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5.1	 �Introduction

Cell death is essential to the turnover of healthy 
tissues in the steady state, and in an organism’s 
defense against pathogen infection and malignant 
cells. In adult humans, approximately 50–70 bil-
lion cells die each day during the normal turnover 
of body tissues [1]. An intricate cross-talk has 
evolved between cell death circuitries and the 
vertebrate immune system to allow distinction of 
potential threats from physiological cell death in 
healthy tissues. Physiological cell death (better 
known as apoptosis) is a fundamentally tolero-
genic process that prevents autoreactivity to nor-

mal host tissues. Cells undergoing physiological 
apoptosis are cleared by phagocytic cells in a 
“silent” manner, thus concealing cellular compo-
nents that might otherwise induce inflammation 
[2]. In contrast, pathological cell death (often 
termed necrosis) is an inherently immunogenic 
and inflammatory process, which alerts the 
immune system of an abnormality or potential 
threat. However, this apparent cell death dichot-
omy may not be as clear-cut as once thought. For 
example, alternative subtypes of apoptosis that 
are immunogenic can be initiated under certain 
circumstances [3, 4].
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The characteristics of an immune response to 
cell death (e.g., immunogenic vs. tolerogenic 
responses) are determined by the precise molecu-
lar signaling between dying cells and local 
immune cells. Immune cells recognize 
pathogen-infected cells through pathogen-associ-
ated molecular patterns (PAMPs). PAMPs 
exposed by infected cells target them for immune 
cell-mediated killing or for phagocytosis and 
subsequent antigen presentation by antigen-pre-
senting cells (APCs), which is required to induce 
antigen-specific immune responses [5–7]. 
Examples of PAMPs include components of 
viruses or bacteria, and certain sequences of the 
nucleic acids that form their genomes [6, 7]. 
Appropriate immune responses are also required 
in cases where there is no pathogen involved in 
the abnormal dying or stressing of a cell, for 
example in malignant pre-cancerous cells. In 
1994, Polly Matzinger proposed the “danger the-
ory,” stating that the immune system has evolved 
an inherent capacity to distinguish between dan-
gerous and innocuous endogenous signals [8]. 
The theory is supported by evidence that malig-
nant dying cells expose damage-associated 
molecular patterns (DAMPs), which function as 
danger signals for the host immune system [9]. 
PAMPs and DAMPs are recognized by germline-
encoded pattern recognition receptors (PRRs) 
present on immune cells. Toll-like receptors 
(TLRs) and nucleotide oligodimerization domain 
(NOD)-like receptors (NLRs) are examples of 
two important PRR families in immune signaling 
[5, 10]. PRR recognition of cognate ligand can 
activate downstream effects such as immune cell 
differentiation and pro-inflammatory cytokine 
production, which initiate or propagate immune 
responses localized around abnormal tissues.

Defining cell death by biomolecular patterns 
has highlighted many different cell death subrou-
tines, which have extended the original apoptosis 
and necrosis dichotomy [11]. This greater level 
of contrast has revealed new opportunities for 
therapeutic intervention, notably in cancer treat-
ment. In this chapter, we discuss how different 
cell death modalities impact host immunosurveil-
lance in the tumor microenvironment. We pay 
particular attention to cell death modalities that 

occur following administration of certain cancer 
therapies.

5.2	 �Tolerogenic Cell Death 
in the Tumor 
Microenvironment

Various elements work in unison to determine 
whether cell death is immunogenic or not. These 
parameters include the inherent antigenicity of 
the dying cell, activation or stress encountered by 
the cell before dying, the properties of the cell 
death-inducing entity, the specific cell death 
pathway engaged, and the availability of immune 
cells [3].

“Physiological” apoptosis evolved to be an 
immunologically silent event characterized by 
absence of “don’t eat me” signals (e.g., CD31 
and CD47), exposure of “eat me” signals (such as 
phosphatidylserine [PS] upon the outer mem-
brane leaf), and release of “find me” signals and 
chemokines (e.g., ATP) into the local environ-
ment [2] (see Table 5.1). Cancer cells can follow 
the same physiological pathway to die, or may 
even begin to mimic aspects of apoptosis (e.g., 
PS exposure [24]), which would result in con-
cealment of immunostimulatory DAMPs and 
immune evasion [24]. Indeed (and often forgot-
ten in tumor biology), tumor cell loss plays a sig-
nificant component in tumor development, with 
higher levels of apoptosis linked to poorer prog-
noses [2]. Apoptosis may also actively recruit 
precursor myeloid cells into the tumor bed 
through “find me” signals (see Fig.  5.1). 
Following the uptake of apoptotic tumor mate-
rial, recruited myeloid cells can differentiate and 
become polarized toward a tolerogenic (M2) 
phenotype. These cells are subsequently well 
positioned to inhibit immunosurveillance [25].

