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Abstract

Unleashing the immune system with immune checkpoint inhibitors (I1Ci) has significantly
improved overall survival for subsets of Stage I11/IV cancer patients. However, many tumors are
non-responsive to ICi, in part due to a lack of tumor-infiltrating lymphocytes (TIL). Converting
these “immune cold” tumors to “hot” tumors and, thus, more likely to respond to ICi is a major
obstacle for cancer treatment. Triggering inflammatory forms of cell death, necroptosis and
pyroptosis, may alter the tumor immune microenvironment and the influx of TIL. We present an
emerging view that promoting tumor-localized necroptosis and pyroptosis may ultimately enhance
responses to ICi.
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1. Introduction

A hallmark feature of cancer cells is their resistance to cell death. Delineating the molecular
mechanisms that mediate resistance to cell death has led to the development and FDA-
approval of the Bcl-2 family protein inhibitor, venetoclax. Bcl-2 proteins serve pro-survival
functions in apoptosis, a form of programmed cell death that is typically considered to be
immunologically silent. Mechanisms of apoptosis and their translation have been reviewed
previously (1,2) and will not be discussed at length here. The non-inflammatory feature of
apoptosis is thought to be due to the containment of cell destruction within an intact cell
membrane, as well as the engulfment and the rapid clearance of dying cells by phagocytic
innate immune cells in a process termed efferocytosis (3). The mechanisms underlying
apoptosis are well understood and overall the evidence suggests the rapid clearance of
apoptotic cancer cells promotes immune evasion and the secretion of anti-inflammatory
mediators by phagocytes (4,5). Indeed, blocking efferocytosis by inhibition of the
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phagocytic receptor, MerTK, can enhance anti-tumor immune responses and improve the
efficacy of immune checkpoint inhibitors (ICi) (6). However, it is important to mention that
there is emerging evidence that apoptosis is not always immunologically silent. There is a
great deal of cross-talk between apoptosis, necroptosis, and pyroptosis, with key molecular
switches. Notably, apoptosis can influence inflammatory cell death through the inhibition of
apoptotic caspases 3, 7 and 9 (7-10).

Unlike apoptosis, other forms of programmed cell death such as necroptosis and pyroptosis,
are defined by the release of inflammatory mediators. Altering the inflammatory state of the
tumor microenvironment has implications for the response to ICi therapy. Agents including
anti-PD1 (nivolumab and pembrolizumab), anti-PD-L1 (atezolizumab) and anti-CTLA4
(ipilimumab) release T cell killing activity (11). These inhibitors alone and in combination
have elicited remarkable effects in many cancers including skin melanoma, lung cancer,
head and neck squamous cell carcinoma (HNSCC) and renal cell cancer (11). Many tumors,
especially ones with low levels of tumor-infiltrating lymphocytes (TIL) termed
immunologically “cold”, remain non-responsive to ICi and other tumors acquire resistance
to ICi; therefore, the development of new approaches to boost anti-tumor immunity is
critical. Understanding the mechanisms of inflammatory cell death and how they alter the
tumor immune microenvironment may have profound effects on future therapeutic strategies
in both the up-front and salvage treatment settings.

The role of inflammation in cancer is complex and may either promote or inhibit
tumorigenesis and metastasis. It follows that forms of cell death that promote inflammation
may have contrasting effects on tumor growth and metastasis depending on the context. A
process termed ‘immunogenic cell death’ was defined by the Nomenclature Committee on
Cell Death as a form of regulated cell death that is capable of activating an adaptive immune
response (12). Given that the adaptive immune system is necessary for effective anti-tumor
immunity, the study of immunogenic cell death has important implications in cancer.
However, the release of inflammatory factors from innate immune cells can also contribute
to anti-tumor immunity. In this review, we will broadly discuss forms of cell death capable
of releasing inflammatory mediators and their impact on cancer and therapeutic strategies.

2. Inflammatory Cell Death

Necroptosis

Over the last few years, there has been significant insight into the mechanisms of necroptosis
and pyroptosis. These two inflammatory forms of cell death lead to the production and
secretion of damage-associated molecular patterns (DAMPS) and cytokines into the tumor
milieu, which in turn have the ability to dramatically alter the tumor immune
microenvironment and the influx of TIL. In this section, we discuss mechanisms of
necroptosis (Figure 1a) and pyroptosis (Figure 1b) and how they may be altered in cancer
cells.

Early studies in the death receptor signaling field demonstrated that tumor necrosis factor
(TNF) could induce apoptosis as well as a programmed form of necrotic inflammatory cell
death termed necroptosis. It is now known that necroptosis is canonically triggered by the
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activation of death receptors such as tumor necrosis factor receptor 1 (TNFR1), Fas, and
tumor necrosis factor-related apoptosis-inducing ligand receptor (TRAIL-R). Death receptor
stimuli induce the assembly of subsequent cell death signaling platforms, the formation of
which are highly context dependent, tightly regulated, and engage in complex crosstalk that
is still not yet fully understood. While Fas ligand and TRAIL can activate pathways leading
to apoptosis or necroptosis (13-17), TNF signaling is the best characterized cell death
cascade, and here we will utilize this pathway to introduce the major players in necroptosis.

TNFR1 activation leads to the recruitment of proteins into Complex I, consisting of TNFR1-
associated death domain protein (TRADD), receptor-interacting serine/threonine protein
kinase 1 (RIPK1), and TNF-receptor associated factor 2 (TRAF2) (Figure 1a) (18). In turn,
Complex | promotes either cell survival, apoptosis, or necroptosis. The specific fate is tightly
regulated with RIPK1 modification being an important factor in this decision. Upon TNF
stimulation, RIPK1 is ubiquitinated by cellular inhibitor of apoptosis 1 and 2 (clAP1/2), and
further ubiquitinated by components of the linear ubiquitin chain assembly complex
(LUBAC) (Figure 2) (18-21). RIPK1 ubiquitination allows for subsequent recruitment of
TGFp-activated kinase 1 binding protein 2 and 3 (TAB2/3), TGFp-activated kinase 1
(TAK1) and the 1xB kinase (IKK) complex (21-25). TAK1 phosphorylation of the IKK
complex allows for the activation of NF-xB, which promotes the transcription of
inflammatory and pro-survival genes (26). LUBAC-mediated ubiquitination is important
since depletion of LUBAC components leads to dysregulation of NF-xB signaling and
promotion of cell death (20,21,27-30). Ubiquitination of RIPK1 can also lead to its
degradation by the proteasome (31) and preventing it from interacting with subsequent cell
death signaling platforms. Conversely, RIPK1 can be deubiquitinated by the enzymes,
CYLD or A20, to allow for cell death signaling to proceed (32-35).

In addition to ubiquitination, RIPK1 is also regulated by phosphorylation in Complex I.
Phosphorylation of RIPK1 by the IKK complex, TANK-binding kinase 1 (TBK1), MAP
kinase-activated protein kinase 2 (MK2), or TAK1 prevents RIPK1-dependent cell death
(36-39) . Of note, the role of TAK1 is complicated,; its deletion sensitizes cells to apoptosis
while its hyperactivation can promote necroptosis in specific contexts, possibly through
hyperphosphorylation of RIPK1 (38,40,41). Additionally, RIPK1 autophosphorylation is
important for its activation, and phosphorylation at serine-166 is often used as a marker for
activation (42—-44). Altogether, these studies show that modification of RIPK1 is a critical
point of regulation at Complex 1.

