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Abstract

Immunotherapy based on checkpoint inhibitors is providing substantial clinical benefit, but only to
a minority of cancer patients. The current priority is to understand why the majority of patients fail
to respond. Besides T-cell dysfunction, T-cell apoptosis was reported in several recent studies as a
relevant mechanism of tumoral immune resistance. Several death receptors (Fas, DR3, DR4, DRS,
TNFR1) can trigger apoptosis when activated by their respective ligands. In this review, we discuss
the immunomodulatory role of the main death receptors and how these are shaping the tumor
microenvironment (TME), with a focus on Fas and its ligand. Fas-mediated apoptosis of T cells
has long been known as a mechanism allowing the contraction of T-cell response to prevent
immunopathology, a phenomenon known as activation-induced cell death (AICD), which is
triggered by induction of Fas ligand (FasL) expression on T cells themselves and qualifies as an
immune checkpoint mechanism. Recent evidence indicates that other cells in the tumor
microenvironment can express FasL and trigger apoptosis of tumor-infiltrating lymphocytes (TIL),
including endothelial cells and myeloid-derived suppressor cells (MDSC). The resulting
disappearance of TIL prevents anti-tumor immunity and may in fact contribute to the absence of
TIL that is typical of “cold” tumors that fail to respond to immunotherapy. Interfering with the
Fas/FasL pathway in the tumor microenvironment has the potential to increase the efficacy of
cancer immunotherapy.

Précis:
Fas/FasL-mediated TIL apoptosis appears as a relevant mechanism of resistance to

immunotherapy. FasL can be expressed in the TME by endothelial cells and MDSC. It represents
an immune checkpoint that emerges as a new target for cancer immunotherapy.

Abbreviations:

ACT Adoptive cell transfer

AICD Activation-induced cell death

AKT Protein kinase B

ALPS Autoimmune lymphoproliferative Syndrome
APC Antigen-presenting cells

CAF Cancer-associated fibroblast

c-FLIP Cellular FLICE-inhibitory protein

DD Death domain

EMT Epithelial-to-mesenchymal transition
FADD Fas-associated death domain

FasL Fas ligand

GEMM Genetically engineered mouse model
IFNy Interferon-gamma

HGFR Hepatocyte growth factor

MAGE Melanoma-associated antigens

MDM Monocyte-derived human macrophage
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Non small cell lung cancer
Osteoprotegerin

Programmed death ligand 2
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TNF-like ligand 1A

Tumor microenvironment

TNF receptor-associated death domain
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Introduction

The landscape of cancer therapy has dramatically changed in recent years following the
introduction of immunotherapy as a new treatment option. This was based on decades of basic
research that established the existence of tumor antigens, their recognition by CD8 T lymphocytes
able to kill cancer cells, and the fine regulation of CD8 T cells through a set of surface molecules
known as immune checkpoints, whose physiological function is to wind down the immune
response after eradication of the pathogen. In cancer, immune checkpoints are prematurely
activated at a stage when cancer cells are not all eradicated, resulting in the escape of tumor cells
from immune rejection. By blocking this negative signaling, antagonist monoclonal antibodies
against immune checkpoints can stimulate T lymphocytes and promote anti-tumor immunity. The
first checkpoint inhibitor to be tested in the clinic was directed against CTLA4 and showed
impressive clinical results, including long-term survival in about 23% of metastatic melanoma
patients [1]. Second generation checkpoint inhibitors (anti-PD1) are showing increased efficacy,
not only in melanoma patients but also in patients with advanced urothelial carcinoma, head and
neck squamous cell carcinoma, renal cell carcinoma and non-small cell lung cancer (NSCLC) [2-
5]. These new treatments mobilize the immune system of patients towards their cancers and achieve
actual cures of advanced cancer patients, something that was almost impossible with classical
therapies. Such clinical benefit is obtained with limited toxicity, related to the induction of
autoimmune reactions, which are usually manageable. Overall the quality of life of these patients
is exceptionally good. The current enthusiasm is limited by the fact that those favorable outcomes
only occur in a fraction of patients, ranging from 10 to 40% depending on the tumor type. Further
progress relies on the identification of additional immunosuppressive mechanisms acting in the
tumor microenvironment. There is evidence that clinical activity of checkpoint inhibitors is
dependent on the presence of a strong T-cell infiltration in the tumors. A number of tumors fail to
be infiltrated by T cells. These tumors, often named “cold” tumors, do not respond to
immunotherapy. There are several reasons that can explain tumor “coldness”, including a shortage
of tumor antigens (poor antigenicity), a lack of spontaneous immune response against tumor

antigens (poor immunogenicity) or a barrier preventing T-cell infiltration in the tumor.

