteases, ubiquitin ligases, kinases or phosphatases
through protein-protein interactions (PPIs). In the absence of stimulation, the amino terminal
region of CD95, namely pre-ligand assembly domain (PLAD) [33], and the proline motif
within its transmembrane domain [34] are responsible for its pre-association as homodimers
or homotrimers. The multi-aggregation of CD95 mandatory for the induction of the apoptotic
program has been described as a two-step mechanism involving first, a certain degree of
CD95 aggregation engendered by its interaction with CD95L and second, the induction of a
caspase-8-dependent intracellular signal, promoting the accumulation of unstimulated CD95
into lipid rafts [35] and the induction of the apoptotic signal [36]. The initial CD95-mediated
caspase-8 activation stimulates ceramide production, promoting receptor aggregation and cell
death induction [37].

CD95 and CD95L undergo numerous post-translational modifications (PTMSs), regulating the
downstream signaling pathways. These consist of S-palmitoylation of CD95 at C199 (C194 in
mouse CD95) [38, 39], triggering the receptor distribution into lipid rafts and sensitizing re-
activated T-cells to cell death [40]. Similarly, S-nitrosylation on both C199 and C304
enhances the distribution of CD95 into lipid rafts and tumor cell death [41]. S-
glutathionylation of CD95 at cysteine 294 in mouse is another PTM promoting the receptor
aggregation and apoptosis induction [42]. We observed that co-activation of CD95 with both
the transmembrane protein CD28 and the glycosylphosphatidylinositol (GPI)-linked factor
CD59 induces the CD95 distribution into lipid rafts but these plasma membrane re-
localizations affect the induction of cell death contrarily in activated T-cells [43]. This
suggests that different types of lipid rafts may exist and affect the initial steps of the death
receptor signaling differently.

In patients suffering from acute respiratory distress syndrome (ARDS), s-CD95L undergoes
oxidation at methionine 224 and 225, causing its aggregation and promoting its cytotoxic
function [44]. Oxidation of methionine at position 121 in CD95L prevents its cleavage by
MMP7 and thereby, s-CD95L in ARDS patients preserves its stalk region [44]. Nagata and
colleagues previously demonstrated that a recombinant and soluble CD95L encompassing
amino acid residues 101 to 279, containing the stalk region, can still induce apoptosis [45]. A
recent study confirmed that a soluble CD95L containing the stalk region triggers cell death in
the human T-cell line Jurkat and in human small airway epithelial cells [46]. In accordance



with these findings, conservation of the CD95L stalk region has been shown to promote the
efficiency of the CD95/CD95L interaction and the level of s-CD95L aggregation [47],
contributing to the release of an apoptotic cytokine. To render the understanding of the
biological role of this domain more complex, the amino acid residues 105 to 130 of CD95L
can interact with the hepatocyte growth factor (HGF) receptor (also known as c-Met),
promoting cell migration of cancer cells in an autocrine fashion [48]. Overall, these findings
suggest that both the THD and the juxtamembrane stalk region of CD95L contribute to the
ligand multimerization, rendering it difficult to predict the biological function of serum
CDO95L prior to its sequencing.

3. A new complex formed upon s-CD95L/CD?95 interaction

CD95 harbors three main intracellular domains, a juxtamembrane calcium inducing domain
(CID), a death domain (DD), and a C-terminal region (Fig.1). While the CID and the C-
terminal region are involved in implementing non-apoptotic signals, the DD plays a crucial
role in the induction of the apoptotic response. The binding of m-CD95L to CD95 induces a
homotypic interaction between the DDs of CD95 and Fas-Associated protein with death
domain (FADD) (Fig.3). Then, FADD recruits caspases -8 and -10 to trigger the caspase
cascade and induce cell death (Fig.3). The CD95/FADD/Caspase complex has been
designated DISC for death-inducing signaling complex [49].

Although the homotrimeric s-CD95L fails to form the DISC, this ligand is not neutral and
promotes the formation of a different complex that we designated MISC for motility-inducing
signaling complex (Fig.3) [6, 7]. The main feature of the MISC is the recruitment of the
phospholipase C (PLC)-y1 via the interaction of its SH3 domain to the CD95 CID (Fig.1) [5,
50]. It is noteworthy that unlike DD, CID is a disordered structure involved in weak and
transient PPIs [4], rendering it difficult to identify its partners. Recruitment of PLCy1 at the
plasma membrane catalyzes the cleavage of phosphatidylinositol 4,5-bisphosphate into
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) acting as second messengers to
activate an intracellular calcium (Ca®") response (Fig.3). The CD95-driven IP3 production
induces the release of the endoplasmic reticulum (ER)-stored Ca* through the stimulation of
the IP3 receptors (Fig.3). The increased intracellular Ca** concentration is further enhanced
by the re-localization of stromal interaction molecule 1 (STIM1) from the ER to the plasma
membrane and the opening of the plasma membrane-localized calcium channel ORAIL,
creating high and localized calcium spikes, which limit CD95/FADD interaction by activating
protein kinase C (PKC)-B2 (Fig.3) [51]. Of note, triple-negative breast cancer (TNBC) cells
exposed to s-CD95L also undergo a Ca®* flux between the endoplasmic reticulum (ER) and
the mitochondria, modulating the metabolism of the organelle (i.e., ATP and reactive oxygen
species (ROS) productions) and promoting cell migration [52, 53].