TNF signaling proceeds with the dissociation of RIPK1 from Complex I, and the
recruitment of additional factors to form a secondary aggregate, Complex Ila or Complex
I1b. The decision to form Complex Ila versus I1b is context-dependent and not
comprehensively understood. When NF-xB signaling is inhibited or cells are treated with
cycloheximide, TNFa treatment promotes the formation of Complex Ila, consisting of
RIPK1, TRADD, FAS-associated death domain (FADD), caspase-8, and cellular FLICE
inhibitor protein (cFLIP), and this complex is capable of inducing apoptotic cell death
(33,45). In this case, apoptosis is not dependent on the kinase activity of RIPK1 and is
inhibited by the expression of cFLIP . Alternatively, when clAP1/2 are depleted by genetic
deletion or treatment with second mitochondria-derived activator of caspases (SMAC)
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mimetics, RIPK1 associates with FADD, caspase-8, and caspase-10 in Complex I1b also
known as the ripoptosome (33,46). While TNF signaling can lead to the formation of
Complex Ilb/ripoptosome, mechanisms independent of death receptor signaling have also
been described in response to chemotherapy (18,47). Once formed, Complex I1b induces
either RIPK1-dependent necroptosis or apoptosis depending on the activity of cFLIP and
caspase-8 (18,33,46,47).

cFLIP-mediated inhibition of caspase-8 or caspase-8 depletion allows for RIPK1 to
associate via RIP homology interaction motifs with the related RIPK3 to form a complex
termed the necrosome (48). In this manner, caspase inhibition is an important factor in the
cell’s decision to undergo necroptosis over apoptosis. Necrosome formation leads to
activation of both RIPK1 and RIPK3 (49). In turn, activated RIPK3 binds to and
phosphorylates the pseudokinase mixed lineage kinase domain-like (MLKL), driving its
oligomerization (50). Oligomerized MLKL translocates to plasma membranes, forming
pores and disrupting membrane integrity to allow for the influx of calcium ions and the
release of pro-inflammatory intracellular contents, including DAMPs (50). Because RIPK3
is also capable of promoting NLRP3 inflammasome activation, leading to pyroptotic
inflammatory cell death (discussed below) (51,52), the requirement for MLKL is becoming
regarded as the defining feature of necroptosis.

Necroptosis can also be triggered by the detection of PAMPs or DAMPs. PAMP binding to
TLR3/4 leads to the subsequent activation of the adaptor protein TIR-domain-containing
adapter-inducing interferon-p (TRIF). TRIF is then able to recruit and activate RIPK1 and
RIPK3 (53). When RIPK3 is present and caspase-8 is inhibited, TRIF activation of RIPK3
can subsequently promote necroptosis; while in other contexts TRIF activation of RIPK3
can promote NF-xB signaling or apoptosis (53-56). DAMPs also trigger necroptosis
through binding to sensor proteins such as Z-DNA-binding protein 1 (ZBP1). ZBP1 was first
identified as an interferon (IFN)-inducible mediator of innate immune responses in response
to cytosolic DNA. Upon activation, ZBP1 promotes type | IFN gene induction through
interaction with TBK1 and IRF3 (57). Recent studies have shown that intracellular sensing
of nucleic acids by ZBP1 can also trigger the recruitment and activation of RIPK1 and
RIPK3, which can subsequently lead to NF-xB signaling (58,59). In other contexts when
RIPK1, FADD, or caspase-8 are deleted or inhibited, ZBP1 activation by nucleic acid
sensing or IFN stimulation triggers necroptosis (60,61). Interestingly, in response to type A
influenza virus, ZBP1 was found to simultaneously activate apoptotic, necroptotic, and
pyroptotic cell death pathways (62). Thus, ZBP1 may be involved in the induction of
multiple forms of cell death, though its precise role in cell death crosstalk requires further
investigation.

The expression level of RIPK3 may represent a determinant for whether necroptosis is
initiated (63). Loss of RIPK3 expression has been observed in multiple cancer types,
highlighting the potential importance of this pathway in tumorigenesis (64,65). In an
analysis of pan-cancer cell lines, RIPK3 expression correlated with sensitivity to necroptosis
and, in some cancers, RIPK3 loss was shown to be driven by oncogenic BRAF and AXL
(66). Notably, the expression of RIPK3 may be important for eliciting immune responses.
RIPK3 knockout in syngeneic models of lung carcinoma and lymphoma reduced the
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efficacy of chemotherapeutic agents /n vivo, an effect that was associated with decreased
infiltration of CD8+ T cells (67). Furthermore, injection of RIPK3-activated, necroptotic
tumor cells into a pre-existing tumor enhanced anti-tumor immunity in syngeneic models of
melanoma and lung adenocarcinoma (68).

While some studies have demonstrated that necroptosis can promote anti-tumor immune
responses, others show a pro-tumorigenic role. In a mouse model of pancreatic cancer,
deletion of RIPK3 or inhibition of RIPK1 slowed oncogenic progression. Effects of RIPK3
deletion were associated with decreased infiltration of tumor-associated macrophages and
myeloid-derived suppressive cells, and reduced expression of the chemokine attractant
CXCL1 and the inflammatory mediator splicesome-associated protein 130 (69). In breast
cancer models, deletion of MLKL in tumor cells reduced spontaneous metastasis to the
lungs (70). There is also some evidence that the induction of necroptosis in stromal cells can
also affect tumorigenesis. The intratumoral injection of necroptotic fibroblast cells reduced
tumor growth, while apoptotic fibroblast cells had no effect (68). Conversely, studies in
multiple cancer types showed the ability of tumor cells, via expression of amyloid precursor
protein, to induce necroptosis in endothelial cells, leading to trans-endothelial migration and
metastasis of tumor cells (71). The implication is that activation of the necrosome may
enhance cancer progression in some settings, although it is not clear whether effects on
metastasis are dependent on necroptosis itself or the destruction of endothelial barriers.
Consistent with this notion, RIPK1 inhibitors can prevent the ability of cancer cells to
colonize the lung, or induce reprogramming of intra-tumoral macrophages for control of
established tumors and metastases (72). Importantly, different RIPK1 inhibitors have shown
contrasting results and, thus, require further study (73). These findings reveal a more
complicated interplay between the induction of inflammatory forms of cell death in different
cell types and early-disease outcomes.

Pyroptosis (pyro- from the Greek word for fire) was first observed when bacterial infection
of macrophages led to cell death. It was later linked to the activation of inflammatory
caspase-1 (74). After mechanistic studies, pyroptosis is now defined as an inflammatory
form of cell death characterized by the formation of pores in the plasma membrane by
gasdermin (GSDM) protein family members. GSDM proteins are widely expressed (75),
with GSDMD and GSDME being the most studied.

