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Immunogenic cell stress and death
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Dying mammalian cells emit numerous signals that interact with the host to dictate the immunological correlates of cellular
stress and death. In the absence of reactive antigenic determinants (which is generally the case for healthy cells), such signals
may drive inflammation but cannot engage adaptive immunity. Conversely, when cells exhibit sufficient antigenicity, as in the
case of infected or malignant cells, their death can culminate with adaptive immune responses that are executed by cytotoxic
T lymphocytes and elicit immunological memory. Suggesting a key role for immunogenic cell death (ICD) in immunosurveil-
lance, both pathogens and cancer cells evolved strategies to prevent the recognition of cell death as immunogenic. Intriguingly,
normal cells succumbing to conditions that promote the formation of post-translational neoantigens (for example, oxidative
stress) can also drive at least some degree of antigen-specific immunity, pointing to a novel implication of ICD in the etiology of

non-infectious, non-malignant disorders linked to autoreactivity.

ammalian cells respond to microenvironmental per-

turbations by activating signaling pathways that (at

least initially) attempt to restore cellular homeostasis'.
However, when such perturbations exceed cellular repair capaci-
ties in magnitude or duration, the same molecular cascades that
initially support cytoprotection shift to a cytotoxic mode and
ultimately promote regulated cell death (RCD). Depending on
multiple parameters (for example, nature of the initiating pertur-
bation, genetic/epigenetic cellular profile), RCD can proceed via
distinct mechanisms’. Thus, while most human and mouse cells
exposed to tumor necrosis factor (TNF) succumb to caspase 3
(CASP3)-dependent apoptosis, specific cell lines, such as mouse
1929 fibroblasts, activate an alternative RCD mechanism com-
monly known as necroptosis’. Importantly, along with the evolution
of multicellularity, the signaling pathways involved in adaptation
to stress—be it successful (that is, recovering homeostasis) or not
(that is, culminating with RCD or other terminal fates like cellular
senescence)—have extended their reach beyond the domain of sin-
gle cells and have acquired the capacity to inform the host about a
potential danger'.

Specifically, stressed and dying mammalian cells release numer-
ous bioactive molecules, including small metabolites (for example,
ATP), nucleic acids (for example, mitochondrial DNA), proteins
(for example, cytokines and damage-associated molecular patterns,
DAMPs) and lipids (for example, oxidized cardiolipin), that inter-
act with the immune system to dictate the immunogenic correlates
of cellular stress and death®*. Notably, some RCD variants, such as
CASP3-dependent apoptosis, tend to occur in an immunologically
silent manner, while others, such as necroptosis, generally have pro-
nounced inflammatory potential’. However, the ability of specific
instances of RCD to elicit bona fide adaptive immunity targeting
dead-cell-associated antigens depends on multiple factors other
than the specific pathway precipitating cellular demise®.

In 2005, the concept of ICD was introduced to differentiate cases
of RCD that drive antigen-specific immune responses culminating

in immunological memory from (1) (generally necrotic) RCD
instances that only engage innate immune mechanisms (falling
within the broad concept of ‘necroinflammation’)’, and (2) (gener-
ally apoptotic) RCD cases that elicit active immunosuppression'.
This term is now widely employed in the scientific literature and
has recently been used to define the mode of action of two antican-
cer agents approved for use in humans, belantamab mafodotin'' and
lurbinectedin'>". Indeed, various treatments commonly employed
for cancer management—including specific chemotherapeutics,
radiation therapy (RT) and some targeted anticancer agents'*'*—
cause bona fide ICD and hence engage tumor-targeting immune
responses in support of treatment efficacy. RCD driven by infec-
tion is also highly immunogenic, and not only pathogens but also
malignant cells harness various strategies to subvert the emission
or detection of ICD-relevant signals to evade immunosurveillance®.
These observations point to ICD as a highly desirable event in the
context of malignant and infectious disorders. However, accumu-
lating evidence suggests that normal cells succumbing to specific
insults may also elicit antigen-specific immune responses that con-
tribute to disease etiology, pointing to a novel implication for ICD
in (at least some) non-infectious, non-malignant disorders linked to
autoreactivity'” (Box 1).