In addition, MISC contains nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(e.g., Nox3) responsible for ROS production, which activates Src kinases such as c-yes,
promoting cell migration in TNBC cells [7]. ROS stimulates Src kinases through the
oxidation of cysteine SH groups [54]. The involvement of Src kinases in the CD95-mediated
non-apoptotic response has been observed not only in cancer cells [5, 8, 9] but also in Th17
cells [6] and neutrophils [55]. Nonetheless, the role of Nox and src kinase families in the
CD95 signaling pathways remains ambivalent because these enzymes can also participate in
the induction of the apoptotic signal in hepatocytes [56], pushing for further investigations to
better apprehend the role of ROS and Src kinases in the CD95 signal. Interestingly, src
kinases can also recruit tyrosine kinase receptors (TKRS) such as epidermal growth factor
receptor (EGFR), thereby connecting CD95 with growth-stimulating effectors [7, 9, 10, 57,
58]. Src participates in the phosphoinositide 3-Kinase (PI3K) signaling pathway by the
phosphorylation of caspase-8, a molecular process that might favor the switch between DISC



and MISC [59-61]. Indeed, phosphorylation of tyrosine at position 380 in caspase-8 abrogates
the protease activity and generates a binding site for the SH2 domain of the PI3K subunit p85
and the subsequent activation of the PI3K/Akt signaling pathway [59-61]. This CD95-
mediated PI3K/Akt signaling pathway is essential in cancer cell migration [7, 10]. Taken
together, these studies demonstrate that CD95-mediated, and in particular s-CD95L-mediated
non-apoptotic signaling can induce cell migration.

4. s-CD95L and Cancer

The s-CD95L expression has been found to be increased in several cancers and chronic
inflammatory disorders since its discovery [24, 25], with biological functions ranging from
pro-apoptotic to pro-inflammatory ligand (Fig.4). Although most studies on CD95L have
focused on its apoptotic function and thus its putative role in the elimination of tumor-
infiltrating immune cells by cancer cells ("tumor counterattack™ theory [62]) or its failure to
induce the immune contraction in autoimmune disorders, more recent evidence emphasize
that the non-apoptotic and pro-inflammatory functions of s-CD95L could also affect the
progression of these pathologies. To identify the cancers in which novel drugs targeting
CD95/CD95L pair could represent attractive therapeutic options, we describe the pathologies
in which the concentration of s-CD95L has been investigated.

Hematological malignancies

s-CD95L has been initially detected up-regulated in sera from patients affected with natural
killer-large granular lymphocyte (NK-LGL) leukemia, T-LGL leukemia, and NK-lymphoma
[63]. In contrast, no trace of this ligand has been found in adult T-cell leukemia (ATL), acute
myelogenous leukemia (AML), acute promyelocytic leukemia (APL) or acute lymphocytic
leukemia (ALL) [63]. Contradicting this initial study, a prospective analysis on childhood
lymphoproliferative malignancies, including 18 ALLs and 7 non-Hodgkin lymphomas
(NHLs) patients revealed a significant increase in s-CD95L concentration [64]. Moreover,
patients with elevated s-CD95L levels exhibited a detrimental effect on relapse-free survival
(RFS) and overall survival (OS) [64]. This discrepancy could be explained by the cancer stage
and also by the comparison of patients at diagnosis or in the course of the treatment. Indeed, a
follow-up of NK lymphoma patients treated with CHOP protocol (a chemotherapeutic
regimen including cyclophosphamide, hydroxydaunorubicin, oncovin and prednisolone)
revealed that this treatment not only reduced the number of lymphoma cells but also
decreased in serum CD95L concentration [63].

In multiple myeloma (MM), the concentration of s-CD95L was higher than that in control
subjects and increased with the disease progression [65]. Although the CD95L-expressing
cells have yet to be identified in this cancer, the quantity of this ligand in MM patients serum
was correlated with that of interleukin-6 (IL-6), a pro-inflammatory cytokine associated with
MM oncogenesis, and s-CD95L seemed to favor bone marrow infiltration via an unknown
mechanism that needs to be elucidated [65].

Solid tumors

Gastro-intestinal cancers

The concentration of s-CD95L has been found increased in colon cancer patients’ sera as
compared to that in healthy donors [66]. Furthermore, supernatants of cultured colon cancer
cells containing s-CD95L induced apoptosis of CD95-sensitive cells, while supernatants
without s-CD95L did not [66]. Interestingly, serum CD95L levels dropped after tumor
resection suggesting that the tumor or its environment was the main source of s-CD95L, but



further investigations are needed to identify these CD95L-expressing cells. In contrast to this
study, additional experiments on colon cancer cell lines observed CD95L transcription and
translation but did not detect the presence of CD95L at the plasma membrane [67], and colon
cancer cells did not kill CD95-sensitive immune cells [67].