Tumor cell apoptosis may similarly modulate 
dendritic cell (DCs) function in the tumor micro-
environment. DCs are the sentinel APCs of the 
immune system and act as initiators of antigen-
specific T cell responses. When positioned in the 
proximity of dying cancer cell, DCs can take up 
tumor-associated antigens (TAAs) and present 
these to generate T cell-mediated anti-tumor 
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responses. Besides presenting TAAs to T cells, 
DCs must also receive stimuli such as DAMPs or 
PAMPs to stimulate their maturation. This in turn 
allows DCs to upregulate their surface expression 
of co-stimulatory molecules, required to prime 
efficient cytotoxic tumor-targeted T cells. 
However, engulfment of cells undergoing apop-
tosis may actively prevent this DC maturation 
[26], leaving DCs in a tolerogenic, immature 
state [27]. Furthermore, insufficiently activated 
DCs may cross-present antigens derived from 
apoptotic material to CD8+ T cells, which can 
result in immune suppression [28, 29]. This can 
occur in cases where there is an absence of CD4+ 
T cell help.

CD4+ T cells program DCs to correctly prime 
CD8+ cytotoxic T lymphocytes (CTLs) that are 
resistant to activation-induced cell death on anti-
gen reencounter. This checkpoint against poten-
tial CTL-driven autoimmunity is mediated by 
CD40-CD40 ligand interaction between DCs and 

CD4+ T cells [3]. Activation-induced cell death is 
initiated by the death ligand TRAIL (TNF-related 
apoptosis-inducing ligand), which instigates 
apoptosis in sub-optimally primed CTLs and 
other activated T cells. Unlike DCs that engulf 
necrotic cells, DCs that engulf apoptotic cells 
have been shown to present antigen to CD8+ T 
cells, but not to CD4+ T cells [30]. These CD8+ T 
cells were seen to produce TRAIL on reencoun-
ter with the antigen, which blocked cell-mediated 
immune responses from occurring. Accordingly, 
TRAIL-deficient mice are resistant to tolerance 
following injection of apoptotic cells [30].

Apoptosis can also promote tolerance by 
modifying DAMPs. During apoptosis, naturally 
produced reactive oxygen species oxidize a key 
cysteine residue in high-mobility group box 1 
(HMGB1), an immunogenic DAMP. This event 
renders HMGB1 ineffective in promoting 
immune responses [31]. It is likely that other 
immunostimulatory molecules are “silenced” by 

Table 5.1  “Find me” and “eat me” cell signaling

Signal Examples Response to signal References

“Find me” ATP Binds to P2Y2 receptors on myeloid 
cells to stimulate their chemotactic 
recruitment

[12]

UTP As ATP above [12]

Lysophosphatidylcholine Attracts myeloid cells by binding G2A 
receptors on their surface

[13]

CX3CL1 (fractalkine) Attracts myeloid cells by binding 
CXC3CR1 receptors on their surface

[14]

“Eat me” Phosphatidylserine Mediates removal of apoptotic corpses 
by myeloid cells without activating 
inflammatory response

[15]

Calreticulin Binds CD91 on APCs to stimulate 
cytokine production

[16, 17]

Annexin 1 Facilitates apoptotic cell engulfment [18]

eIF3a Externalised on apoptotic cells and 
binds macrophages to facilitate 
engulfment

[19]

“Don’t eat me” CD31 Inhibits engulfment by transmitting 
detachment signals to phagocytes; loses 
this function during normal apoptosis

[20]

CD47 Interacts with SIRP-alpha on 
macrophages to initiate inhibitory 
signaling and prevent phagocytosis

[16, 21]

PTX3 Binds late apoptotic cells, inhibits DC 
uptake to reduce risk of autoimmunity

[22, 23]

ICD immunogenic cell death, eIF3a eukaryotic translation initiation factor 3, DC dendritic cell
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ROS, or by other means, as a safeguard against 
autoimmunity. However, these safety mecha-
nisms could be potentially hijacked by tumor 
cells.