Recent results highlighted another mechanism that can account for reduced T-cell infiltration in
tumors: the induction of T-cell apoptosis. One study by Horton et al. characterized antigen-induced

apoptosis preventing T-cell accumulation at the tumor site [6]. Another study by Zhu et al.
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described active induction of TIL apoptosis via the Fas-FasL pathway in a GEMM melanoma
model (TiRP) [7]. This was triggered by myeloid-derived suppressor cells (MDSC), which were
highly enriched in these tumors and expressed high levels of Fas ligand (FasL/CD95L/CD178).
TIL apoptosis could be prevented by neutralizing FasL or by knocking down Fas in T cells before
adoptive cell therapy. These results obtained in mouse tumor models highlight the importance of
TIL apoptosis. Because apoptotic bodies are rapidly cleared by macrophages, it is difficult to detect
apoptosis in vivo or in samples collected from patients. Therefore, it is not impossible that a number
of human tumors considered as cold were in fact previously infiltrated by T cells that have

disappeared through apoptosis.

This review aims at putting these notions in the context of the different death-receptor-induced
apoptotic pathways that can act in the tumor microenvironment and shape the antitumor response.
It will also discuss the potential paths for interfering with these receptor pathways, in order to

improve immunotherapy.

1. Fas-FasL and its role in immune modulation

Six human death receptors have been identified to date: Fas (CD95/APO-1) [8], TRAIL-R1 (DR4)
[9], TRAIL-R2 (APO-2/TRICK/DRS/KILLER) [10], TNFR1 [11], DR3 (TRAMP/APO-3) [12],
and DR6 (Fig. 1) [13]. Fas and its ligand (FasL) form the best-studied death-receptor signaling
pathway. FasL exists in several different forms in mouse and human cells and body fluids [14], and
is constitutively expressed in tissues of immune-privileged sites such as the eye and the testis [15].
It is predominantly expressed in activated T lymphocytes and in NK cells [14] and has been long
considered to play important roles in maintaining immune homeostasis and eliminating virus-
infected cells and cancer cells [16,17]. The expression of FasL and Fas increases with IL-1, IL-6,
TNF-alpha, or [IFN-gamma (IFNy) [18]. Once expressed, the protein is assembled as a homotrimer
in the trans-Golgi and transported to the cell surface. The membrane-bound form of FasL (mFasL)
can be released from the cell surface after cleavage by metalloproteinases to produce a truncated
soluble form (sFasL) [19]. FasL can also be shunted into the secretory lysosomal compartment in
a manner controlled by mono-ubiquitylation. Through internal budding of the secretory lysosomal
membrane, FasL can be incorporated into exosomes that are stored in secretory vesicles. Although
both mFasL and sFasL contain the trimerization domain and can bind the Fas receptor, the naturally

cleaved form of sFasL is unable to oligomerize the Fas receptor and trigger apoptosis [20].



Moreover, reports indicate that sFasL can block the binding of mFasL and the oligomerization of

the Fas receptor.

The role of FasL as an immune checkpoint has been discussed for many years, following the initial
report of the autoimmune phenotype of g/d and /pr mice, which are genetically deficient in FasL
and Fas, respectively [21,22]. Subsequently, the involvement of the Fas-FasL pathway in T cell
homeostasis was described and its important role in shutting down immune response through
activation-induced cell death (AICD) was defined [23]. Subsequent discoveries indicated that cells
in immune privileged sites express FasL to prevent or limit immune responses [15] and it was
proposed that tumor cells also express FasL to maintain their immune privilege [24]. However, this
concept was challenged by what is called the Fas-counterattack controversy [25]. It started by the
observation that expression of a high level of FasL in tumor cells induced recruitment and
activation of neutrophils which result in tumor rejection [26,27]. This controversy was further
driven by different limitations at the time. Besides the poor specificity of the antibodies available,
there was a lack of understanding of the different roles of membrane-bound versus soluble FasL,
and of the involvement of other Fas-expressing cells including the T cells themselves [25,23,20].
Later work demonstrated that the pro-inflammatory role of FasL was observed only in tumors
where FasL expression was enforced but not in tumors expressing FasL naturally, and that FasL
down-regulation reduced tumorigenicity in immunocompetent mice, in line with the
immunosuppressive role of FasL [28]. An important clarification came from the recent recognition
that the relevant cells that express FasL in the tumor microenvironment are endothelial cells and

MDSC rather than tumor cells themselves, as will be discussed in details in this review.