To explain this discrepancy, it is noteworthy that most of the initial analyses involving tumor
cells as the primary source of CD95L were carried out using anti-CD95L antibodies, which
turned out to be unspecific in immunohistochemistry (IHC) and flow cytometry experiments
rendering uncertain the conclusion of these studies [68]. In agreement with these data, a study
evaluating the selectivity of twelve anti-CD95L antibodies confirmed that the polyclonal
antibodies N20 and C20 from Santa Cruz and the monoclonal clone 33 from Transduction
Laboratory displayed unspecific staining using flow cytometry and IHC methods [69]. On the
other hand, anti-CD95L monoclonal antibodies (mAbs) designated G247-4 and NOK-1
showed strong selectivity for human CD95L [62, 70].

Pancreatic carcinoma patients expressed higher levels of s-CD95L as compared to healthy
subjects, and this concentration increased with the pathology aggressiveness [71].
Unfortunately, the CD95L staining performed by IHC in this latter study also relied on
unspecific mAbs, rendering difficult to apprehend the source of CD95L in this tumor.

Hepatocellular carcinoma (HCC) also exhibited some plasma membrane CD95L, but as
aforementioned, the IHC was performed with unspecific polyclonal anti-CD95L antibodies
(i.e., C20 from Santa Cruz) [69]. Interestingly, the authors observed that these tumors
expressed a splicing variant of CD95 rendering it soluble, allowing them not only to block the
CD95L/CD95 interaction but also to reduce the quantity of transmembrane CD95 in these
tumor cells [72], a cellular process associated with inhibition of oncogenesis [1]. Infection
with Hepatitis C virus (HCV) can result in cirrhosis and HCC, and an interesting gradient of
s-CD95L concentration has been reported between healthy subjects, HCV-infected patients,
and HCV-infected patients with HCC, suggesting that s-CD95L accumulation could be a non-
invasive marker of the disease progression to cancer [73].

In stomach carcinoma, although the concentrations of serum CD95L were significantly
different as compared to those in healthy donors [74], this cytokine was accumulated later in
the disease progression. Interestingly, the quantity of s-CD95L was correlated with the
metastatic dissemination of the pathology, and patients with high levels exhibited a worse
prognosis than those with low levels, signifying that this cytokine could exert a pro-metastatic
activity in this pathology [74].

Central nervous system cancers

Although s-CD95L was increased in the cyst fluids of astrocytomas, it only contributed to a
minor part (11.4%) of the cell death signal observed in the CD95-sensitive Jurkat T-cell line
exposed to these fluids [75], suggesting that this ligand could exert other biological functions
in this pathology. In an ocular tumor model, the metalloprotease-cleaved CD95L promoted
the metastatic dissemination of cancer cells by recruiting neutrophils suggesting that s-CD95L
could act as an inflammatory and pro-metastatic cytokine [76].

Sarcoma

In Ewing’s sarcoma, membrane-bound CD95L was detected and associated with the
metastatic dissemination of these tumors [77]. This ligand was cleaved by unidentified
metalloproteases, releasing a soluble ligand that accumulated in this pathology. Even though
the anti-CD95L G247-2 mAb was used in this study, the authors only used it for western



blotting and not for IHC analyses rendering it difficult to conclude from their IHC results
showing CD95L staining in cancer cells. It is also worth noting that the authors had to
concentrate supernatants by 15 to achieve 24% of cell death in the CD95-sensitive Jurkat T-
cells. Since protein concentration promotes unnatural CD95L aggregation, favoring its
cytotoxic activity [78], the apoptotic role of s-CD95L in this pathology remains doubtful. On
the other hand, as recently reported, this metalloprotease-cleaved CD95L could exert a pro-
migration effect on these tumors [7-9].

Breast cancers

Breast cancer cells express less CD95 than normal surrounding tissues and, despite the fact
that immune cells, endothelial cells, and cancer cells seem to express CD95L in tumor tissues,
these cells remained sensitive to the CD95-mediated apoptotic signal, implying that the
reduction of CD95 expression was associated with a different function than resistance to cell
death [79]. Moreover, the anti-CD95L antibody used in IHC images was not detailed
rendering it difficult to determine the staining specificity. Because the mix of breast cancer
cells with CD95-sensitive cells triggered a trivial apoptotic response, we could conclude from
this study that either CD95L was not expressed by these cancer cells or CD95L exerted a non-
apoptotic function at the surface of these cells [79].

Breast cancer is a heterogeneous disease with a molecular classification allowing to
distinguish between the luminal A and B expressing hormonal receptors including estrogen
and/or progesterone receptors (PR), basal/TNBC, and human epidermal growth factor
receptor 2 (HER2)-overexpressing tumors [80]. Basal/TNBC patients show the poorest
clinical outcomes, and no targeted therapies exist compared to other molecular subtypes. We
observed that serum CD95L concentration was increased among TNBC women compared to
that in healthy subjects, and this was associated with an increased risk of relapse. This ligand
was a potent chemoattractant for TNBC cell lines [7], suggesting that s-CD95L could promote
metastatic dissemination in these women. Moreover, we established that CD95L was
ectopically expressed by neo-vessels in the tumors [7]. These findings suggest that inhibition
of the CD95-mediated signal and more accurately, the inhibition of the non-apoptotic
signaling pathways might represent a novel and attractive therapeutic option in this pathology
in which it exists an urgent therapeutic need.