The release of immunosuppressive mediators 
by cells undergoing apoptosis, or by cells that 
have uptaken apoptotic material, is an additional 
mechanism to ensure a tolerogenic microenvi-
ronment. Intravenous infusion of apoptotic cells 
in  vivo induces an expansion of Tregs that 
appears to be TGF-β-dependent [32, 33]. 
Lymphocytes dying by apoptosis can produce 
immunosuppressive cytokines such as IL-10 and 
TGF-β [34–36], although whether this is true for 
apoptotic tumor cells is less clear. Nonetheless, 

immunosuppressive cytokine production follow-
ing apoptosis is observed from macrophages or 
DCs that have phagocytozed apoptotic cells. 
Macrophages have been shown to produce TGFβ, 
IL-10, and several lipid mediators when they 
come into contact with apoptotic cells [3, 37–39], 
whereas proinflammatory cytokine gene expres-
sion is inhibited [40]. Moreover, because produc-
tion of immunosuppressive mediators can induce 
Foxp3+ regulatory T cells (Treg), positive rein-
forcement of intratumoral immunosuppression 
can occur [41–43]. Besides prominent immuno-
suppressive cytokines, ecto-ATPases exposed or 
secreted by tumor cells (such as CD39 or CD73) 
can similarly expand Treg populations. These 

Fig. 5.1  Tolerogenic cell death in the microenvironment 
of tumors. Apoptosis of cancer cells can induce a local 
state of tolerance that enables tumors to escape immuno-
surveillance. Antigen presenting cells (APCs) such as 
dendritic cells (DCs) are drawn to apoptotic cells in tumor 
beds via sensing their surface exposure of phosphatidyl-
serine (PTS) or following their release of “find me” sig-
nals such as ATP. “Find me” signals cause mobile 
phagocytic cells to migrate as a whole (chemotaxis) or 
extend parts of the cell (chemotropism) toward the dying 
cell. APCs subsequently take up apoptotic debris and 

associated tumor antigens. Following migration to drain-
ing lymph nodes (dLN) DCs can present these antigens to 
CD8+ T lymphocytes, but in the absence of costimulation. 
This causes priming of “helpless” cytotoxic lymphocytes 
that are unable to successfully attack tumors, and which 
are highly susceptible to TRAIL-mediated activation-
induced cell death. Apoptotic debris can also induce the 
differentiation of myeloid cells into tolerogenic M2 mac-
rophages, which in turn can drive regulatory CD4+ T cell 
(Treg)-mediated immunosuppression through their pro-
duction of the cytokines TGF-β and IL-10
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enzymes consume immunogenic extracellular 
ATP, and can increase immunosuppressive ade-
nosine levels in the microenvironment [44–46].

5.3	 �Immunogenic Death 
of Cancer Cells

Although apoptosis is considered an immunologi-
cally “silent” event, certain stimuli can induce non-
classical subtypes of apoptosis that cause immune 
responses against components of the dying cell. 
Chemotherapeutic agents and radiotherapy are 
well-studied inducers of these cell death modalities 
(Table 5.2). Several studies have revealed responses 

to chemotherapy are often more efficient in immu-
nocompetent than immunodeficient hosts, this 
being valid in both mouse [44, 47] and clinical [55] 
studies. Additionally, in vivo injection of murine 
cancer cells previously treated with anthracyclines, 
oxaliplatin, or UVC irradiation, confers long-term 
immune-mediated protection against challenge 
with live cancer cells of the same type [17, 48]. 
These findings suggested chemotherapy-induced 
tumor cell death engages immune cells to propa-
gate anti-tumor immunity.

Studies of the events following the immuno-
genic cell death (ICD) have identified subtle 
molecular and metabolic signals (e.g., DAMPs) 
that stimulate APCs to promote immune 

Table 5.2  Inducers of immunogenic and non-immunogenic cell death

Group Inducer Mechanism of action References

ICD induction Anthracyclines Exposure causes dying cancer 
cells to induce protective immune 
responses in vivo, in absence of 
adjuvants. Induces exposure of 
CRT, ATP, HMGB1, type I IFN

[4, 17, 44, 47–49]

Oxaliplatin Similar to anthracyclines above, 
induces bona fide ICD

[4, 47, 50]

Cardiac glycosides Induce CRT, ATP, HMGB1 
exposure following ER stress and 
autophagy induction

[51]

Cyclophosphamide Cyclophosphamide derivative 
mafosfamide can promote CRT 
exposure and HMGB1 release.

[52]

Irradiation Ionizing irradiation with UVC 
light or gamma-rays causes CRT 
exposure and HMBG1 and ATP 
release

[4, 17, 47]

Non-ICD inducers Cisplatin Unlike oxaliplatin, fails to induce 
CRT exposure on killing cancer 
cells, and hence does not induce 
anticancer immunity. Can be 
combined with other agents, such 
as cardiac glycosides or 
thapsigargin, to induce ICD

[50, 51, 53]

Mitomycin C A DNA-damaging anticancer 
agent that fails to induce 
ICD. Absorption of recombinant 
CRT to cells dying by mitomycin 
C can restore ICD

[4, 17, 54]

Etoposide Fails to induce ICD on its own. 
Similarly to the case with 
mitomycin C, absorption of 
recombinant CRT to dying cells 
can restore ICD