1.1 FasL expression by T cells

Studies using Fas and FasL mutant mice (/pr and g/d mice), both of which display autoimmune
phenotypes, led to the recognition of the importance of Fas-FasL. mediated apoptosis in immune
regulation [21,22]. In humans, defects in the Fas-FasL signaling pathway result in the autoimmune
lymphoproliferative syndrome (ALPS) [29], which most often manifests itself as autoimmune
hemolytic anemia or other cytopenias caused by cell-specific autoantibody production [29]. The
most described role for the Fas-FasL pathway in immune modulation is activation-induced cell
death (AICD) (Fig. 2b) [23]. It is a process that maintains T cell homeostasis via inducing suicidal

or fratricidal apoptosis due to high level of Fas and FasL expression upon T cell activation. FasL



is not only expressed by activated T cells themselves, but is also induced on surrounding cells by
the IFNy that is produced by activated T cells [30]. Thus, the inflammatory microenvironment can
counteract the immune response, and this immune checkpoint mechanism prevents
immunopathology mediated by excessive T-cell activity. Fas-FasL can also function in immune
modulation via non-apoptotic signaling pathways [31]. Adoptive cell transfer using naive CD8 T
cells is more efficient due to better persistence in the tumor [32]. In a study published recently, the
authors compared the anti-tumor efficacy of adoptive cell transfer (ACT) using purified naive or
memory anti-tumor T cells, either alone or mixed together to mimic the clinical situation in cancer
patients [33]. They observed that the naive CD8 T cells, when mixed with memory CD8 T cells,
undergo a precocious differentiation that limits their anti-tumor efficacy. This precocious
differentiation is driven by memory CD8 T cells via non-apoptotic Fas signaling and can be
prevented by FasL neutralization (Fig. 2j) [33]. FasL neutralization also increased the efficacy of

ACT in this setting.

1.2 FasL expression by Tumor cells

As discussed above, and although partially controversial, FasL was reported to be expressed by
melanomas [24], lung carcinomas [34], hepatocellular carcinomas [35], esophageal carcinomas
[36] and colon carcinomas [37]. Among these, several types of tumor cells were reported to be
capable of inducing apoptosis of Fas-expressing antitumor immune effector cells (Fig. 2f) [38].
Moreover, several studies suggested that exosome-like particles, known to be released by tumor
cells [39] and by other cell types such as B cells and dendritic cells [40,41], may target circulating
T cells distantly and induce their apoptosis (Fig. 2g) [42]. Despite strong interest, the role of FasL
expression by tumor cells themselves in tumoral immune resistance remains controversial, and the
recent focus has shifted towards tumor-promoting non-apoptotic activities of FasL expression by

tumor cells.

FasL-expressing tumor cells show high malignancy. It has been suggested that FasL interacts with
hepatocyte growth factor receptor (HGFR, MET) through the FasL extracellular region in cis-lipid
rafts, leading to HGFR activation that results in the metastatic phenotype of FasL-expressing
tumors [43]. The growth promoting role of the Fas-FasL system was recently described for
glioblastoma in vitro and in an orthotopic syngeneic mouse model (Fig. 2d) [44,45]. Activation of

Fas by FasL stimulates AKT kinase, increases expression of Matrix metalloproteinase (MMP) and



beta catenin-dependent genes [45-47], which are key mediators of glioma invasiveness. Blocking
of Fas activation using APG 101, a FasL scavenger, was demonstrated to inhibit increased
invasiveness of irradiated glioblastoma cells as an adaptive evasive response to radiation [48,49].
The pro-tumoral role of FasL is also related to the fact that excess FasL secreted by tumor cells

may drive EMT and stemness and render tumor cells more motile and invasive [50].

1.3 FasL expression by tumor endothelial cells

The vascular endothelium, which forms the inner cellular lining of blood vessels and lymphatics,
maintains the blood flow, passes nutrients into tissues and regulates the trafficking of leukocytes
[51]. FasL was reported to be expressed by the endothelium in many human and mouse solid
tumors but not in normal vasculature [52,53]. This was highlighted in a recent work in which FasL-
expressing endothelial cells in ovarian carcinoma were shown to promote Fas-mediated apoptosis
of anti-tumor CD8 T cells, preventing their access to tumor nests (Fig. 2¢) [54]. Endothelium-
induced apoptosis was observed with CD8 T cells but not regulatory T cells (Tregs). This was
mainly linked to the expression of anti-apoptotic proteins cFLIP, bcl-2 and Bel-xI in Tregs [54-
56]. Increased FasL expression in endothelial cells was associated with poor CD8 T-cell infiltration
and predominance of FoxP3* Tregs. Endothelial FasL was induced cooperatively by tumor-derived
vascular endothelial growth factor A (VEGF-A), interleukin 10 (IL-10) and prostaglandin E2
(PGE2). Genetic inactivation of FasL, or pharmacologic suppression of VEGF and PGE2
attenuated tumor endothelial FasL expression, resulting in an increased ratio of tumor infiltrating
CDS8 over FoxP3* T cells, and a CD8-dependent tumor growth inhibition [54]. Neutralization of
FasL therefore can be used to eliminate this exclusive barrier and allow anti-tumor T cells to

populate the tumor microenvironment.