Here, we critically discuss key events linking intracellular stress
responses to the sensing of RCD as immunogenic, while empha-
sizing their subversion by malignant cells and pathogens during
immunoevasion. We also propose a possible scenario for the evolu-
tion of ICD, suggest potential strategies to reinforce or restore ICD
for therapeutic purposes and summarize emerging data on the role
of ICD in non-infectious, non-malignant disorders associated with
autoreactivity.

Hallmarks of ICD: antigenicity, adjuvanticity and
environment

Immunogenicity arises from two factors: antigenicity and adjuvan-
ticity. Moreover, adaptive immune responses driven by ICD can be
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Box 1| Potential implication of ICD in non-infectious,
non-malignant disorders

Autoimmune disorders originate as a loss of peripheral tolerance
to antigens expressed by healthy cells*’!. While multiple mecha-
nisms may account for such an immune reactivation against
normal tissues, including the loss of specific T, cells*”, the ef-
ficient priming of naive T cells requires robust co-stimulation
by APCs'. Consistent with this notion, pathogen infection has
been linked to the development of autoimmunity in a variety of
settings™>***. However, other autoimmune syndromes like viti-
ligo do not appear to involve an infectious component as part of
the etiology of the disease’”, strongly pointing to the implica-
tion of endogenous DAMPs and hence (probably limited levels
of) ICD in the priming of melanocyte-specific CTLs. Whereas
formal evidence in support of this notion is missing, it is interest-
ing to note that bona fide autoimmunity as well as various other
disorders involving some degree of autoreactivity (for example,
some forms of cardiomyopathy, metabolic syndrome)*** may not
necessarily involve the loss of peripheral tolerance to purely ‘self’
antigenic determinants. Rather, insults associated with disease
pathogenesis (for example, oxidative stress, hyperglycemia) may
promote the enzymatic or non-enzymatic alteration of endog-
enous proteins to generate bona fide post-translational neoanti-
gens that are not covered by central tolerance’’.

Irrespective of the precise antigenic determinants
underlying non-malignant, non-infectious conditions linked
to autoreactivity, accumulating evidence points to at least some
degree of involvement for ICD and endogenous DAMPs in the
etiology of these disorders*”’. For instance, type I IFN signaling
downstream of IRF3 activation has been shown to mediate
detrimental effects not only in inflammatory pathologies like
Aicardi-Goutiéres syndrome**, but also in the context of
myocardial infarction (at least in mice)****’. Along similar
lines, deregulated P2RX7 activation as a consequence of local
ATP release has been mechanistically linked to the immune
response, polarized by type 17 helper T cells, in the adipose
tissue that accompanies obesity**, as well as to detrimental
inflammatory reactions to stroke*"”. Finally, autoantibodies or
T cells against virtually all DAMPs involved in the sensing of
RCD as immunogenic, including calreticulin (CALR)**, PDIA3
(refs. 2*427), ANXAT1 (refs. >***) and HMGBI (refs. ***!), have
been documented in people with autoimmune or autoreactive
conditions.

Taken together, these observations suggest that ICD may
contribute to the etiology of non-infectious, non-malignant
disorders that emerge in the context of at least some degree of
autoreactivity. Additional investigation is required to generate
formal evidence in support of this contention.

properly executed only in the presence of permissive microenviron-
mental conditions® (Fig. 1).

The mature conventional af T cell repertoire can recognize only
peptides that are presented on autologous MHC class I and II mol-
ecules, implying that such peptides must structurally differ, at least
to some degree, from peptides presented on the surface of healthy
cells'. Accordingly, adaptive immunity driven by ICD is only pos-
sible when the immunopeptidome of dying cells contains such pep-
tides to display sufficient antigenicity. This is obviously the case with
infected cells, largely reflecting the abundant expression of foreign
proteins encoded by the pathogen genome'. Malignant cells can
also express genetically encoded antigens not covered by peripheral
and central tolerance, either as a consequence of somatic mutations
that generate novel antigenic determinants (‘tumor neoantigens’)
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or upon the derepression of genes normally silenced in the adult
(‘oncofetal antigens’)*’. Moreover, cancer cells can be recognized by
mature T cells when they express lineage-specific antigens that are
shared with normal cells but are covered by leaky peripheral tol-
erance (and hence are prone to driven autoimmune responses)®.
These antigens may be more clinically relevant than previously
thought, possibly explaining why neoplasms originating from
stem cells that also generate adult tissues that are dispensable for
organismal survival (for example, melanocytes, thyrocytes) exhibit
superior curability”. Finally, the immunopeptidome of malignant
cells can comprise novel antigenic determinants that are formed by
enzymatic and non-enzymatic post-translational modifications of
genetically normal proteins, including oxidized, phosphorylated
and citrullinated antigens®"*.