[17]

ICD immunogenic cell death, CRT calreticulin, IFN interferon, HMGB1 high-mobility group box 1
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responses. DCs act as the central immune cell 
able to sense and transform cell death signals into 
anti-tumor T cell responses. A population of 
CD11c+CD11b+Ly6Chi myeloid precursor cells 
(characteristic of inflammatory monocytes) have 
been shown to be the precursors to intratumoral 
DCs following ICD-inducing chemotherapy. 
This precursor population accumulates in tumor 
beds following anthracycline treatment, and 
appears particularly efficient at engulfing dying 
tumor cells and presenting TAAs to CD8+ T cells 
[56]. Intratumoral accumulation of this myeloid 
population appears dependent upon the release of 
ATP from cells dying by ICD, as this process 
fails to occur in murine tumors engineered to 
overexpress the ecto-ATPase CD39. Subsequent 
studies have revealed that intratumoral accumu-
lation of CD11c+CD11b+Ly6ChiMHCII+ myeloid 
cells post anthracycline chemotherapy also 
requires Ccl2 chemokine signaling, since neo-
plasms growing in mice deficient for Ccl2 fail to 
recruit this population post treatment [57]. 
Interestingly, the same study identified that drain-
ing lymph nodes are dispensable for the priming 
and proliferation of antigen-specific immunity 
post anthracycline chemotherapy [57]. 
Intratumoral accumulation of myeloid precursor 
cells has been corroborated in a taxane-based 
chemotherapy setting [58].

Antineoplastic chemotherapeutic agents can 
alter the immune infiltrate of tumors, the charac-
teristics of which often determine therapeutic 
outcome. A good example is how certain anti-
cancer agents increase the ratio of CTLs to 
Foxp3+ Tregs, which often correlates with favor-
able therapeutic responses [59]. Of the various T 
cell populations, CTLs and CD4+ T helper (Th)1 
cells, prominent producers of the cytokine inter-
feron (IFN)-γ, are key mediators of tumor eradi-
cation. The role that interleukin (IL)-17 
producing T cells (e.g., Th17) play post chemo-
therapy is less well understood. IL-17A produc-
tion by γδ T cells appears to be a key component 
for optimal anticancer responses following ICD-
inducing chemotherapy or radiotherapy [60, 61]. 
Tumor infiltration by this innate lymphocyte 
population was demonstrated as a prerequisite 
for subsequent accumulation of tumor-killing 

CD8+ αβ T cells. Before triggering this immune 
response, the γδ T cells first required activation 
by the pro-inflammatory cytokine IL-1β [49, 
60]. The indispensable role of the cytokines 
mediating this cascade of events following ICD 
has been confirmed in experimental settings 
using either neutralizing antibodies, or through 
knockout of the genes encoding the cytokines 
(Il1b, Il17a, Ifng) and their receptors (Il1r, Il17r, 
Ifngr) [17, 44, 49, 56, 60]. TNF-α signaling does 
not appear to contribute to the antineoplastic 
effects of anthracycline chemotherapies in 
murine tumor models [62].

Several subtle biochemical changes in the 
plasma membrane and microenvironment of 
dying cells drive anti-tumor immunity through 
PRRs of innate immune cells. These prominent 
hallmarks of ICD include ER stress and calretic-
ulin (CRT) exposure, the release of HMGB1, the 
autophagy-dependent release of ATP, and viral 
mimicry that induces type I IFN signaling.

5.3.1	 �ER Stress and Calreticulin 
Exposure

An early event required for immune stimulation 
following ICD is the exposure of CRT on dying 
cells [17]. CRT is present in high concentrations 
in the endoplasmic reticulum (ER) lumen, as well 
as other subcellular compartments. Following 
exposure to certain ICD-inducing chemothera-
pies (e.g., anthracyclines), malignant cells 
undergo a rapid phase of intense ER stress. ER 
stress may be defined as a disturbance in the 
homeostatic protein processing function of the 
ER, caused by an imbalance between protein 
folding load and capacity [9]. To fully activate 
danger signaling, the overproduction of ROS 
likely synergizes with the cellular response to ER 
stress since optimal immunogenicity of ICD 
requires the combination of these two factors 
(indeed, ICD is reduced in the presence of anti-
oxidants [54]) [9]. Downstream of these events 
occurs an increase in the cytoplasmic Ca2+ con-
centration and activation of the protein kinase 
PERK (protein kinase RNA-like ER kinase). 
Activated PERK phosphorylates the eukaryotic 
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translation initiation factor 2α (eIF2α), which in 
turn results in a halt in protein translation. These 
processes are necessary for the successful propa-
gation of ICD, since siRNA-mediated downregu-
lation of PERK, knock-in of a 
non-phosphorylatable variant of eIF2α, or the use 
of intracellular Ca2+ chelators, each prevent the 
anthracycline-induced exposure of CRT and thus 
immunogenicity [63]. Subsequent to these events, 
downstream activation of caspase-8 along with 
the pro-apoptotic proteins BAX and BAK occurs, 
these latter two proteins playing a central role in 
mitochondrial outer membrane permeabilization. 
Finally, anterograde transport of CRT from the 
ER to the Golgi apparatus takes place, which 
allows exocytosis of CRT-containing vesicles to 
the cell surface membrane [4, 54]. External cell 
membrane exposure of CRT appears only to 
occur with ICD-inducing anticancer therapies, 
although the exact intracellular molecules and 
signaling pathways required for CRT transloca-
tion appear to be heterogeneous and dependent 
on the particular ICD trigger [4]. Additionally, 
any inhibition of CRT exposure through blocking 
antibodies or CRT transcript knockdown abro-
gates anthracycline immunogenicity, highlight-
ing the key requirement of this process to ICD 
[17].