1.4 FasL expression by MDSC

Myeloid-derived suppressor cells (MDSC) are a heterogeneous population of cells that expand
during cancer, chronic inflammation, autoimmune and infectious diseases [57]. They inhibit
adaptive and innate immunity, alter the immune response to cancers, and promote tumor growth

[58-60]. Different studies described the apoptosis of Fas-expressing MDSC in response to T-cell



expression of FasL (Fig. 2k) [61-63]. FasL-deficient mice contain significantly more blood MDSC
than FasL"* mice indicating a regulatory role of FasL on MDSC accumulation [63]. Blood-derived
MDSC do express Fas and enter into apoptosis in response to Fas agonists in vitro and to activated

FasL-expressing CD8 T cells in vivo [61].

In contrast, a FasL-mediated counterattack by MDSC (Fig. 2a) was also described by others and
us [7,64]. In a paper published recently, we described a T-cell deletion mechanism that is mediated
by FasL-expressing MDSC. In this study, we used a GEMM melanoma model (TiRP), which was
engineered to express a defined MAGE-type antigen, P1A, which we chose as the best
representative of the clinically relevant group of human MAGE-type tumor antigens encoded by
cancer-germline genes. This allowed us to perform adoptive cell transfer (ACT) using P1A-specific
T cells isolated from mice transgenic for the anti-P1A T-cell receptor (TCRP1A). We used this
autochthonous model, as opposed to the widely used transplanted tumor models, because we felt
that autochthonous tumors much better recapitulate the human tumor microenvironment as it
develops during the progressive oncogenic process and the establishment of the tumor-host
relationship. Tumor progression in the TiRP model evolves in two steps, first with pigmented
differentiated tumors (Mela tumors) that subsequently dedifferentiate into aggressive unpigmented
tumors (Amela) [65]. This phenotype switch is linked to signatures of TGFf signaling and
epithelial-to-mesenchymal transition (EMT) [66], and is associated with a transformation of the
TME, which becomes highly inflammatory and recruits immature myeloid cells, which impair anti-
tumor immunity [67]. In this model, we observed that adoptive transfer of activated TCRP1A CD8
T cell into Amela tumor-bearing mice resulted in CD8 T cell recruitment in the tumor, but these
CDS8 T cells did not persist; they were rapidly cleared from the tumor niche and failed to induce
tumor rejection. In contrast, isogenic transplanted tumors, established by injection of TiRP tumor
cells, were efficiently rejected after adoptive transfer of TCRP1A CD8 T cells. Further
investigation showed that deletion of transferred CD8 T cells was caused by Fas-FasL-mediated
apoptosis. Silencing Fas in CD8 T cells before adoptive transfer or injecting FasL antagonist

reduced T-cell apoptosis in induced TiRP tumors.

T-cell apoptosis was caused by granulocytic MDSC, which were highly enriched in induced TiRP
tumors as compared to transplanted tumors, and expressed high levels of FasL. Granulocytic
MDSC, which are also called polymorphonuclear MDSC (PMN-MDSC), were also more abundant

in Amela TiRP tumors as compared to pigmented Mela tumors, which induced much less apoptosis.



High Fas-L expression by MDSC appeared to be driven, at least in part, by IFNy, whose in vivo
neutralization decreased FasL expression and reduced T-cell apoptosis. Despite similarity in the
mode of T-cell execution, this effect was different from the one induced by endothelial FasL,
because TIL extravasation and infiltration were not prevented but TILs were induced to apoptosis

by MDSC within tumor nests [7].

Fas-mediated T-cell apoptosis triggered by MDSC was previously observed in a different context:
Hailemichael et al. observed that vaccine-specific CD8 T cells accumulated at the site of
vaccination with peptide in adjuvant, but became dysfunctional and underwent apoptosis. This was
triggered by MDSC that accumulated at the vaccination site and expressed high levels of FasL
driven by IFNy [64].