Gynecologic cancers

Ovary

In an initial study on ovarian cancers, despite the use of a non-selective anti-CD95L mAb for
IHC experiments [81], the authors observed that a highly glycosylated CD95L was expressed
in the endolysosomal organelles of the ovarian cancers cells. These CD95L-containing
microvesicles were secreted and detected in the ascites of ovarian cancer patients. Hence,
CD95L-expressing exosomes triggered apoptosis in CD95-sensitive T-cells, suggesting that it
could have an immunosuppressive effect in this pathology [81]. Besides that, we recently
established that the serum concentration of s-CD95L is increased in women with advanced
high-grade serous ovarian cancer (HGSOC) as compared to healthy women [82]. In contrast
to TNBC [7], higher levels of this ligand were associated with a good prognosis and with
increased tumor-infiltrating T- (CD8" and CD4") and B-lymphocytes [82]. Interestingly,
similar to TNBCs, endothelial cells covering newly formed blood vessels inside the tumor
expressed transmembrane CD95L [82].

Uterus

s-CD95L was also increased in the serum of women affected by uterine tumors compared to
healthy controls [83]. The concentration of s-CD95L increased with the clinical stages of the



disease, suggesting that in this pathology, s-CD95L could exert an oncogenic effect [83] and
therapeutic regimens targeting this cytokine might be of interest to treat these women.

Prostate cancers

Liu et al. demonstrated that prostate cancer cell lines (i.e., LNCaP, DU145, and PC3 cells)
expressed CD95L and secreted a cleaved ligand, but NOK-1 or G247-4 clone was not used in
this study, rendering these findings questionable [84]. Nonetheless, the authors observed that
elevated concentrations of serum MMP-7, a metalloprotease involved in the CD95L cleavage
[85], were associated with poor prognosis in prostate cancer patients [86].

Melanoma

Although soluble CD95L was not significantly up-regulated in melanoma patients, the only
two stage IV patients with distant metastases in this cohort showed an increased amount of s-
CD95L as compared to healthy subjects [87], suggesting again that s-CD95L did not play a
pivotal role in the primary tumor growth but could exert a pro-metastatic function. The
putative pro-metastatic role of s-CD95L has been confirmed by another study [88]. Of note,
some melanoma cells have been reported to degranulate CD95L-expressing exosomes that
could exert a cytotoxic activity [89].

Head and Neck cancers

s-CD95L concentration has been found increased in patients with laryngeal squamous cell
carcinoma as compared to healthy donors, and the surgical treatment applied to these patients
engendered a drop of the soluble cytokine concentration, indicating that s-CD95L stemmed
from the primary tumor. However, the CD95L-expressing cells in the tumor tissue remains to
be identified [90].

While oral squamous cell carcinoma showed no increase in s-CD95L when compared to
healthy subjects [91], another study performed with head and neck cancers exhibited a
significant reduction in s-CD95L compared to healthy subjects, indicating a different
regulation of this ligand in these pathologies [92].

Thyroid cancer

Similar to HGSOC [82], high levels of s-CD95L in thyroid cancer patients were associated
with disease-free survival [93]. Plasminogen activator inhibitor-1 (PAI-1) inhibits plasmin
activity [94]. As aforementioned, DeClerck et al. observed that PAI-1 expression by
endothelial cells protected angiogenesis from a CD95L-mediated apoptotic program in
neuroblastoma tumors [28]. By blocking the plasmin activity, PAI-1 inhibited the release of a
soluble and cytotoxic CD95L from the surface of endothelial cells [28]. Unexpectedly, both
PAI-1 and s-CD95L were associated with progression-free survival in thyroid cancers,
suggesting that the combination of these markers as a prognostic factor cannot be generalized.

Lung cancers

No variation of serum levels of s-CD95L in malignant (lung cancer patients) or tuberculous
pleurisy patients were detected compared to healthy donors, regardless the fact that the values
depicted in the manuscript were in the pg/mL range, far higher than the concentrations in the
other cancers which were in ng/mL [95]. Interestingly, serum MMP7 concentration was also
associated with poor survival in patients with non-small-cell lung cancer treated with
cisplatin-based chemotherapy [96].

Overall, these studies indicate that although the concentration of s-CD95L seems to be up-
(i.e., colon, pancreas, liver, stomach, breast with the triple-negative breast cancer, uterus,



prostate, melanoma, larynx, and sarcoma) or down- (i.e., ovary, thyroid) regulated in cancers,
its role in the pathology progression necessitates further investigations. In addition, the
presence of the MMP-cleaved CD95L raises the question of the identification of the CD95L-
expressing cells and the metalloprotease(s) involved in the shedding process using validated
tools. Finally, the high concentrations of s-CD95L in certain cancers suggest that drugs
targeting the CD95/CD95L pair could represent potential therapeutic options for these
patients.