Pyroptosis is triggered by the binding of pattern-associated molecular patterns (PAMPS) and
DAMPs by pattern recognition receptors (PRRs) and inflammasomes. Inflammasome
complexes (NLRP3, NLRP1, NAIP-NLRC4, AIM2 and Pyrin) recognize various ligands
including viral components and cytosolic DNA (74). Canonical inflammasome activation
leads to the cleavage and activation of caspase-1, which promotes pyroptosis via two actions
(Figure 1b). Caspase 1 cleaves inflammatory cytokines, IL-1p and IL-18, into their mature
forms, and also cleaves GSDMD (76). Alternative signals, such as cytosolic
lipopolysaccharide can lead to non-canonical inflammasome signaling involving the
autoactivation of caspases-4 and -5 (or its murine homolog caspase-11), which subsequently
cleave GSDMD (77).
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A defining feature of pyroptosis is the formation of GSDM-based pores. GSDMD cleavage
releases its active N-terminal domain from the autoinhibitory C-terminal domain, allowing
GSDMD N-termini to oligomerize and form pores in the plasma membrane (76). Efflux of
inflammatory cytokines through GSDM pores leads to disruption of membrane integrity, and
cell rupture. While release of IL-1p is characteristic of pyroptotic cell death, it can also
occur in a sub-lytic phase. For example, GSDMD pore formation can lead to IL-1p release
from viable macrophages (78,79). The ability of macrophages to avoid cell lysis and death
following a pyroptotic stimulus may be due to cell membrane repair by ESCRT proteins
(78,79). Furthermore, RIPK3-MLKL activation can lead to inflammasome activation and
IL-1pB release, independent of GSDMD (80,81). IL-1p and IL-18 are critical inflammatory
mediators that are produced as danger signals in response to microbial products/damage, and
are responsible for driving an innate immune response ((82) and detailed below). The key
role for GSDM proteins in pyroptotic cell death is supported by studies showing that, in the
absence of GSDMD, caspase-1-initiated cell death switches to apoptosis (83,84). Expression
of GSDMD is transcriptionally regulated by interferon regulatory transcription factor-2
(IRF2), one of a family of transcription factors that is involved in the regulation of IFN and
IFN-inducible genes (85). Given that loss of IRF2 expression in cancer leads to immune
evasion and resistance to immunotherapy, IRF2 regulation of GSDMD levels may represent
a critical regulatory axis in cancer cell death (86).

In addition to GSDMD, pyroptosis can also be activated by the cleavage of GSDME (also
known as DFNADS). Unlike inflammasome-mediated pyroptosis, GSDME cleavage is
mediated by the apoptotic executioner, caspase-3 (87,88). Through this mechanism,
GSDME serves as the nexus in the switch between apoptosis and secondary pyroptosis
modes of cell death. GSDMD- and GSDME-mediated pyroptosis have been analyzed to date
in different cellular contexts, and much remains to be understood about the two mechanisms.
GSDME also forms pores and leads to the release of DAMPs and cytokines. To date, little is
known about the regulation of its expression, although it may be expressed in a p53-
dependent manner (89) and silenced in some cancers. The loss of GSDME accelerates tumor
growth in melanoma models (90,91), suggesting that GSDME-mediated pyroptosis may play
an important role in regulating the tumor immune microenvironment and the ability of
immune cells to attack tumors. It was also recently observed that granzyme B, a serine
protease released by cytotoxic T cells to induce cell death of their targets, is capable of
cleaving GSDME (90). Granzyme B cleavage of GSDME resulted in enhanced anti-tumor
immunity and reduced tumor growth (90). These findings are of particular interest given that
immunotherapeutic strategies often seek to improve T cell responses to cancer.

In addition to the plasma membrane, both GSDMD and GSDME are capable of forming
pores in the mitochondrial membrane. Through this mechanism, GSDMD/E enhance the
intrinsic apoptosis pathway and act in a positive feedback loop to amplify the cell death
signal (91,92). One study found that mitochondrial pores formed by GSDMD could lead to
the release of mitochondrial DNA, and subsequent activation of the cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING) pathway (92). Thus, GSDMD and
GSDME may further alter the state of the local tumor microenvironment via
proinflammatory pathways.
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Proteins that mediate cell death pathway crosstalk: IAPs, cFLIP and caspase-8

The key characteristics that distinguish one form of programmed cell death from another are
well delineated (12), yet many of the same proteins are involved in multiple forms of cell
death and there is significant crosstalk between pathways. Here, we present the emerging
research on cell death signaling proteins and their roles in mediating the switch between
inflammatory and non-inflammatory modes of cell death.

a) Inhibitor of apoptosis (IAP) proteins: A major class of proteins involved in a
cell’s decision to die in an inflammatory or non-inflammatory manner are 1APs, including
X-linked inhibitor of apoptosis (XIAP), clAP1, and clAP2. Extrinsic cell death signals, such
as TNFa, trigger the recruitment of clAP1/2 via TRAF2 to Complex I, which forms at
TNFRI (18). Polyubiquitination of RIPK1 by clAP1/2 simultaneously prevents RIPK1 from
activation while also creating a scaffold that promotes NFxB pro-survival signaling (Figure
2) (18). In this way, clAP1/2 prevents necroptotic inflammatory cell death and targeting of
clAP and TRAF2 sensitizes melanoma cells to TNFa-induced death (93). XIAP is also an
E3 ubiquitin ligase and blocks cell death by inhibiting caspases-3, =7 and -9 (94). Based on
these findings, I AP proteins have been targets of interest for anti-cancer therapeutics with
several agents including the SMAC mimetic, birinapant, reaching clinical trials (94).

b) Cellular FLICE-inhibitory protein (cFLIP): cFLIP is a catalytically inactive
protein resembling caspase-8. Its expression is regulated by NF-xB signaling and it acts to
modulate caspase-8 activity through the formation of heterodimers. Within the ripoptosome,
the induction of necroptosis or apoptosis is regulated by cFLIP-caspase-8 dimers (46,94).
Short and long isoforms of cFLIP differentially modulate caspase-8 activity (Figure 2),
although this is a complex and potentially controversial topic. Dimerization with the short
isoform of cFLIP (cFLIPg) prevents catalytic activation of caspase-8, inhibiting apoptosis,
and promotes ripoptosome formation, promoting necroptosis (18,46). The role of the
predominantly expressed long isoform of cFLIP (cFLIP.) is more controversial. Elevated
levels of cFLIP, prevent the recruitment and activation of caspase-8 to inhibit apoptosis
(18,94). However, other studies demonstrate that caspase-8 forms heterodimers more readily
with cFLIP than homodimers, and that cFLIP| is a potent activator of caspase-8 catalytic
activity (18,46,48,95,96). Of note, this heterodimer may act on different substrates (97).
These apparent contradictions highlight the complexity of cFLIP-caspase-8 interactions in
regulating cell death, which has been extensively reviewed elsewhere (98,99). Thus, while
both isoforms can inhibit apoptosis, cFLIP_ and cFLIPg may play different roles in the
regulation of necroptosis.

c) Caspase-8: Caspase-8 is predominantly known for its role as an initiator caspase in
the extrinsic apoptosis cascade, but it is also a critical mediator of the cell’s decision
between apoptosis and necroptosis. When caspase-8 catalytic activity is inhibited or absent,
cells can be diverted to undergo necroptosis or, when MLKL is additionally inhibited, to
undergo pyroptosis (100,101). Caspase-8 also cleaves RIPK1, RIPK3, and CYLD to inhibit
necroptosis (48,95,96,102). In this way, caspase-8 is positioned at a critical juncture between
apoptosis and necroptosis, acting as a molecular switch to promote non-inflammatory over
inflammatory forms of cell death. Inactivating mutations and epigenetic loss of caspase-8
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expression have been observed across several cancers, implying that cancer cells which are
resistant to apoptosis may be driven to inflammatory cell death in the right contexts (103).