Notably, cellular stress induced by chemotherapy, RT and
targeted anticancer agents can also alter the immunopepti-
dome, not only by causing mutations that may ultimately gen-
erate additional neoantigens, but also (more commonly) by (1)
favoring the expression of otherwise silenced genes containing
non-synonymous mutations*** or otherwise non-transcribed
RNAs encoding ‘cryptic’ peptides that appear to incorporate into
nascent MHC class I molecules with high efficacy’>*; and (2) by
altering signal transduction pathways that may ultimately gener-
ate post-translational neoantigens”. Moreover, both immunogenic
chemotherapy and RT can upregulate the expression of MHC class
I and II molecules on the surface of tumor cells, thus enhancing
their antigenicity®**.

Antigenicity is not sufficient to elicit adaptive immunity. Rather,
the presentation of antigenic peptides to T cells in the absence of
co-stimulatory signals generally results in T cell anergy linked to
peripheral tolerance®. Importantly, the ability of antigen-presenting
cells (APCs) to provide co-stimulation and proinflammatory cyto-
kines in support of T cell priming originates from the ability of APCs
to take up antigenic material for presentation as they gauge the
microenvironment for signals of danger®'. In the context of pathogen
infection, such signals are provided by so-called microbe-associated
molecular patterns (MAMPs), which are broadly conserved compo-
nents of bacteria and viruses that are not shared with mammalian
cells, such as lipopolysaccharide (LPS) and double-stranded RNA
(dsRNA)*>*. Conversely, malignant cells experiencing immuno-
genic stress and death drive APC maturation by emitting a series
of endogenous adjuvant signals that are cumulatively referred to
as DAMPs>*. DAMPs encompass both stress-associated molecular
patterns (SAMPs), which emerge during stress responses irrespec-
tive of ultimate cellular fate**, and signals that are specifically associ-
ated with RCD. Importantly, both MAMPs and DAMPs are sensed
by an evolutionarily conserved set of receptors highly expressed by
myeloid cells that are cumulatively referred to as pattern recognition
receptors (PRRs)°.

Although little is known about the spatiotemporal regulation
of MAMP release by microbes and infected cells, considerable
work has been devoted to the deconvolution of DAMP emission
by malignant cells responding to immunogenic stressors™. Indeed,
not all cell-death inducers can elicit the intracellular stress path-
ways that operate upstream of DAMP release in dying cancer cells
(see below). Clinically actionable ICD inducers include specific
conventional chemotherapeutics (for example, cyclophospha-
mide, anthracyclines, oxaliplatin and other platinum derivatives,
but not cisplatin)'®**-*°, RT*" and select targeted anticancer agents
(for example, bortezomib, crizotinib)**-*¢, as well as some variants
of endocrine therapy®, extracorporeal photochemotherapy*, pho-
todynamic therapy (PDT)*'** and oncolytic virotherapy**. As
a general principle, the release of DAMPs by malignant cells suc-
cumbing to these agents involves either alterations of the cell surface
(for example, owing to the translocation of intracellular proteins to
the external leaflet of the plasma membrane) or changes of the
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Fig. 1| Hallmarks of ICD. The ability of RCD to initiate an adaptive immune response culminating with an effector phase and associated with the
establishment of immunological memory involves three key parameters: antigenicity, adjuvanticity and a permissive microenvironment. In the absence
of antigens not covered by central or peripheral tolerance, RCD can drive only inflammatory responses that cannot engage adaptive immunity. In the
presence of antigenicity, RCD can initiate adaptive immune responses only when accompanied by sufficient adjuvanticity. Conversely, the presentation
of antigenic determinants to T cells in the context of poor adjuvanticity actively promotes tolerance. Finally, the microenvironment dictates whether

T cells properly primed by DCs responding to ICD can access neoplastic lesions to mediate effector functions and establish a memory response. ECM,
extracellular matrix; M1-like, proinflammatory; M2-like, anti-inflammatory; TAM, tumor-associated macrophage; TDLN, tumor-draining lymph node.

extracellular microenvironment (for example, owing to the active
secretion or passive release of metabolites and proteins that are nor-
mally secluded within live cells)*’.