5. s-CD95L and chronic inflammatory disorders

Multiple sclerosis

Multiple sclerosis (MS) is an autoimmune disease targeting the central nervous system. In
MS, the immune system damages myelin engendering deterioration of the nerves. Of note,
CD95 stimulation can induce the production of inflammatory cytokines, which are involved
in the activation and recruitment of innate immune cells such as neutrophils and macrophages.
To do so, CD95 engagement relies on different mechanisms including the induction of a
caspase-dependent apoptotic program in monocytes and macrophages [97, 98], although this
receptor can also promote an inflammatory program in a caspase-independent manner in
macrophages [98]. Combined with TNF, CD95L can trigger the caspase-1 activation and the
production of the pro-inflammatory IL1p via a caspase-8-dependent mechanism in antigen-
presenting cells such as macrophages or dendritic cells [99]. This CD95L-mediated IL13
production is responsible for the pathological progression in experimental autoimmune
encephalomyelitis (EAE), a mouse model of multiple sclerosis (MS). In this study, CD95
deficient (Ipr mice) and non-functional CD95L-expressing mice (gld mice) resisted to a
myelin oligodendrocyte glycoprotein (MOG) model of EAE [100]. Because the concentration
of s-CD95L is not up-regulated in the sera of MS patients, we may consider that the
transmembrane CD95L contributes to this pathology [101].

Lupus and Sjigren’s syndrome

Lupus and Sjogren’s syndrome (SS) are systemic autoimmune disorders. While in Sjogren’s
syndrome, the immune system targets mainly salivary and tear glands engendering dryness in
the eyes and mouth, these diseases can affect other organs including skin, kidneys,
articulations, lungs, and brain. In Lupus and SS, accumulating evidence points to s-CD95L as
a pivotal effector of the disease aggressiveness [6, 102], with a recent study confirming that s-
CD95L levels were higher in lupus patients [103]. We previously observed that s-CD95L
concentrations were associated with the disease progression in lupus patients, and that this
ligand promoted the Th17 trafficking in inflamed organs [4, 5]. We generated a cell-permeant
peptide based on the CID sequence that prevented the CD95/PLCy1 interaction and thereby,
selectively inhibited the non-apoptotic signaling pathway [5]. Injection of this peptide
alleviated clinical symptoms in lupus-prone mice. Finally, to improve the pharmacokinetic
properties of this drug, we switched the peptide structure to that of a protease-resistant
peptidomimetic (i.e., an AApeptide designated DB550) and confirmed the therapeutic value
of this novel generation of CD95-targeting drugs [4]. Interestingly, CD95 stimulation could
also promote Thl7-driven inflammatory pathologies via its role in Th17 cell differentiation
[104]. Indeed, a comprehensive analysis of the regulatory network controlling the
differentiation of mouse Th17 cells revealed CD95 as a key factor [105], capable of
sequestering signal transducer and activator of transcription (STATL1), thus promoting STAT3
transcriptomic activity [104]. Beyond s-CD95L, membrane-bound CD95L may also play a
role in lupus inflammation, as CD95L expressing Thl cells (Thet™) were involved in the
severity of cutaneous lupus erythematosus (CLE) in a Toll like receptor 9 (TLR9)-KO murine
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model [106]. These CD95L+ Thl T-cells induced the synthesis of inflammatory chemokines
such as IL-1, IL-6, CXCL2 or CXCL1 known to mediate skin lesions by interacting with
CD95+ cells, which could be keratinocytes or skin-infiltrating myeloid CD11b+ cells [106].
Interestingly, knock-in mice in which the wild type CD95L was replaced by its soluble
counterpart developed more aggressive lupus as compared to that observed in CD95L-KO
mice and died to kidney damage and histiocytic sarcoma cancer suggesting that the presence
of s-CD95L could aggravate the auto-immune pathology and promote oncogenesis [2].
Nonetheless, we cannot rule out that this aggressiveness was due to the lack of “reverse
signaling”, this question must be addressed in the future.

Initial studies in SS patients showed a significant increase in s-CD95L as compared to healthy
donors, and more interestingly, the concentration of this ligand dropped after steroid therapy
(prednisolone or methylprednisolone), indicating that s-CD95L dosage in humans must be
performed using samples from patients at the diagnosis [107].

Ocular pathologies

Nabel et al. highlighted that grafts of CD95L-expressing colon carcinoma cells were
eliminated faster than those of wild type tumors because CD95L promoted the recruitment of
neutrophils and the induction of a robust inflammatory program [108]. Because of the
presence of TGF-B, this difference was lost when tumors were grafted into the anterior
chamber of the eye [108]. Because Marshak-Rothstein and colleagues have recently described
the role of CD95L in ocular pathologies [109], we will not go into further details.

Rheumatoid arthritis (RA)

Rheumatoid arthritis is a systemic disease and the most frequent form of chronic arthritis. In
addition to affect articulations, RA also exhibits a variety of extra-articular manifestations. In
Rheumatoid arthritis patients, s-CD95L was found to be elevated in the synovial fluid (SF)
and was associated with the pathology's aggressiveness, despite serum levels of s-CD95L
being comparable to those dosed in healthy subjects. Another study using sera from RA
patients, as well as insulin-dependent diabetes mellitus, systemic lupus erythematosus, gastric
cancer, and leukemia patients observed a significant increase in s-CD95L in these pathologies
[110], rendering it difficult to conclude whether s-CD95L was only up-regulated in SF or in
both SF and sera of RA patients. Moreover, s-CD95L concentration in SF was found
increased in RA patients as compared to that in osteoarthritis patients and correlated to the
knee joint score, a disease progression marker [111]. Of note, in this pathology, MMP1,
MMP2, MMP-8 and MMP9 failed to cleave membrane-bound CD95L, whereas MMP3 and
MMP7 did. Additionally, the observed correlation between s-CD95L and MMP3
concentrations suggested that this metalloprotease could be responsible for the accumulation
of the soluble form of CD95L in RA patients. However, as the authors failed to quantify
MMP7 in SF of RA patients, we cannot rule out the possibility that MMP7 was also involved
in the cleavage of CD95L in these pathology [111]. Overall, it remains to address how s-
CD95L could contribute to the pathology progression in RA patients.