In other scenarios, caspase-8 can regulate pyroptosis and inflammation. When combined
with inhibitors of pro-survival signaling, TNFa can trigger caspase-8 mediated
inflammatory cell death that is associated with GSDMD cleavage and inflammasome
activation (104). Inhibition of the serine/threonine kinase transforming growth factor beta-
activated kinase 1 (TAK1/MAP3KZ7) can also induce caspase-8 cleavage of GSDMD and
pyroptosis, a process that is inhibited by cFLIP| (105,106). While these studies were
performed in macrophages, they can have important implications for cancer. Indeed, TAK1
inhibitors have been investigated as a potential cancer therapy and their effect on
inflammatory tumor cell death requires further investigation (107). Additionally, in tumor
cells treated with the apoptotic stimulus TRAIL, caspase-8 can function as a scaffolding
protein to mediate the production of cytokine release and subsequent pro-tumorigenic
macrophage recruitment (108,109). These data demonstrate that while caspase-8 has
important roles in apoptosis, it can also behave as a mediator of inflammatory cell death
when other cell death mechanisms are inhibited.

Overall, these studies highlight the complex interplay that exists between cell death
pathways. The presence, level, and activation of key molecular switches such as clAPs,
cFLIP isoforms, RIPK3, and caspases can dictate whether cell death will be inflammatory or
immunologically silent. Future studies addressing the regulation and potential exploitation
of these molecular switches in cancer will help us to better understand cell death in this
context and therapeutic strategies.

3. Immune Response to Inflammatory Cell Death

Immune response to DAMP and cytokine release

DAMPs

Pyroptosis and necroptosis cause inflammation through release of DAMPs and inflammatory
cytokines and inducing changes in the antigen presenting cells (APCs) responsible for
phagocytosing the dying cells. Well-characterized factors released directly from cells
undergoing pyroptosis include high-mobility group box-1 (HMGB1), calreticulin, ATP, and
IL-1 family cytokines. In addition, inflammatory factors secreted by necrotic cells include
heat shock proteins, BCL-2, cyclophilin A, F-actin, histones and non-histone chromosomal
proteins, mitochondrial and genomic DNA, monosodium urate, A-formyl peptides, and S100
proteins (110) but many of these are not fully characterized in the context of pyroptosis.
While many of the secreted DAMPs and cytokines directly modulate the innate immune
response, enhanced recruitment of adaptive immune cells along with increased antigen
presentation and toll-like receptor (TLR) activation lead to broader immune activation (111-
114). Here, we review the actions of well-recognized DAMPs and cytokines (summarized in
Table 1) and discuss the role of APCs in the amplification of cell death signals.

a) Calreticulin: Phagocytosis is tightly regulated by a balance of “eat me” and “don’t eat
me” signals. During cell death, “don’t eat me” signals such as CD31, CD200, and CD47 are
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downregulated or relocated from the plasma membrane while “eat me” signals such as
calreticulin and phosphatidylserine are exposed at the membrane (115,116). Calreticulin
may also be released by cells undergoing all forms of programmed cell death. Soluble
calreticulin acts as a DAMP by increasing IL-8 production in macrophages (117) and
promoting dendritic cell (DC) maturation and increased expression of CD83, CD86, and
HLA-DR, IL-6, IL-8, and TNFa (118,119).

b) High-mobility group box-1 (HMGB1): It is well characterized that the DNA
binding protein, HMGBL1, is released during both necroptosis and pyroptosis. After release,
HMGBL binds to RAGE receptors on tumor and immune cells, or TLR-2, 4, and 9 in the
immune compartment (111,112,120). Importantly, signaling through each of these receptors
has a differential effect on tumor growth. HMGB1 binding to RAGE activates ERK1/2
signaling leading to increased cell migration through activation of Rac1 and Cdc42 (121).
Elevated HMGBL1 has been described in many cancer types and is often associated with
invasion and metastasis (122). Blocking HMGB1 and RAGE signaling in a model of murine
lung cancer suppressed tumor growth and metastasis (123). In contrast, HMGBL1 signaling
through TLR2 and TLR4 receptors on the surface of neutrophils, monocytes, macrophages,
DCs, and lymphocytes, leads to activation of transcription factors NF-xB and AP-1,
production of inflammatory cytokines such as IL-6, TNFa, IL-8, and I1L-1 (111), and an
increase in co-stimulatory molecules needed for CD8+ T cell priming. In response to
chemotherapy and radiotherapy-induced cell death, HMGB1 signaling through TLR4 on
DCs increases antigen processing and cross-presentation (124). Whether HMGB1
alternatively regulates tumor growth by signaling through RAGE or TLRs remains unclear.

c) ATP: During pyroptosis and necroptosis, ATP is passively released from cells and acts
in both an autocrine and paracrine manner. ATP primarily binds to the P2X and P2Y
purinergic receptors (125,126) and can elicit different anti-tumor effects when signaling
through each receptor. P2YR signaling stimulates production of the pro-inflammatory
cytokine IL-8 (127), which is responsible for increased neutrophil recruitment and
phagocytic potential (128). Alternatively, signaling through P2X7R can trigger NLRP3
inflammasome activation in macrophages which can further release IL-18, induce IFNy
production, and promote type | T helper cell (Th1) responses (126,129).

Inflammatory cytokines

a) IL-1B: When released, IL-1B binds and activates IL1R1, which is expressed on most
leukocytes as well as epithelial cells (130). Upon IL1R1 activation, MyD88 is recruited
intraceullarly and acts as an adaptor to recruit the IL-1R associated kinase (IRAK) family of
proteins. IRAKs signal downstream via IKK and/or mitogen-activated protein kinase kinase
(MEK) to regulate gene expression through the NFxB pathway or MAPK cascade,
respectively. In the myeloid compartment, IL-1p signaling leads to maturation of DCs and
differentiation of monocytes into DCs and inflammatory macrophages. Additionally, 1L-1f
can directly act on cells in the lymphoid compartment to drive antigen-specific cytotoxic
CD8+ T cell responses, increase Thl CD4+ T cell numbers, and inhibit differentiation of
immunosuppressive T regulatory cells (113,114). Although rampant IL-1p (and IL-1a)
production has been shown to contribute to the formation of some cancer types such as
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multiple myeloma, IL-1 production has largely been shown to produce anti-tumor effects in
murine models. Consistent with this, intratumoral injections of IL-1 are sufficient to cause
CD8+ T cell mediated tumor regression in models of melanoma, adenocarcinoma, and
sarcoma (130).

b) IL-18: Released IL-18 can bind to two receptors, IL-18Ra and IL-18Rp, albeit with
varying affinities. IL-18Ra is expressed on most cells and binds IL-18 with low affinity
while IL-18Rp is only expressed on T cells and DCs and is the high affinity binding partner
for IL-18 (131). Once bound to the IL-18 receptor, signal transduction is nearly identical to
that described above for IL-1, with MyD88 recruitment to the 1L-18 receptor and
subsequent signaling through IRAKSs. However, the active form of the cytokine can also
elicit much different effects than IL-1p when combined with other inflammatory cytokines.
In combination with IL-12 or IL-15, which both upregulate the IL-18Rp receptor, IL-18 can
strongly induce IFNy and, thus, plays a major role in Th1 polarization, natural killer (NK)
cell recruitment, and NK cell activation (82). Additionally, IL-18 can promote nitric oxide
synthesis, chemokine production, and expression of adhesion molecules.