1.5 Other Fas/FasL interactions in the tumor microenvironment

Although the expression of FasL by tumor cells was proposed to be involved in tumor immune
escape, the ectopic expression of FasL in tissues or tumors was paradoxically found to induce
neutrophil infiltration and the destruction of the tissues or the rejection of tumors [26,27]. Which
form of FasL was responsible for recruiting the neutrophils remains controversial. Human soluble
FasL was described to exhibit chemotactic activity toward murine and human polymorphonuclear
leukocytes (neutrophils) in vitro [68,69]. However, later studies challenged this hypothesis and
emphasized the role of membrane bound FasL in the induction of neutrophil infiltration [70,71].
The exact mechanism by which FasL exerts its chemotactic effect is unknown. It appears to be
mediated via Fas because neutrophils from lymphoproliferative (Ipr) mice, which lack functional
Fas receptor expression, do not respond to FasL [68]. By contrast, neutrophils from lpr(cg) mice,
which express Fas molecules with a mutated death domain, respond normally to sFasL chemotaxis
[68]. These data suggest a novel signaling function of Fas, independent of death-domain-mediated
apoptosis. On the other hand, some publications suggested that high FasL expression by tumor

cells may inactivate neutrophils [72].

Both pro-tumoral [73] and anti-tumoral roles [74] were described for neutrophils in the tumor
microenvironment [75-77], and the exact role of Fas and FasL in neutrophil infiltration and

function needs to be further explored and validated.
Antigen-presenting cells such as monocyte-derived human macrophages (MDM) but not
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monocyte-derived dendritic cells express basal levels of FasL, and the expression of FasL was
shown to be elevated upon exposure to stimulation or HIV virus infection [78]. Whether dendritic
cells are subject to Fas-mediated apoptosis remains controversial. Elimination of antigen-
presenting cells via Fas (Fig. 2i) appears to play an important role in peripheral immune tolerance,
as tissue-specific deletion of Fas in antigen-presenting cells was found to cause systemic
autoimmunity in mice [79]. Yet, other studies showed that dendritic cells were resistant to FasL-
induced apoptosis due to constitutive c-FLIP expression [80,81]. FasL is also involved in DC
maturation. Mature DCs, when exposed to FasL, express higher levels of IL-1beta and TNF alpha,
and blockade of this pathway leads to reduced IFNy and IL-1beta production [82].

A recent study reported FasL and PD-L2 expression by cancer-associated fibroblasts (CAF),
resulting in apoptotic death of CD8 T cells. CAF were able to present antigen and activate CD8 T

cells, and the resulting production of IFNy likely explained the induction of FasL on CAF [83].

CD4" CD25" regulatory T cells are known to suppress T-cell function in tumors. It was reported
that freshly isolated Tregs expressed high levels of Fas and FasL, although some studies claimed
that Tregs from all subjects express Fas but only Tregs from cancer patients express high levels of
FasL [84,85]. The high FasL expression on Tregs was observed to induce CD8 T-cell apoptosis,
which contributed to their suppressive activity (Fig. 2h) [84]. On the other hand, the expression of
Fas in Tregs makes them prone to FasL-induced apoptosis [85]. However, recent findings

suggested that Tregs can resist FasL-induced apoptosis, via c-FLIP expression [86].
1.6 Neutralizing the Fas/FasL pathway in cancer therapy

Altogether, besides endothelial cells, MDSC and T cells, FasL. might be expressed by additional
cells of the tumor microenvironment. Furthermore, because FasL expression is induced by IFNy,
the ongoing anti-tumor immune response further increases FasL expression in the tumor
microenvironment, resulting in increased apoptosis of tumor-infiltrating CD8 T cells. This is a
typical mechanism of adaptive tumoral immune resistance, and FasL expression clearly qualifies
as an immune checkpoint mechanism whose inhibition should benefit cancer immunotherapy
(Table 1). Indeed, the potential benefits of inhibiting the Fas-FasL axis in cancer immunotherapy

are multifold:

(1) inhibiting the immune checkpoint relying on AICD; (ii) preventing TIL apoptosis induced by
FasL-expressing MDSC; (iii) improving CD8 T cells infiltration into the tumor by preventing
11



apoptosis induced by endothelial cells; (iv) protecting CD8 T cells from tumor-cell mediated Fas
counterattack; (v) improving T-cell persistence and activity by preventing precocious
differentiation of naive T cells induced by co-injected memory T cells; (vi) preventing antigen-
presenting cell death induced by active T cells. These benefits of neutralizing the Fas-FasL axis
can potentially synergize with all forms of T-cell based immunotherapies, including checkpoint
blockade, ACT, oncolytic viruses and cancer vaccines. Furthermore, they may add up to the
potential benefits of reducing FasL-dependent invasiveness in a tumor-cell autonomous manner
(Table 1). These considerations clearly warrant the clinical testing of pharmacological agents able

to neutralize the Fas-FasL pathway.