Familial Mediterranean fever (FMF)

FMF is a monogenic inflammatory disease caused by mutations in the MEditerranean FeVer
(MEFV) gene encoding pyrin [112, 113]. These mutations cause recurrent episodes of fever
and serositis. Although the genetic aspect of this pathology is well described, the pathogenesis
of inflammatory flares remains poorly understood. Ceri et al. reported no significant increase
in serum s-CD95L levels in FMF patients versus controls, and s-CD95L concentrations did
not vary between attack and attack-free periods [114], suggesting that s-CD95L do not exert
any effect in this pathology.
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Psoriasis

Psoriasis is a chronic skin disease that progresses in a cyclic fashion, with flare up and
remission. This chronic inflammatory disease is characterized by immune cell infiltration and
psoriatic keratinocytes resistant to apoptosis. Although, the concentration of s-CD95L in the
sera of psoriasis patients did not vary compared to that in healthy subjects, it increased in
patients undergoing Goeckerman therapy [115], a daily dermal application of crude coal tar
containing polycyclic aromatic hydrocarbons (PAH), combined with exposure to ultraviolet
radiation (UVR) or a topical treatment of dithranol [116]. Unfortunately, the role of s-CD95L
in treatment efficiency was not investigated in these studies.

Atherosclerosis

Atherosclerosis is a systemic inflammatory disease mediated by several factors and often
associated with hypertension. Okura et al. wondered whether s-CD95L levels could be
elevated in atherosclerosis patients, in which transmembrane CD95L was detected on
endothelial cells and MMPs were found to be over-expressed [117]. Interestingly, the
endothelial dysfunction in atherosclerosis, measured by the intima—media thickness in the
carotid artery, was correlated with the s-CD95L concentration [117]. In agreement with this
pioneering study, a positive correlation between s-CD95L and atherosclerotic lesions was
confirmed in a second analysis [118], suggesting that the release of membrane-bound CD95L
by metalloproteases could represent a robust and non-invasive biological marker for severe
coronary artery diseases. Nonetheless, no molecular or cellular mechanism has been proposed
to rationalize this correlation.

Toxic epidermal necrolysis (TEN) and Stevens-Johnson syndrome (SJS)

TEN and SJS are severe blistering diseases associated with keratinocyte apoptosis in the
epidermis, which results in dermo-epidermal separation and bullae. s-CD95L was found up-
regulated in TEN and SJS patient’s sera compared to healthy subjects [119]. In this pathology,
s-CD95L could exert a cytotoxic activity on Kkeratinocytes via a molecular mechanism that
remains to be elucidated [119, 120]. If s-CD95L Kills keratinocytes through induction of
apoptosis, we hypothesize that s-CD95L aggregation may be increased in these pathologies
by an oxidative process such as the one described in ARDS patients [121].

Hashimoto's Thyroiditis (HT) and Graves disease

Graves’ disease and chronic thyroiditis (also designated Hashimoto’s thyroiditis) are
autoimmune diseases targeting the thyroid gland. While the Graves’ disease is caused by the
stimulation of the thyroid-stimulating hormone (TSH, or thyrotropin) receptor promoting the
hyperplasia of the thyroid gland, patients affected by Hashimoto’s thyroiditis undergo a
reduction of the TSH hormone activity leading to the organ atrophy. Some connections exist
between these two pathologies since certain patients suffering from Hashimoto’s disease have
been diagnosed following the treatment of Graves’ disease episode [122].

Carla Giordano and colleagues reported that thyrocytes from HT glands expressed CD95
while healthy thyrocytes did not [123]. This group also observed the expression of CD95L at
the mRNA and protein levels in normal and HT thyrocytes, and suggested that because
normal thyrocytes did not express CD95, the thyroid damage only occurred in the HT
patients. However, using similar methods and antibodies, another group failed to confirm
these findings [68]. Questioning the conclusion from the former study, a technical note
evaluating the selectivity of commercial anti-CD95L antibodies revealed that the two anti-
CD95L antibodies used in HT studies (i.e., the monoclonal clone 33 from Transduction
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Laboratories and the rabbit polyclonal IgG C-20, from Santa Cruz Biotechnology) were
unspecific [69].

Although it remains to address whether thyroid glands express the transmembrane CD95L, s-
CD95L has been found increased in sera of patients affected by Graves' hyperthyroidism as
compared to those of Graves' disease in remission and s-CD95L concentration was correlated
with the concentration of a disease marker, namely the anti-TSH receptor antibodies (TRAb)
[124].

Overall, these studies on chronic inflammatory disorders suggest that s-CD95L could exert a
potent pro-inflammatory activity that could contribute to the aggressivity of these pathologies.
Accordingly, we hypothesize that small drugs or antibodies inhibiting selectively the pro-
inflammatory signal induced by s-CD95L could alleviate clinical symptoms in the diseases
exhibiting elevated serum concentrations of s-CD95L.