Recent studies have shown that the chemokine 
CXCL8 (better known as IL-8), and its mouse 
ortholog CXCL2, are also involved in the translo-
cation of CRT to the outer leaflet of the plasma 
membrane [64]. Treatment with the ICD-inducing 
agent mitoxantrone stimulates human cancer 
cells to produce CXCL8 in  vitro, and murine 
tumors to produce CXCL2 in vivo. In addition, 
mitoxantrone-induced CRT exposure is dimin-
ished if the receptors of CXCL8 (CXCR1) or 
CXCL2 (CXCR1 and CXCR2) are knocked 
down in human or murine cancer cells, respec-
tively. Knockdown of the receptors for CXCL2 
was also observed to reduce the immunogenicity 
of mitoxantrone-treated dying tumor cells 
in  vivo, which could be restored if exogenous 
CXCL2 was provided [64].

The exposure of CRT on the cell surface of 
dying tumor cells couples to induction of anti-
tumor immune responses by acting as an “eat 

me” signal to APCs such as DCs (Fig.  5.2). 
Recognition of CRT and engulfment of CRT-
exposing cells can occur through the transmem-
brane receptor CD91. On binding to CD91, CRT 
stimulates APCs to produce proinflammatory 
cytokines, such as TNF-α and IL-6, which facili-
tate antigen presentation and T cell responses. 
ICD-induced CRT exposure precedes PS expo-
sure at the cell surface. Although both act as “eat 
me” signals, whereas CRT is required for immu-
nogenicity of this death process, PS mediates the 
removal of apoptotic corpses without activating 
inflammatory or immune responses [17]. Also 
worth mentioning here is that in addition to CRT 
exposure, a co-translocation of the ER-sessile 
disulphide isomerase ERp57 occurs to the cell 
surface. Unlike CRT, ERp57 is however, per se, 
unable to exert pro-immunogenic effects [63].

Opposing the “eat me” signals that occur on 
ICD, other membrane molecules externally co-
expressed on cancer cells can inhibit phagocytosis 
by APCs. An example here is CD47 that acts as a 
“don’t eat me” signal. Indeed, antibody blockade 
of CD47 increases phagocytosis of tumor cells by 
APCs, and helps initiate anti-tumor CTL 
responses [65]. CRT exposure (and the balance 
between surface expression of CRT and CD47) 
appears also to correlate favorably with the con-
trol of various human cancers, including acute 
myeloid leukemia [66], non-Hodgkin lymphoma 
[67], and colorectal cancer [68].

5.3.2	 �HMGB1 and TLR4

A second hallmark contributor to ICD is the 
release of HMGB1 from dying cells, and its sens-
ing by TLR4 on APCs (Fig. 5.2). TLR4 is best 
characterized as a member of the TLR family of 
PRRs evolutionarily conserved for the detection 
of lipopolysaccharide (LPS) constructs present in 
Gram-negative bacteria [5, 10]. TLR4 pathway 
activation results in a potent immune cell produc-
tion of proinflammatory cytokines. Three lines of 
evidence have demonstrated the important role of 
TLR4  in ICD: (a) expression of TLR4 (and its 
adaptor MyD88) is required by DCs for immune 
responses against dying cells in  vivo following 
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treatment with certain chemotherapies or radio-
therapy; (b) the nonhistone chromatin protein 
HMGB1 released by dying tumor cells prompts 
DC processing and cross-presentation of TAAs 
through its ligating and triggering of TLR4; (c) 
node-positive breast cancer patients carrying a 
TLR4 loss-of-function allele relapse faster post 
radiotherapy or chemotherapy compared to 
patients carrying the normal TLR4 allele [47].