Killing of target cells by CD8 T cells is mediated by two distinct mechanisms: a dominant, fast-
acting mechanism mediated by perforin/granzyme, and a complementary, slow-acting one
mediated by FasL [87], which was initially shown for anti-viral CD4 T cells [88,89]. As opposed
to perforin-mediated killing, FasL-mediated killing is not antigen-specific and may affect any
target cell expressing Fas, regardless of antigen expression. As such, FasL-mediated killing is
mostly responsible for bystander killing [89], which may not play a driving role in tumor rejection
in vivo (Fig. 2e). Although it remains to be clarified whether or not it would impair the tumor-
killing activity of T cells, FasL neutralization is likely to boost anti-tumor responses through its

dominant effect on preventing T-cell apoptosis, as outlined above.
2. Other death receptors

2.1 TNF-related apoptosis-inducing ligand (TRAIL)

TNF-related apoptosis-inducing ligand (TRAIL) is secreted by most normal cells and binds
different death receptors to induce apoptosis. In humans, five TRAIL receptors (TRAIL-R1 (DR4),
TRAIL-R2 (DRS), DcR1, DcR2 and OPG) have been characterized (Fig. 1) [9,90,91]. Both
TRAIL-R1 and TRAIL-R2 contain a functional cytoplasmic death domain that is required for
TRAIL-induced apoptosis. In contrast to the human TRAIL/TRAIL-R system, mice only possess
one apoptosis-inducing receptor, called murine TRAIL-R (MK, mTRAIL-R2), which is equally
homologous to human TRAIL-R1 and TRAIL-R2 [92]. DcR1 lacks the intracellular domain and
DcR2 contains a truncated death domain. DcR1 and DcR2 can protect the cells from TRAIL-

induced apoptosis by acting as decoy receptors [90,10].
TRAIL is known mostly for its ability to induce tumor-cell apoptosis, while sparing normal cells
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[93,94]. Besides tumor cells, various immune cells can also be affected by TRAIL and TRAIL
receptor pathways. In both mice and humans, Tumor-Associated Macrophages (TAM) express
functional TRAIL-Receptors (TRAIL-R1 and TRAIL-R2) [92,95], while resident macrophages in
normal tissues do not. In blood leukocytes, functional TRAIL-Receptors (TRAIL-R1 and TRAIL-
R2) are exclusively expressed by monocytes while neutrophils and T cells have only the decoy
receptor DcR1 [96]. Although expression of both TRAIL-R1 and TRAIL-R2 has been reported
when T cells are activated [96,97], TRAIL does not induce T -cell apoptosis; rather, it inhibits their

activation and proliferation [98,99].

Recent findings highlight the potential application of recombinant TRAIL in immunotherapy.
Recombinant TRAIL or TRAIL-receptor agonists have been suggested to induce apoptosis of
MDSC and Tregs. When patients were treated with a TRAIL-R2 agonist antibody (D8273a), the
elevated number of MDSC in the peripheral blood of most patients was reduced to a normal level
[100]. Local TRAIL treatment decreased the number of CD4" CD25* FoxP3* Tregs in the tumor
but not in the lymph node [101]. Because CD8 T cells appear insensitive to TRAIL-mediated
apoptosis, it might be clinically promising to combine the use of recombinant TRAIL with other

existing immunotherapeutic approaches.

2.2 Tumor necrosis factor receptor 1 (TNFR1) and Tumor necrosis factor receptor 2
(TNFR2)

Another important group of death receptors are TNF-alpha binding receptors; TNFR1 and TNFR2
(Fig. 1). These receptors bind to TNF-alpha, and function as regulators of inflammation [102].
TNFR1 can be activated by both soluble and membrane-bound ligand, and is expressed in most
cells of the body, while TNFR2 is predominantly expressed on hematopoietic stem cells [103]. The
receptors can also be shed and act as soluble decoy receptors, inhibiting TNF bioactivity. TNFR2
does not contain the death domain and its function is unclear. It is believed that TNFR2 can

modulate the TNFRI1 activity in immune cells [ 104].