6. s-CD95L and infections

Initial studies on s-CD95L showed that it is up-regulated in patients infected with
Plasmodium falciparum malaria [125], tuberculosis [126], and human immunodeficiency
virus (HIV) [127]. We recently confirmed that s-CD95L levels were elevated in HIV patients
[4]. Interestingly, increased s-CD95L concentration was associated with lymphopenia in
malaria patients, which the authors hypothesized, was caused by the CD95L apoptotic
function. Soluble CD95L was reported accumulated in sera of hepatitis B virus patients [128],
while a Korean cohort of patients exhibited an opposite trend [129], rendering it difficult to
conclude for the presence of this ligand in this infection.

7. s-CD95L and transplantation

Acute graft-versus-host disease (aGvHD) is a major complication associated with allogeneic
bone marrow transplantation (BMT). During the preparative stage and the period of
myelosuppression, serum s-CD95L concentrations drop and then increase with hematopoietic
reconstitution after BMT. Moreover, sera of patients with aGvHD exhibit higher CD95L
concentrations than those without aGvHD [130]. Unexpectedly, administration of s-CD95L to
BALB/c mice receiving C57BL/6 strain transplant (graft skin) extended the survival time of
grafted mice. According to this study, s-CD95L induced graft tolerance in mouse models by
decreasing IL-2 and IFN-y expressions while increasing IL-4 expression [131]. These findings
render it difficult to apprehend the role of s-CD95L in aGvHD and would require further
investigations.

It has also been reported that activated T cells were more susceptible to CD95-mediated
apoptosis than naive counterparts because CD95 redistribution into lipid rafts in activated T
cells rendered these cells more prone to re-stimulation [132]. Accordingly, ex vivo incubation
of T cells with agonistic anti-CD95 mAb (Jo2 clone) or a recombinant and cytotoxic CD95L
selectively deleted alloreactive T-cells, while sparing the graft versus tumor (GvT) T cell
response [133]. The GvHD inhibition initially attributed to the elimination of alloreactive T
cells could be, in fact, caused by the expression of CD95L by memory T-cells. Indeed, the
presence of these CD95L-expressing memory T cells during adoptive cell transfer (ACT), to
treat patients with advanced cancer, accelerated the conversion of the naive T cells into
differentiated memory effector cells through a CD95-mediated PI3K signaling [134]. This
accelerated conversion of naive T cells reduced their anti-tumor capacity during ACT and was
designated “precocious differentiation”, a biological process that could synchronize the
immune response and terminate it.
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8. s-CD95L and aging

Few studies have analyzed the concentration of s-CD95L in relation to age. Werner’s
syndrome is a typical progeroid syndrome manifesting a variety of age-related symptoms,
which have been shown to be associated with chronic inflammation. Interestingly, the
concentration of s-CD95L in healthy subjects is strongly correlated with natural aging and
this ligand is found to be increased in Werner’s syndrome patients [135]. Although the
pathophysiologic role of serum CD95L in aging is not elucidated, its pro-inflammatory
functions in neutrophils [55, 108] and Thl17 cells [4, 5, 105] or its role in “precocious
differentiation” could contribute to aging.

9. Natural inhibitors of CD95/CD95L interaction

DcR3 is a TNFR member, lacking transmembrane and intracellular sequences. DcR3 interacts
with CD95L [136], and genomic amplification of this soluble receptor has been reported in
approximately half of the lung and colon cancers [136], as well as its overexpression has been
demonstrated in 44% of gastrointestinal cancers [137]. Although DcR3 mRNA was found to
be highly expressed in pancreatic cancer cells, the expression level of this soluble protein was
not associated with clinical markers rendering it difficult to confirm a putative role of this
factor in the pathology progression [138].

Several forms of soluble CD95 (sCD95) are derived from alternative splicing phenomena
[139], and soluble CD95 was found increased in sera of silicosis patients and systemic lupus
erythematosus patients [140]. These spliced variants of CD95 conserve their amino-terminal
oligomerization domain, termed PLAD [33], allowing them to interact with wild-type CD95
[141] and thereby dominantly interfere with the downstream signaling pathway by generating
non-functional homodimers or trimers. Some of these soluble forms of CD95 can still interact
with CD95L and prevent its interaction with wild-type CD95, acting as a decoy receptor
[142]. The major CD95 spliced variant is devoid of its exon 6 (i.e., encoding for TM domain)
(Fig.1) and corresponds to a soluble receptor that can interact with transmembrane CD95L
and by doing so, triggers a CD95L-induced "reverse signaling” leading to cell death [143] and
rendering complex the evaluation of its pathophysiologic role. Of note, the heterozygous
expression of an exon 6-spliced CD95 gene should also engender a reduction of the CD95
level at the plasma membrane (the remaining wild type allele). It is noteworthy that the loss of
plasma membrane CD95 leads to the inhibition of tumor growth in different tumor cells [1].
Similarly, the presence of CD95 in lung adenocarcinomas can exert protection against
tyrosine kinase inhibitors by evoking a yet uncharacterized NFkB signal that contributes to
tumor relapse [144]. We recently observed that the genetic loss of CD95 in TNBC cells
reduced tumor growth by releasing an immune checkpoint on NK cells [145]. Accordingly,
CD95 loss in TNBC cells triggered a CD95L-independent inflammatory transcriptomic
signature modulating the immune landscape in these breast cancers [145].