In support of these findings, a high-potency 
and exclusive TLR4 agonist has been shown to 
improve the immunogenicity and efficacy of 
chemotherapy against tumors with low expres-
sion of HMGB1, or in tumors where HMGB1 
is depleted by RNA interference [69]. 

Furthermore, the natural TLR4 ligands deriv-
ing from gut commensals can determine the 
efficacy of chemotherapy, since eliminating 
this source of bacterial TLR4 ligands through 
treating mice with antibiotics (or in germ-free 
settings) inhibits the anti-tumoral efficacy of 
oxaliplatin as well as the activation and 
responses of tumor-infiltrating myeloid-
derived cells [70]. Finally, some immunothera-
pies may rely on HMGB1/TLR4 signaling for 
their efficacy; an example being the therapeu-
tic effect of anti-HER2/neu antibodies, which 
have been described to occur through host 
Myd88 and tumor-derived HMGB1 in  vivo 
[71].

Fig. 5.2  Induced immunogenic cell death in the tumor 
microenvironment. Exposure of tumor cells to certain 
forms of chemotherapy or γ-ray irradiation induces a pat-
tern of cell death that stimulates anti-tumor host immune 
responses. This immunogenic cell death (ICD) is charac-
terized by an ER stress response that results in the expo-
sure of calreticulin (CRT) on the cell surface membrane 
of the dying cell, the release from dying cells of HMGB1 
and ATP.  These molecules interact with CD91, TLR4, 
and P2RX7 receptors, respectively, on antigen-presenting 

cells such as dendritic cells (DC), which can derive from 
myeloid precursors recruited by CCL2 and ATP signaling 
post treatment. This results in maturation of DCs and their 
secretion of pro-inflammatory cytokines such as IL-6 and 
TNF-α. This inflammatory environment, alongside the 
uptake by mature DCs of tumor antigens, helps to drive 
anti-tumor T cell responses. The resulting T cells can be 
attracted into tumor beds via tumor cell secretion of the 
chemokine CXCL10, which results from autocrine and 
paracrine type I IFN signaling among tumor cells post 
chemotherapy
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5.3.3	 �Release of ATP by Dying Cells 
and Autophagy

Besides TLR4 signaling, another PRR family, the 
inflammasomes, also contribute to ICD. 
Inflammasomes are an intracellular assembly of 
activated proteins, enzymes, and adaptor mole-
cules that form a danger-sensing apparatus that 
may be actuated by PAMPs, or DAMPs such as 
uric acid and changes in K+ ion concentration [6, 
72]. The outcome of inflammasome assembly and 
triggering following such stimuli is the down-
stream activation of caspase-1, which in turn pro-
teolytically matures pro-IL-1β to active IL-1β. 
Release of IL-1β following its generation enables 
it to act its role as a potent pro-inflammatory cyto-
kine, and a critical mediator of ICD.

NLRP3 inflammasome activation has been 
shown to be a key factor in ICD, since mice defi-
cient for the inflammasome component genes 
Nlrp3 and Casp1 fail to generate ICD post oxali-
platin chemotherapy [49]. The mechanism behind 
this component of ICD was identified to be the 
release of ATP from dying or stressed cells, 
which activates the inflammasome within DCs 
indirectly through P2RX7 receptors present on 
DC surface membranes. This enabled DC release 
of IL-1β, necessary for the priming of IFN-γ-
producing tumor-specific CD8+ T cells. Notably, 
it appears probable that activation of other PRRs 
(e.g., TLR4 activation by HMGB1) is a co-
requirement to establish this immune response.

ATP release in response to ICD-inducing che-
motherapy was later found to be under the con-
trol of autophagy during the dying process [44]. 
Unlike autophagy-competent cancer cells, those 
made autophagy-deficient were seen to have 
reduced release of ATP when undergoing cell 
death and, when implanted into mice, the result-
ing tumors failed to attract T lymphocytes and 
APCs into the tumor bed [44]. These deficiencies 
could however be reversed by pharmacological 
inhibition of extracellular ATP-degrading 
enzymes, which helped to boost ATP concentra-
tions in the tumor microenvironment.

ATP is a potent chemoattractant for DCs and 
scavenging macrophages, stimulating these 
myeloid immune cells via their membrane-
expressed P2RY2 and P2RX7 purinergic receptors. 