Being enriched in the tumor microenvironment, TNF promotes tumor inflammation and regulates
anti-tumor immune responses [105-107]. Although it contributes to the cytotoxic action of CD8 T
cells, TNF also drives the accumulation of MDSC [108] and selectively activates Tregs [109].
Given the complexity of the TNF response, it is unclear at this stage whether TNF-alpha antagonists

might help to reduce immunosuppression in the tumor microenvironment.
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3. Targeting death receptors pathways for immunotherapy

Sufficient T-cell infiltration in tumor tissues is often a prerequisite for the response to
immunotherapy. T-cell exclusion appears to correlate with poor clinical outcome. Numerous
approaches are developed trying to increase T-cell infiltration in the tumors. Different mechanisms
contribute to T-cell exclusion. Tumors that exclude T cells and/or other immune cells are often
referred to as “cold” tumors, or immune deserts. The lack of TIL can indicate the absence of an
effective anti-tumor immune response resulting e.g. from a shortage or a poor immunogenicity of
tumor antigens. It can also indicate the presence of a barrier preventing the entry of T cells into the
tumor nests. As discussed above, one mechanistical aspect of such a barrier relies on FasL
expression by the tumor endothelium, inducing T cell apoptosis. It is also possible that TIL
apoptosis occuring within tumor nests, as outlined above, contributes to making a tumor “cold” or
“T-cell excluded”. Indeed, because apoptotic bodies are rapidly cleared by macrophages, apoptosis
is hard to detect in vivo. Therefore, a number of tumor samples considered as “devoid of T cells”
may in fact come from tumors in which TIL were present but did undergo apoptosis and were
already cleared by macrophages when the sample was collected. This could happen in tumors that
lack TIL but contain infiltrating myeloid cells, such as tumors of the induced TiRP melanoma

model.

Whether they have cold or hot tumors, it appears from the mechanisms outlined above that cancer
patients receiving immunotherapy should benefit from blocking the Fas-FasL pathway to prevent
TIL apoptosis (Fig. 2 and Table 1). Different approaches can be used to neutralize FasL and
protect cells from apoptosis. These include usage of a soluble form of Fas or of antibodies directed
against FasL. In the context of ACT, one can also knock down Fas on CD8 T cells to prevent
binding of FasL. This could also be applied for Chimeric antigen receptor (CAR) T cell therapy.
CAR T-cell therapy has shown great promise in the treatment of hematologic malignancies,
however, its effects are more variable in solid tumors. The persistence and expansion of CAR T
cells within patients is key for antitumor efficacy, and might be improved by knocking down Fas

in the CAR T cells.

Besides death-receptor mediated apoptosis, other factors in the tumor microenvironment can also
induce T-cell apoptosis. In a recent paper, Horton and colleagues reported that antigen-specific

CD8" TILs underwent constant proliferation and apoptosis during tumor progression, resulting in
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T cell dysfunction[6]. Apoptosis appeared to be caused by the accumulation of DNA damage in
antigen-specific T cells as a result of their continuous proliferation in the noxious tumor
environment including oxidative stress. Expression of anti-apoptotic protein Bel-x enabled T-cell
accumulation and a better control of tumor growth. This intrinsic pathway of apoptosis differs from
the extrinsic pathway triggered by death receptors as described above. However, both intrinsic and
extrinsic pathways might work synergistically. Although not investigated by Horton et al, it cannot
be excluded that FasL-induced T cell apoptosis also played a role in the T-cell death observed in
their study. Similarly, intrinsic apoptotic signals might also play a role in T-cell apoptosis in the
TiRP model. However, in a therapeutic setting intrinsic apoptosis is more difficult to neutralize
than death-receptor mediated apoptosis. Besides oxidative stress and DNA damage, reactive
oxygen species, metabolic switch, hypoxia and tryptophan catabolism can also trigger T cell
apoptosis. Interestingly, DNA damage was associated with FasL expression in T lymphocytes and
their subsequent apoptosis [110] suggesting a link between intrinsic and extrinsic T-cell apoptosis

pathways, which needs to be further characterized.

Conclusion

Death receptors play an important role in controlling cell fate and tissue homeostasis. Recent
findings demonstrated the key function of death receptors in immune modulation. The tumor
microenvironment is composed of a variety of different cells. Preservation of effector cells and
elimination of suppressor cells are necessary for optimal immune response, and can be modulated
with agonists or antagonists of death receptors due to their differential expression in immune cells.
Although many questions remain and extensive preclinical validation is needed, death receptors
appear as interesting targets for drug development in the realm of immuno-oncology. In particular,
available evidence already indicates that neutralizing TIL apoptosis is a promising line of progress
in cancer immunotherapy, and warrants the clinical testing of agents or strategies able to neutralize

the Fas-FasL axis.
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Figure Legends