Unlike IL-1B, the IL-18 precursor is constitutively expressed in blood monocytes and
epithelial cells even in the absence of cell death or disease (131). It is also constitutively
produced and released from gastric cancer cells (132). Paradoxically, in the absence of other
inflammatory cytokines, IL-18 can promote Th2 responses and angiogenesis which lead to
increased migration and invasion in tumors (133). Thus, IL-18 may have a differential effect
on the tumor depending on the makeup of the cytokine milieu.

Additional factors released

While IL-1B, IL-18 and HMGB1 are often thought of as classical markers of inflammatory
forms of cell death, this is an incomplete picture of the full repertoire of factors released.
IL-6 and IL-33 are also directly released from necroptotic and/or pyroptotic cells (110,134).
IL-6 binds to the IL-6R and signaling through JAK/STAT to activate either the MAPK or
PI3K pathway (135,136) and leads to a broad range of effects in both the hematopoietic and
non-hematopoietic compartments. In the immune compartment, IL-6 has a profound impact
on the adaptive response by increasing CD8+ T cell trafficking, cytotoxic CD8+ T cell
differentiation, increasing antibody production, and decreasing Treg differentiation
(137,138). Tumor cells can also express and/or respond to IL-6 leading to increasing
proliferation and invasion (138). IL-33, is cleaved by apoptotic caspases; however,
processing decreases its biologic activity (139) compared to the non-cleaved form released
during inflammatory cell death. IL-33 signals through IL-1R4 and initiates a similar
signaling cascade to IL-1 and IL-18. Also similar to IL-18, IL-33 acts as an
immunomodulatory cytokine and, depending on the cytokine milieu, may promote either
IFNy production and inflammatory responses or anti-inflammatory responses. Interestingly,
inhibitory DAMPs such as prostaglandin E2 can also be released during inflammatory cell
death (140). As prostaglandin E2 has particularly high expression in colon cancer and breast
cancer, the balance between immune stimulation and immune suppression may be an
important factor to consider when evaluating inflammatory cell death in the context of solid
tumors. As the field develops, differences in the timing and context-dependencies of factors
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release will certainly become more apparent. It is already evident that by predominantly
studying IL-1B, IL-18, and HMGBL1 production, we are overlooking many of the ways cell
death mechanisms can profoundly alter the immune compartment.

The role of APCs in cell death signal amplification

In addition to the factors secreted directly by cells undergoing pyroptosis and necroptosis,
the immune response to inflammatory cell death is further amplified when the cells are
cleared by APCs such as DCs and macrophages. Clearance of dying cells and debris is a
critical role of APCs and, depending on the mode of cell death, can lead to either anti-
inflammatory responses (when clearing apoptotic cells) or pro-inflammatory responses
(when clearing pyroptotic or necroptotic cells). Upon engulfment of apoptotic cells,
phagocytes secrete anti-inflammatory factors such as IL-10 and TGF-p and inhibit secretion
of pro-inflammatory cytokines and chemokines such as IL-6, IL-18, CCL2, CCL3, CCL4,
CXCL10 (4,5,141,142). Conversely, when APCs are recruited to pyroptotic and necroptotic
cells through release of ATP (143,144), phagocytic uptake of necroptotic colon carcinoma
cells leads to maturation of DCs and efficient cross-presentation to CD8+ T cells. These
actions ultimately promote CD8+ T cell activation and IFNy production (145). Thus, the
release of inflammatory mediators directly from the cells undergoing inflammatory cell
death in combination with DC maturation and CD8+ T cell activation upon phagocytosis of
the cells leads to a potent immune response.

4. Inflammatory cell death in cancer

Resistance to cell death is a hallmark of cancer, and Bcl-2 family proteins are the target of
cancer therapies. Given the many pro-survival features of neoplastic cells, it is no surprise
that mechanisms to down-regulate inflammatory cell death have also been reported. Multiple
cancers types reduce expression of key proteins involved in necroptosis and pyroptosis, such
as AIM2, GSDMD and GSDME (74). Decreased expression of calreticulin, HMGB1, and
PRRs has also been observed (146). The anti-tumor effects of inflammatory cell death are
supported by studies demonstrating that induction of pyroptosis or necroptosis by
inflammasome agonists or DAMP-mediated activation of RIPK3 enhance immune cell
responses and decrease tumor growth (147,148). In certain contexts, inflammatory cell death
may also be pro-tumorigenic (74). This is consistent with the complex role of inflammation
in both enhancing and inhibiting tumor growth, and suggests that the timing, levels, and
components of induction need to be closely monitored. Detection reagents and biomarkers
of the different forms of inflammatory cell death is a developing area.

Intra- and extra-cellular stresses including DNA damage, endoplasmic reticulum stress, and
reactive oxygen species generate danger signals that can induce cell death associated with
the release of inflammatory mediators (146). Tumor cells are adept at surviving harsh
conditions, and stress-induced activation of the unfolded protein response is particularly
important for their survival (149). There is likely to be some overlap in cancer cell stress
responses, resistance to inflammatory cell death, and immune evasion. Nonetheless,
numerous therapeutic agents used in the clinic to treat cancer cause cellular stress and/or
inflammatory cell death. Beyond killing malignant cells, induction of inflammatory cell
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death can promote long-lasting immune responses. Therapies capable of inducing pyroptosis
and/or necroptosis are of particular interest, especially in consideration of combination
strategies with immunotherapy. Such therapies include ionizing radiation, chemotherapy,
and targeted therapies, and will be discussed here. Various combinations of these therapies
are already being tested in the clinic, with combinations of immune checkpoint therapy and
chemotherapy predominating. Though not an exhaustive list, we provide examples of these
clinical trials in Table 2.

lonizing radiation and chemotherapy

lonizing radiation and chemotherapy target rapidly dividing cells and provoke cancer cells to
undergo cell death. Many advanced-stage tumors are eliminated with a combination of
chemotherapy and radiation, and radiotherapy is utilized in approximately half of all cancer
treatment strategies for localized tumors. Only recently, it was discovered that pyroptosis
plays a role in the anti-tumor effects of radiotherapy and chemotherapy.

lonizing radiation causes DNA damage, which elicits immunogenic effects. In cancer cells,
DNA fragments generated by ionizing radiation are recognized by intracellular DNA
sensors, AIM2 or ZBP1, which in turn activate inflammasome signaling and pyroptosis
(150). ZBP1 is also capable of inducing apoptosis and necroptosis in response to viral
infection or IFN stimulation, but its precise role in cancer is unclear (61,150). Cytosolic
DNA can also promote activation of the cGAS-STING pathway, which provides additional
immune stimulation through the production of type | interferon. As an additional effect
within the tumor microenvironment, ionizing radiation also induces pyroptosis of tumor-
recruited macrophages, which increases the release of pro-inflammatory cytokines into the
tumor milieu (151). Thus, radiation elicits alterations on the tumor immune
microenvironment through effects on both tumor and stromal compartments.