Indeed, the early tumor infiltration of myeloid pre-
cursor cells observed following anthracycline che-
motherapy is abolished in the presence of a 
broad-spectrum purinergic receptor inhibitor or if 
local extracellular concentrations of ATP are 
decreased by overexpression of the ecto-ATPase 
CD39 [56]. Such events following ICD may deter-
mine the ensuing microenvironment of tumors, 
since ATP concentration (and presumably puriner-
gic receptor signaling) might dictate whether 
myeloid precursors preferentially differentiate 
towards DCs as opposed to granulocytes (which 
are hypothesized under some situations to be detri-
mental to tumor control) [56]. These studies also 
suggest a potential immunosurveillance-escape 
strategy for cancer cells, where they may be able to 
negatively regulate intrinsic autophagic processes 
(and thus potentially ATP production if this pre-
cedes cell death). In accord with this, autophagy is 
often disabled during early oncogenesis [73], and 
the expression of ecto-ATPases by triple negative 
breast cancers promotes poor prognosis [74].

5.3.4	 �Viral Mimicry and the Release 
of Type I IFN

The ICD activity of anthracycline and oxaliplatin 
chemotherapies may also rely on type I IFN signal-
ing. It has been identified that type I IFN signaling 
takes place in neoplastic cells rather than host cells 
following ICD-inducing chemotherapy [75]. 
Anthracycline and oxaliplatin were each seen to 
stimulate a rapid production of type I IFNs from 
malignant cells, an effect that was dependent on 
stimulation of the endosomal PRR TLR3. The pre-
cise anthracycline-elicited ligand(s) responsible for 
TLR3 stimulation in this scenario remains to be 
determined, though one could postulate that this is 
a dysregulated structure of self RNA released from 
stressed or dying cancer cells. Indeed, other DNA-
damaging agents have been shown to generate 
double-stranded RNA molecules that trigger 
TLR3-dependent cytokine secretion [76]. 
Subsequent autocrine and paracrine signaling of 
type I IFNs appears to induce the production of the 
chemokine CXCL10, a potent chemoattractant that 
recruits T lymphocytes into the tumor bed. This 
cascade of events post anthracycline chemotherapy 
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is supported by findings that tumors deficient for 
the genes encoding TLR3 or the type I IFN recep-
tor are not controlled unless the subsequent steps in 
the cascade, type I IFN and CXCL10 respectively, 
are artificially provided [75]. In line with this 
experimental setting, the expression of MX1 by 
tumor cells (a prominent signature gene down-
stream of type I IFN signaling) predicts metastasis-
free survival in neoadjuvant chemotherapy in 
breast carcinoma patients with poor prognosis [75].

It has similarly been shown that ionizing 
radiation-mediated tumor regression depends 
upon type I IFN signaling [77], this setting requir-
ing the adaptor protein STING, but not MyD88 
[78]. STING signaling was required for type I 
IFN production by DCs following their sensing of 
irradiated-tumor cells, which occurred through 
the cytosolic DNA sensor cyclic GMP-AMP syn-
thase (cGAS). Addition of exogenous type I IFN 
was able to rescue DC cross-presentation of TAAs 
in settings where cGAS- or STING-deficient DCs 
were used. This signaling cascade in DCs was 
essential for radiation-induced adaptive immune 
responses, which could be further enhanced by 
activating STING with a second messenger cyclic 
GMP-AMP during radiotherapy [78]. 
Programmed death ligand-1 (PD-L1) blockade 
may synergize with radiotherapy in this context to 
control both local and distant tumors, an effect 
mediated by CD8+ T cells and a reduced myeloid-
derived suppressor cell (MDSC) numbers within 
the tumor microenvironment [79, 80].

Induced expression of IFN-stimulated genes, 
and sensing through TLR3, are characteristic of the 
cellular response to viral infection [81]. Such “viral 
mimicry” appears to constitute an important attri-
bute of successful chemotherapy and radiotherapy. 
Indeed, viruses also trigger ER stress and autoph-
agy [73], which, as we have already mentioned, are 
important for chemotherapy-induced ICD.

5.4	 �Manipulating Cell Death 
for Therapeutic Control 
of Cancer

ICD can be visualized as initiating a cascade of 
defined biochemical changes and immune/inflam-
matory signaling pathways (as summarized in 