The reduction or the loss of the transmembrane CD95 is also observed in ALPS patients type
0 (ALPS-FAS in the revised classification) [146] and in Lpr mice [147, 148] leading to lupus-
like disorder.

10. Concluding remarks

Three decades after the cloning of CD95 [17], although the CD95-induced apoptosis is crucial
for the elimination of infected and transformed cells or the immune contraction [3], the role of
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its non-apoptotic functions has been overlooked, and we are only beginning to understand the
molecular mechanisms underlying the induction of these responses.

The dichotomous role of CD95 reflects the development of drugs with either antagonist or
agonist properties. APO010 is a CD95 agonist that mimics hexameric CD95L whose
administration prolonged the survival of glioma-bearing mice [149]. The short peptide residue
YLGA designated Met12, disrupts CD95 homotrimerization [150], inhibiting the induction of
both the apoptotic and non-apoptotic responses. In a rat model of age-related macular
degeneration, intravenous injection of Met12 significantly reduced retinal degeneration [151].
Strategies for targeting the CD95L/CD95 system are similar to those used for the TNF
system, with Asunercept (APG101), a CD95 decoy receptor, which is currently tested in
phase | clinical trial of myelodysplastic syndrome (MDS), and in a phase Il trial of glioma
showing a beneficial progression-free survival for patients treated with a combination of
radiotherapy and APG101 as compared to radiotherapy alone [152]. Based on the pivotal role
of the CD95-mediated apoptotic signal in the anti-tumor and anti-infectious responses, as well
as in the immune homeostasis, we can envision that chronic administration of Asunercept in
patients might lead to unwanted effects such as chronic infection, autoimmune symptoms or
oncogenesis which might be circumvented with the generation of novel drugs specifically
inhibiting the non-apoptotic signaling pathways of CD95. As such, we recently demonstrated
that targeting CD95 non-apoptotic signaling is pharmacologically achievable and
therapeutically beneficial in a pre-clinical model of lupus [4]. If these chemical derivatives
might be useful in other s-CD95L- and Th17-driven pathologies remains to be evaluated. In
addition, aforementioned cancer and inflammatory disorders, in which elevated
concentrations of s-CD95L are detected push us to compare the therapeutic value of large
spectrum inhibitors, including neutralizing antibodies or decoy receptors targeting
CD95/CD95L pair with that of more selective inhibitors such as DB550 [4] abrogating the
CD95-mediated non-apoptotic signal. Further unraveling the PPIs required for the apoptotic
and non-apoptotic cellular functions of CD95 at the level of the CD95-associated complex
and defining the precise forms of s-CD95L that accumulate in various pathologic conditions,
will also likely prove therapeutically meaningful in the context of both autoimmune diseases
and cancers.
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Figure Legends.

Figure 1. CD95 from gene to protein.
Schematic diagram illustrating gene localization of CD95 (Fas) on human chromosome 10
and its mRNA and protein structures.

Figure 2. CD95L from gene to protein.
Schematic diagram illustrating gene localisation of CD95L (FasL) on human chromosome 1,
and its mMRNA and protein structures. Tumor Necrosis Factor; TNF.

Figure 3. CD95-mediated signaling pathways.

Left panel: Binding of m-CD95L to CD95 leads to the recruitment of the adaptor protein
FADD (Fas-associated protein with death domain) through the death domain (DD) of CD95.
This leads to the formation of the death inducing signaling complex (DISC) resulting in the
induction of apoptosis. Right panel: CD95L can be cleaved by MMP (Metalloprotease) to
release a soluble ligand (s-CD95L). s-CD95L binds CD95, which in turn recruits PLCyl
(Phospholipase C gamma 1) via its calcium-inducing domain (CID). Plasma membrane
recruitment of PLCyl triggers the generation of inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). IP3 binds to its receptors (IP3Rs) at the endoplasmic reticulum (ER) to
release Ca®* (calcium) from the ER, leading to the redistribution of calcium sensor STIM1 to
the plasma membrane where it activates an ORAIL channel-driven entry of extracellular
calcium. This accumulation of calcium combined with the production of DAG activates
PKCB2, which inhibits FADD recruitment and DISC formation. This s-CD95L-mediated
signal promotes the formation of a Motility inducing signaling complex (MISC) containing
among others, NADPH oxidase (Nox)3 and c-yes in triple negative breast cancer cells
(TNBC).

Figure 4: Deregulation of s-CD95L expression in cancers.

A. The concentration of s-CD95L correlates with poor prognosis in lymphoma, multiple-
myeloma, melanoma, colon cancer, pancreatic cancer, stomach cancer, Ewing’s cancer, breast
cancer, liver cancer, uterine cancer, prostate cancer and ocular tumors.

B. s-CD95L concentration correlates with poor prognosis in thyroid cancer and ovarian
cancer.

C. No variation of s-CD95L was detected in patients affected by lung cancer and head and
neck cancer as compared to healthy subjects.
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