Chemotherapy can trigger inflammatory cell death through a variety of different
mechanisms, leading to increased immune cell infiltration. Several chemotherapeutic agents
induce endoplasmic reticulum stress leading to the unfolded protein response (146). This
subsequently promotes the exposure of calreticulin and release of DAMPs. Cancer cells have
developed various mechanisms of surviving under stress (149), and one potential targeting
strategy is to surpass the threshold for stress management in order to induce inflammatory
cell death. Importantly, some chemotherapy agents such as cisplatin are not effective at
inducing the unfolded protein response and, as a result, do not promote powerful immune
responses. Chemotherapy drugs can also induce pyroptosis through activation of the
apoptotic cascade, leading to caspase-3 dependent cleavage of GSDME (87,88). The effects
of inflammatory cell death on the tumor microenvironment suggest that these treatments
may synergize with other immune stimulating therapeutic agents, such as PD-1 blockers.
Indeed, many of these therapies are already being combined in the clinic across multiple
cancer types (152-154) (Table 2).

Targeted inhibitors

Targeted inhibitors block the activity of key oncogenic proteins and several agents are FDA-
approved to treat select cancer types. Through inhibition of signaling pathways essential for
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cancer cell proliferation and survival, targeted therapies decrease tumor growth but are also
capable of promoting inflammatory cell death. Treatment of BRAF mutant melanoma cells
with BRAF inhibitors plus MEK inhibitors induced HMGB1 release associated with
cleavage of GSDME, and dependent on GSDME expression (155). In lung cancer, targeted
inhibition of MEK, EGFR, or ALK in cell lines driven by these pathways led to pyroptotic
cell death, associated with GSDME cleavage (156). Third, inhibition of cyclin-dependent
kinases in syngeneic mouse models promoted features characteristic of inflammatory cell
death, including calreticulin surface exposure and release of ATP and HMGBL1 (157).
Consequently, mice showed improved anti-tumor immune responses and increased response
to ICi (157). These studies support the premise that targeted inhibition of driver pathways in
cancer may be sufficient to induce inflammatory cell death with immunogenic
consequences. Based on this premise, multiple clinical trials are underway to evaluate the
efficacy of MAPK pathway inhibition in combination with ICi. Many of these trials are
testing the different FDA-approved BRAF inhibitors and MEK inhibitors in combination
with either anti-PD-1 or anti-PD-L1 in BRAF mutant melanoma. Results from two trials
evaluating the safety and efficacy of these combinations showed promising results, although
the precise timing and combinations needed for improved responses remains an open
question (158-160). Additional trials such as SECOMBIT are testing the optimal
sequencing and combination of targeted inhibitors and ICi.

Other targeted therapies can promote inflammatory cell death by directly modulating the
activity of death receptor signaling proteins. SMAC mimetics bind to AP proteins and cause
their degradation. While AP proteins are involved in both apoptosis and necroptosis, SMAC
mimetics often promote apoptosis in the absence of additional inhibitors. In acute myeloid
leukemia, the effects of the SMAC mimetic, birinapant, were augmented when combined
with a caspase inhibitor to induce necroptosis (161). Another study completed in acute
lymphocytic leukemia observed a heterogeneous cell death response to birinapant, possibly
indicating simultaneous engagement of both apoptotic and necroptotic cell death pathways
(162). In HNSCC models, birinapant sensitized cells to TNFa and TRAIL-mediated cell
death that was RIPK1-dependent in some cell lines and caspase-dependent in others (163).
Furthermore, more durable anti-tumor responses were observed /n vivo when mice bearing
tumors were treated with a combination of birinapant and radiotherapy. In melanoma,
birinapant sensitized cells to TNFa-mediated T cell killing, and improved responses to
immune checkpoint blockade (93). These data are further supported by studies in
glioblastoma demonstrating synergy when SMAC mimetics were combined with immune
checkpoint inhibitors or innate immunostimulants (164). It is important to note that SMAC
mimetics have been demonstrated to exert effects directly on immune cells; these actions are
reviewed elsewhere (165). Taken together, these studies provide evidence that the induction
of necroptotic inflammatory cell death through IAP inhibition can promote anti-tumor
immune responses. While SMAC mimetics have previously shown limited efficacy in the
clinic, combinations strategies are currently being tested. Notably, an ongoing clinical trial
(NCT02022098) in HNSCC recently reported enhanced disease control when the SMAC
mimetic, Debio 1143, was combined with chemotherapy (166).
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Additional therapies that induce inflammatory cell death

Radiation, chemotherapy, and targeted inhibitors are widely used in the clinic, but additional
cancer therapeutic strategies under scientific and clinical investigation are also capable of
eliciting inflammatory cell death. Oncolytic viruses have been tested as therapeutic agents in
a variety of cancers, and work by infecting and killing tumor cells along with promoting an
anti-tumor immune response. Viral infection triggers necroptosis or activates the
inflammasome to induce pyroptosis through PRR signaling or through direct effects of viral
proteins (167,168). Additionally, successful oncolytic viruses can induce the release of
inflammatory cytokines, as well as tumor antigens to further stimulate immune responses.
Well-characterized oncolytic viruses such as Semliki Forest virus, Vaccinia virus, and
Adenovirus can all induce forms of inflammatory cell death, which ultimately may impact
the extent of the immune response (168). These are likely to be important considerations for
therapeutic strategies utilizing oncolytic viruses in cancer.

Targeting the ectoenzyme CD39 presents an additional therapeutic strategy for induction of
inflammatory cell death. ATP is released into the tumor microenvironment by dying cells,
and is capable of activating the NLRP3 inflammasome and eliciting an inflammatory
response. CD39 is primarily expressed on the plasma membrane of macrophages and other
monocytic lineage cells. It functions to convert exported ATP into adenosine causing both
the removal of pro-inflammatory ATP from the microenvironment, and increasing the levels
of the immunosuppressant, adenosine (169). Antibodies against CD39 are able to improve
anti-tumor immunity and promote response to immune checkpoint inhibitors in syngeneic
mouse tumor models (169,170). The mechanism of action for CD39 blockade was shown to
depend on NLRP3 inflammasome activation in macrophages, and the subsequent release of
inflammatory cytokines (170). Importantly, CD39-targeting agents, SRF617 and TTX-030,
have recently entered clinical trials (Table 2).

A third approach is to utilize antibody drug conjugates with agents that trigger inflammatory
cell death. In syngeneic mouse tumor models, U3-1402, an anti-ErbB3/HER3 antibody
conjugated to the topoisomerase | inhibitor DXd, was used to treat ErbB3-expressing
melanomas (171). DXd induced HMGBL release from cells and U3-1402 promoted both
innate and adaptive immune cell infiltration. This agent is currently being tested in the clinic
for efficacy in treating HER3+ breast cancer (NCT02980341). Together, these studies
highlight potential therapeutic strategies for direct induction of inflammatory cell death
within the tumor microenvironment and demonstrate potential avenues for combination
therapies with immune checkpoint blockade.