Fig. 1 Death receptors

(a) CD95/Fas is the most studied death receptor. It is ubiquitously expressed and its binding to
membrane-bound FasL triggers receptor trimerization and recruits a protein called Fas-associated
death domain (FADD) to the intracytoplasmic death domain (DD) of the receptor. This complex
activates caspase 8 and initiates the cascade of effector caspases leading to cell apoptosis. (b-c)
TRAIL R1 and TRAIL R2 are the two members of the TRAIL family receptors that trigger apoptosis.
They are trimeric receptors and their binding to both forms of TRAIL will recruit FADD and activate
caspase 8, leading to cell apoptosis. These receptors are present on monocytes, macrophages, Tregs,
MDSC but also on tumor cells. (d) TNF receptor 1 is a trimeric receptor present on most cells, it can
bind both membrane bound and soluble TNF. When activated, it can either induce apoptosis or rather
trigger a pro-survival pathway through NFkB activation. These two antagonist responses are
regulated by different proteins, as well as by TNFR2. When triggering apoptosis, TNFR1 activation
requires first the recruitment to the DD of the TNF receptor-associated death domain (TRADD)
protein, which binds secondly FADD. (e) DR3 is a death receptor binding TL1A (TNF-like ligand
1A). As for TNFRI1, binding of its ligand can lead to apoptosis via TRADD and FADD but also to
NFkB activation [111]. (f) DR6 is a death receptor whose ligand is unknown. It has been proposed
that it induces apoptosis through another pathway that might be mitochondrial [112]. (g) Three
members of the TRAIL receptor family do not trigger apoptosis. DcR1 and DcR2 are decoy receptors
expressed mostly by lymphocytes and neutrophils. DcR1 has no death domain and DcR2 presents a
truncated death domain. OPG is a soluble receptor, binding only soluble TRAIL. (h) TNFR2 is
present on neurons, immune and endothelial cells, and it has also been described on some tumor
cells. TNFR2 activation promotes Tregs proliferation and MDSC survival. Many intracellular

pathways following activation have been described. Activation of NFkB in Tregs is the most
established [113].

Fig. 2 Fas-FasL interactions in the tumor microenvironment

Upper panel displays main Fas-FasL interactions, bottom panel represents other suggested Fas-
FasL interactions in the TME. (@) MDSC can express FasL to induce CD8 T cell apoptosis. (b)
Upon activation, CD8 T cells display FasL at their surface, therefore triggering apoptosis of
neighboring CD8 via Fas binding. This physiological feedback mechanism is called AICD and
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aims at controlling lymphocyte expansion. (¢) Endothelial cells in the tumor express FasL to
prevent CD8 T cells homing and promote their apoptosis, while favoring Tregs homing. (d) On
tumor cells, Fas activation leads through different intracellular pathways to tumor growth and
increased invasiveness. (¢) CD8 T cells can exert their cytotoxic activity by presenting FasL at
their surface, triggering tumor cell apoptosis. (f-g) Tumor cells could counter-attack locally by (f)
presenting FasL at their surface or (g) from a distance by secreting exosome-like particles
presenting FasL. (h) Tregs might also trigger CD8 T-cell apoptosis through FasL expression.
(i) Antigen-presenting cells (APC) expressing Fas might undergo apoptosis upon binding of FasL
expressed by activated T cells. (j) Fas activation on naive CD8 T cells could favor their precocious
differentiation into memory T cells rather than effector T cells. (k) CD8 T cells may trigger MDSC

apoptosis via FasL.
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Table 1. Potential benefits of inhibiting the Fas-FasL pathway in cancer therapy.

Consequences of Fas neutralization Mo.d ¢ (.)f Fas Evidence Ref.
inhibition
Immune-mediated effects
Inhibiting the immune checkpoint relying on Fas antagonist antibody .
AICD and FasFc Invitro 23]
Fas and FasL silencing In vitro [114]
Drug-induced FasL In vitro and [115]
suppression in vivo
. . FasFc and Fas silencing In vitro and
Preventing TIL apoptosis induced by MDSC i1 CD8 T cells i Vivo [7]
FasL KO mice In vivo [64]
. . . Anti-FasL antibody and .
Preventing apoptosis induced by endothelial cells ald mice (FasL KO) In vivo [54]
Protecting CD8 T cells from tumor-cell mediated Anti-FasL antibody In vitro [116]
Fas counterattack
Preventing precocious differentiation of naive T Anti-FasL antibody 1n vitro and (33]
cells in vivo
Preventing APC apoptosis APC KO for Fas 1“ V}tro and [79]
in vivo
Non immune-mediated effects
Inhibiting glioma invasiveness Fas-Fc In vitro [44]
In vivo
Fas-Fc (human) [49]
Anti-FasL neutralizing  In vitro and
: o [45]
antibody in vivo
Recombinant Fas .
extracellular domain In vitro [47]
Preventing metastatic spread of pancreatic ductal Fas-Fc In vivo [50]

carcinoma
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