Fig.  5.2). However, not many chemotherapeutic 
treatments are able to induce ICD, instead promot-
ing other cell death modalities such as apoptosis. 
Screening of 24 distinct cytotoxic chemotherapies 
revealed that only 4 of these induce protective anti-
cancer immune responses in vivo, whereas all 
agents resulted in equivalent apoptosis of target 
cells [17]. These immunogenic agents included 
the three anthracyclines doxorubicin, idarubicin, 
and mitoxantrone, and the platinum compound 
oxaliplatin (of note, the structurally-related plati-
num compound cisplatin does not induce CRT 
exposure; Table 5.2). Each of these four anti-neo-
plastic agents induces the key hallmarks of ICD 
following exposure to tumor cells (i.e., CRT expo-
sure, and release of ATP and HMGB1 during the 
dying process). Interestingly, by running numer-
ous FDA-approved drugs through a screening plat-
form able to detect ICD-induced biochemical 
changes, novel compounds have been identified 
that may prove to be promising adjunctive thera-
pies in cases where standard cancer treatments are 
inadequately immunogenic [51]. Notably, cardiac 
glycosides (e.g. digoxin, digitoxin) were found to 
be a drug class particularly efficient at inducing 
ICD.  Cardiac glycosides may induce ICD by 
inhibiting surface membrane Na+,K+-ATPase 
pumps, which results in a Ca2+ influx into cancer 
cells that can have proapoptotic and proimmuno-
genic effects [51].

Theoretically then, it would seem possible, in 
cases where ICD is absent, to design strategies 
that make therapeutic tumor cell death immuno-
genic—for example through administration of 
adjunctive treatments. Conceivable compensa-
tory strategies might include the intratumoral 
administration of agents that induce ER stress. 
Treatment with thapsigargin (an inhibitor of the 
sarco/ER Ca2+ -ATPase), or enforced reduction 
of ER Ca2+ levels through overexpression of the 
Ca2+ channel reticulon 1C, can each restore CRT 
translocation in cases where CRT is absent fol-
lowing chemotherapy [53, 82]. In addition, inhib-
itors of the GADD34/PP1 complex (which forms 
a phosphatase of eIF2α) increase the rate of 
PERK-dependent eIF2α phosphorylation, thus 
promoting CRT surface exposure [83]. The pro-
teasome inhibitor bortezomib can also facilitate 
immunogenic death of human tumors. 
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Bortezomib induces premortem stress in cancer 
cells and surface exposure of CRT and Hsp90, 
which enables phagocytosis via CD91 and poten-
tial propagation of anti-tumor immune responses 
by DCs [84, 85].

Similarly, administration of TLR4 agonists 
may prove to be a useful adjunctive compensa-
tion therapy. Tumors exhibiting weak expression 
of nuclear HMGB1 respond to chemotherapy 
more effectively if combined with a local or sys-
temic administration of highly purified TLR4 
agonists [69]. Strategies to increase local concen-
trations of ATP (e.g., through use of ectonucleo-
tidase inhibitors), or replacing this signal through 
purinergic receptor agonists, might also promote 
immunogenicity of a non-ICD-inducing agents 
[44]. Intratumoral therapies of recombinant cyto-
kines, for example IL-1β or IL-17, may be effec-
tive if their production by immune cells within 
the tumor is low or absent. Similarly, patients 
with molecular defects in any of the molecules 
involved or downstream of TLR3-induced type I 
IFN-dependent signaling may benefit from tar-
geted delivery of type I IFN or CXCL10 along-
side anthracycline treatment [75, 86]. Finally, 
with the aforementioned discovery that cardiac 
glycosides induce ICD, adjunctive administra-
tion of cardiac glycosides could prove to be the 
most reachable future strategy [51].

Blocking the immunosuppressive tumor 
microenvironment could provide an alternative 
strategy. Targeting potent immunosuppressive 
cytokines is likely to be the most effective and 
tangible approach here, perhaps with intratumoral 
injection of IL-10- or TGF-β-neutralizing anti-
bodies should these become clinically available. 
Since the rebooting of anti-cancer T cell responses 
following ICD induction, combination of ICD 
inducers with immune checkpoint inhibitors (e.g., 
blockade of CTLA-4 and the PD-1/PD-L1 axis) 
may provide another promising intervention.

5.5	 �Conclusions

The evolution of the immune system to discrimi-
nate between physiological and pathological 
instances of cell death, and to perceive cellular 

demise as immunogenic or tolerogenic, is pivotal 
to homeostasis and host defense. In this chapter, we 
have described how cancer cells can manipulate 
apoptosis to induce tolerance and evade immuno-
surveillance. On the other hand, we have discussed 
how ICD can be used therapeutically to induce 
durable immune responses that target and eradicate 
tumors. ICD is defined by set spatiotemporal com-
binations of DAMPs that are decoded by PRRs on 
immune cells to (re)activate an antitumor immune 
response, and to avoid further induction of toler-
ance. For this process to operate efficiently, certain 
prerequisites must be met. These include: (i) that 
cancer cells emit all the signals required for cell 
death to be interpreted as immunogenic, (ii) that 
immune cells have or maintain the capacity to 
properly recognize and decode such signals, and 
(iii) that the host immune system is able to translate 
these signals into a robust cell-mediated immune 
response. The identification and clinical develop-
ment of agents and strategies that fulfill these crite-
ria could revolutionize how we treat cancer.
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