5. The Potential for Synergy Between Immune Checkpoint Blockade and

Inflammatory Cell Death-Inducing Therapies

Shortcomings of ICi therapy

While ICi and other immunotherapies have revolutionized the cancer treatment landscape,
limitations exist. Although ICi therapy elicits durable responses in some tumor types, the

majority of cancer patients fail to respond across multiple cancer types (172,173); hence, a
major goal in the cancer therapy field is to determine rational combination approaches that
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will increase the percentage of patients with durable responses. As success of ICi is
dependent on the presence of intratumoral CD8+ T cells, these therapies have shown the
most success in immune replete solid tumor types such as melanoma and lung cancer. In
general, response highly correlates with the number of CD8+ T cells present in the tumor,
with ICi therapy often being insufficient on its own to increase numbers of CD8+ TIL (174).
The response to ICi may also be dependent on the production of CXCL9 and CXCL10 by
tumor-associated macrophages, which recruit critical numbers of CD8+ T cell necessary for
an effect (175). Thus, ICi may be most effective when combined with therapies that can
increase the number of CD8+ T cells and/or the inflammatory macrophages recruited to the
tumor, and we speculate that there may be strong potential for synergy with inflammatory
cell death-inducing agents.

Combination potential of ICi and inflammatory cell death-inducing therapies

Both ICi and inflammatory cell death-inducing therapies have major strengths and
weaknesses when used as monotherapies but may elicit additive or synergistic effects when
combined (Figure 3). While ICi therapy is greatly limited by the degree of CD8+ T cell
infiltration (174), inflammatory cell death-inducing therapies are successful at recruiting
CD8+ T cells as well as other lymphocytes and myeloid cells to the lesion. Indeed,
preclinical evidence suggests that increased immune infiltration through pyroptosis enhances
response to therapy. For example, BRAF inhibitor and MEK inhibitor-resistant melanomas
tend to be immunologically cold; however, inducing pyroptosis in pre-clinical models of
resistant melanomas with the DNA topoisomerase inhibitor etoposide was able to reduce
tumor growth (155). Additionally, treatment with anti-ErbB3-antibody drug conjugate, U3—
1402, renders ICi-unresponsive ErbB3/HER3+ murine melanoma sensitive to anti-PD-1,
likely through induction of inflammatory cell death mechanisms (171).

Most studies to date have used murine melanoma models to test the combination of ICi and
inflammatory cell-death inducing therapies. However, this strategy may be broadly
applicable as a strategy to increase responses to ICi in other models by creating an early
increase in functional tumor infiltrating CD8+ T cells that could mediate tumor cell killing.
As this area of research is still in its infancy, there are likely to be several obstacles to
adapting this work for the clinic (176). It is important to consider the tolerability of inducing
inflammatory cell death, especially in combination with ICi. By concurrently increasing the
immune local response and the release of self-antigen, generating autoimmunity becomes a
major consideration. Notably, autoimmune conditions such as colitis, dermatitis,
hypophysitis, thyroiditis, hepatitis, and pneumonitis are relatively common side effects in
patients treated with ICi (177). ICi have also been reported to induce cytokine release
syndrome (CRS) in a subset of patients and combining ICi with pyroptosis-inducing
therapies may increase this risk (178,179). Although complications are possible in some
patients, combination strategies have the potential to promote tumor cell killing, creating a
durable and sustained response that is unable to be elicited by either therapy alone.

Concluding remarks

The study of inflammatory cell death is a broad and rapidly evolving field. An emerging
view is that triggering necroptosis and/or pyroptosis in a tumor localized manner may have
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profound effects on the tumor immune microenvironment and response to ICi. While we
have focused this review on recent advances in the understanding of necroptosis and
pyroptosis, we also acknowledge that other forms of cell death such as ferroptosis and
NETosis, may also influence the tumor immune milieu. Ferroptosis is induced by iron-
dependent lipid peroxidation, and can cause the release of DAMPs (12), which may also
enhance the efficacy of ICi (180). Cancer cell dependency on iron highlights a potential
vulnerability of these cells to ferroptosis-inducing agents, and is the focus of many
therapeutic strategies under investigation (181). NETosis can occur when neutrophils release
a neutrophil extracellular trap (NET), consisting of chromatin, various proteins, and
proteases to trap foreign microbes, resulting in programmed cell death. The study of
NETosis is controversial and ongoing with evidence that NET formation also occurs
independently of cell death through release of mitochondrial DNA, as well as in other cell
types in addition to neutrophils (182).

While substantial progress has been made in understanding mechanisms of inflammatory
cell death and its effect on the immune system, there are still several open questions.
GSDMD and GSDME are the major gasdermin proteins studied thus far. However,
additional gasdermin proteins GSDMA and GSDMB also contain a pore-forming domain,
and a recent study demonstrated GZMA-driven cleavage of GSDMB was capable of
inducing pyroptosis (183). The role of other gasdermin proteins in inflammatory cell death
remains unclear and requires further investigation. Furthermore, cytokines released from
inflammatory cell death exert effects on the immune compartment, the tumor cells, and the
stroma. While the effect on the immune compartment generally leads to an anti-tumor
response, cytokine signaling in the tumor cells can lead to proliferation and invasion. At
present, the net effect of inflammatory cytokine signaling on tumor growth and anti-tumor
immunity remains unclear and may be context dependent. Additional studies on the role of
cytokine signaling in cancer are required to gain a complete picture of how inflammatory
cell death might affect anti-tumor immunity.

Further understanding the interplay between mechanisms of cell death and how they may
impact the tumor microenvironment will be critical when optimizing combination therapy
approaches. Moving forward, integrated studies on inflammatory cell death induction will
enhance our understanding of how to develop successful therapeutic strategies. Pre-clinical
testing of the order/timing of combinations and schedules will likely be critical to maximize
potential benefits within the tumor while minimizing the effects of cytokine storm.
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Statement of significance

Many tumors types respond poorly to immune checkpoint inhibitors (ICi) or respond but
subsequently acquire resistance. Effective therapies for ICi non-responsive tumors are
lacking and should be guided by evidence from pre-clinical studies. Promoting
inflammatory cell death mechanisms within the tumor may alter the local immune
microenvironment towards an ICi-responsive-state.
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Figure 1: Major forms of inflammatory cell death
a) Necroptosis is activated through engagement of death receptors for TNFa, Fas-L, and

TRAIL. At the membrane, TNFa. receptor engagement triggers the assembly of Complex I.
Within this complex, RIPK1 is regulated by ubiquitination and phosphorylation. When
RIPK1 is deubiquitinated, it dissociates from Complex | and translocates to the cytosol.
Additional factors are recruited to assemble Complex Ila or Complex Ilb/ripoptosome.
Complex Ila forms when cells are treated with cycloheximide or when NF-xB signaling is
inhibited, promotes RIPK1-independent apoptosis when caspase-8 is active, and is inhibited
by cFLIP. Complex IIb/ripoptosome forms when clAP1/2 are deleted or inhibited. When
caspase-8 is active, this complex promotes RIPK1-dependent apoptosis. Conversely, when
caspase-8 is deleted or inhibited by cFLIP, this complex promotes necroptosis. Inactivation
of caspase-8 allows for RIPK1 to associate with RIPK3 to form the necrosome, where
autophosphorylation and transphosphorylation events activate RIPK1 and RIPK3. Activated
RIPK3 binds to and phosphorylates MLKL, driving its oligomerization. Oligomerized
MLKL forms pores in the plasma membrane, allowing for the release of inflammatory
mediators. b) Receptor binding or intracellular recognition of PAMPs and DAMPs leads to
activation of various inflammasomes, depending on the danger stimuli. Inflammasome
activation leads to the cleavage of caspase-1, which can then cleave GSMD. Non-canonical
inflammasome activation involves activation of caspases-4 and -5 (or the murine homolog
caspase-11) which can cleave GSDMD. GSDMD oligomerizes and forms pores in the

Cancer Discov. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rosenbaum et al.

Page 29

plasma membrane, allowing for the release of inflammatory mediators. Alternatively, death
receptor engagement leads to the activation of the apoptosis pathway, leading to caspase-8
and caspase-3 activation. Caspase-3 can cleave GSDME, which oligomerizes and forms
pores in the plasma membrane to allow for the release of inflammatory mediators. GSDMD
and GSDME also form pores in the mitochondria, which can amplify the cell death pathway.
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Figure 2: Cross talk between cell death pathways
TNFa receptor engagement triggers the formation of Complex I. At this complex, clAP1/2

and LUBAC ubiquitinate RIPK1, allowing for the recruitment and binding of TAK1,
TAB1/2, and IKK complex. Phosphorylation of proteins within the IKK complex by TAK1-
TABZ2/3 promotes the activation of NF-xB signaling and cell survival. CYLD and A20 can
deubiquitinate RIPK1 within Complex I. When RIPK1 is insufficiently ubiquitinated and
has not been inactivated by inhibitory phosphorylation events, it translocates to the cytosol
where it assembles with additional factors to form Complex Il. Within this Complex 11, the
long isoform of cFLIP activates caspase-8 to prevent necroptotic cell death. Activated
caspase-8 can promote activation of the apoptotic signaling cascade and/or cleavage of
GSDMD and pyroptotic cell death. Alternatively, the short isoform of cFLIP inhibits
caspase-8 activity, allowing for necrosome formation and necroptosis. Alternatively, RIPK3/
MLKL can activate the NLRP3 inflammasome to induce pyroptosis. The detection of
PAMPs and DAMPs by TLR3/4 leads to the activation of TRIF. When caspase-8 is
inhibited, TRIF can promote RIPK3-dependent necroptosis. Intracellular sensing of nucleic
acids by ZBP1 promotes necroptotic cell death in specific contexts when RIPK1, FADD, or
caspase-8 are deleted or inhibited.

Cancer Discov. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rosenbaum et al.

Inflammatory Cell
Death-Inducing Therapy

4 CD8+ T cell recruitment

‘23 pyroptotic
Gd
<W* cancer cell
dysfunctional CD8+
T expressing PD-1

functional CD8+ T
‘ cell with anti-PD-1

Immune Checkpoint
Blockade Therapy

4 CD8+ T cell functionality

Page 31

Combination Therapy

4 CD8+ T cell recruitment
4 CD8+ T cell functionality

Figure 3: Effects of inflammatory cell death-inducing therapy, immune checkpoint blockade

therapy, and potential synergy.

Therapies that induce inflammatory cell death recruit new CD8+ T cells to the tumor
through release of DAMPs and cytokines. The long-term functionality of the CD8+ T cells
in the tumor immune microenvironment, however, has not been fully characterized. Immune
checkpoint inhibitors such as anti PD-1 therapy increase functionality in CD8+ T cells in
addition to other tumor immune-specific effects but are not always sufficient to recruit
additional CD8+ T cells needed for full therapeutic efficacy. Combining inflammatory cell
death-inducing therapy and immune checkpoint blockades has the potential to potently
increase CD8+ T cell numbers and functionality.
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Table 1:

Examples of DAMPs and cytokines released during inflammatory cell death

Inflammatory
factor

Form of cell death

Effect on tumor cells and anti-tumor immunity

Calreticulin (CRT)

Apoptosis,
Necroptosis,
Pyroptosis

“Eat me” signal; promotes phagocytosis
Increases macrophage 1L-8 production

Promotes DC maturation

HMGB1 Necroptosis, RAGE receptor signaling: promotes tumor growth and metastasis
Pyroptosis
yrop TLR signaling: increased cytokine production, and CD8+ co-stimulatory
molecules; increased antigen presentation
ATP Necroptosis, P2X receptor signaling: NLRP3 activation in macrophages, promotes Thl
Pyroptosis responses
P2Y receptor signaling: production of pro-inflammatory cytokines, increased
neutrophil recruitment and phagocytic potential
IL-1B Pyroptosis Promotes DC maturation and monocyte differentiation
Drives cytotoxic CD8+ T cell responses
Inhibits Tregs
1L-18 Pyroptosis Induces IFN+y; promotes Th1 polarization
Promotes NK cell recruitment and activation
May promote angiogenesis and migration/invasion depending on cytokine milieu
IL-6 Necroptosis, Promotes CD8+ T cell trafficking and differentiation
Pyroptosis
Promotes cancer cell growth
1L-33 Necroptosis, Can promote anti-inflammatory or inflammatory responses depending on

Pyroptosis

cytokine milieu

Prostaglandin E2

Inhibitory DAMP
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Table 2:

Drug combination

Trial examples (Cancer type)

Immune checkpoint inhibitor,
chemotherapy —/+ radiation
*addition of an angiogenesis inhibitor

NCT04238988, NCT03612791 (Cervical cancer)

NCT04262687, NCT04262687*, NCT04446091* (Colorectal cancer)
NCT04444921 (Anal cancer)

NCT03394885 (Ovarian cancer)

NCT04282109, NCT03532737 (HNSCC)

NCT04447612, NCT03984357 (Nasopharyngeal carcinoma)
NCTO04247165 (Pancreatic cancer)

NCT02918162 (Gastric cancer)

NCT04062708, NCT04137588*, NCT04517526* (Non-small cell lung cancer)
NCT04393506* (Oral squamous cell carcinoma)

NCT03937830* (Hepatocellular carcinoma)

NCTO04472806* (Mucosal melanoma)

NCT03409458 (Multiple solid tumors)

TLR agonist alone or in combination

NCT03734692 (Ovarian cancer)

NCT02126579, NCT04364230, NCT04401995 (Melanoma)

NCT02668770, NCT04270864, NCT04101357, NCT04116320, NCT02643303, NCT03416335
(Advanced malignancies)

NCTO04062721 (Colorectal cancer)

NCT03906526 (HNSCC)

NCT02452697 (Myeloid malignancies)

NCT02927964, NCT01976585, NCT03410901 (Lymphomas)

NCT04387071, NCT04050085 (Pancreatic cancer)

NCT04338685 (Hepatocellular carcinoma or solid tumors with hepatic metastases)

SMAC mimetic, chemotherapy —/+
radiation

NCT03803774, NCT04459715, NCT02022098 (HNSCC)

SMAC mimetic, immune checkpoint
inhibitor

NCT04122625, NCT03270176 (Advanced solid malignancies)
NCTO03871959 (Pancreatic cancer and colorectal adenocarcinoma)

Antibody drug-conjugates

NCT02980341 (HER3+ Breast cancer)

Inhibitor of extracellular ATP
degradation, alone or in combination

NCT04336098, NCT04306900 (Advanced solid tumors)
NCT03884556 (Advanced solid tumors and lymphoma)
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