A large amount of work has mechanistically linked DAMP
emission and detection to the initiation of adaptive immunity by
cancer cells undergoing ICD”. The pannexin 1 (PANX1)- and
lysosome-dependent secretion of ATP by dying cells, as well as its
passive release upon plasma membrane permeabilization (PMP),
elevates extracellular ATP levels to promote the purinergic recep-
tor P2Y2 (P2YR2)-dependent recruitment of APC precursors cells
into the tumor bed***. The passive liberation of the ubiquitously
expressed cytosolic protein annexin Al (ANXA1) guides APCs, in
particular dendritic cells (DCs), into the vicinity of dying cancer
cells via a formyl peptide receptor 1 (FPR1)-dependent mechanism,
ultimately facilitating their physical interaction®. Importantly,
dying cells undergoing ICD actively expose CALR and other
endoplasmic reticulum (ER) chaperones, such as protein disulfide
isomerase family A member 3 (PDIA3) on the cell surface®®*. This
event, which occurs early in ontogeny and phylogeny (it is involved
in oocyte-spermatocyte fusion, as well as in fusion among haploid
yeast cells during sexual reproduction)®=, provides an ‘eat me’
signal that facilitates the uptake of dying cancer cells by DCs, pre-
sumably through an interaction with LDL receptor related protein 1
(LRP1, best known as CD91)°-7,
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Both extracellular ATP signaling via purinergic receptor P2X 7
(P2RX7) and the activation of Toll-like receptor 4 (TLR4) by high
mobility group box 1 (HMGBL1), which is passively released by
cancer cells undergoing ICD, trigger DC maturation®. A similar
effect also ensues the liberation of soluble F-actin, which is detected
by C-type lectin domain containing 9A (CLEC9A)%. CLEC9A is
predominantly expressed by type 1 conventional DCs (cDCls),
where it favors the rerouting of exogenous antigens to presenta-
tion on MHC class I molecules by disrupting phagosomes™. This
may explain, at least in part, the superior cross-presenting capac-
ity of CLEC9A-expressing cDCls as compared with that of other
DC subsets’.

An important immunostimulatory effect also emerges from
intracellular DAMPs that accumulate or relocalize within malignant
cells in the course of ICD, such as aberrant RNA molecules, which
are detected by endosomal TLR3 (ref. ”%), as well as micronuclei and
mitochondrial DNA (mtDNA), which upon cytosolic accumulation
promote the sequential activation of cyclic GMP-AMP synthase
(CGAS) and stimulator of interferon response cGAMP interactor
1 (STING1)”"™. These latter pathways culminate with the NF-xB-
and interferon responsive factor 3 (IRF3)-dependent secretion of
multiple cytokines, including type I interferon (IFN), which further
supports the initiation of adaptive immunity downstream of RCD™.
The premortem activation of NF-kB as a consequence of receptor
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interacting serine/threonine kinase 1 (RIPK1) signaling may also
orchestrate an immunostimulatory genetic program in the context
of apoptotic or necroptotic ICD*”7*7".

Not all DAMPs are immunostimulatory, which contributes to the
inability of various instances of RCD to drive adaptive immunity.
For instance, prostaglandin E, (PGE,), which is released abundantly
upon CASP3 activation, mediates potent immunosuppressive
effects’. Along similar lines, CASP3 signaling promotes the secre-
tion of lysophosphatidylcholine, which recruits phagocytes to sites
of cell death, and the surface exposure of phosphatidylserine,which
promotes the tolerogenic removal of cell corpses*'. Finally, the
release of tumor protein, translationally-controlled 1 (TPT1) by
dying cancer cells has been shown to promote the recruitment of
myeloid-derived suppressor cells (MDSCs) to the tumor micro-
environment (TME) in support of local immunosuppression and
disease progression®. The mechanisms underlying the liberation of
TPT1, however, remain obscure.

Logically, the aforementioned cascade of events can drive robust
tumor infiltration by myeloid and lymphoid cells, shifting neoplas-
tic lesions from a ‘cold’ to a ‘hot’ phenotype®. Of note, the attack
of cancer cells by CD8* cytotoxic T lymphocytes (CTLs) may also
result in ICD**, suggesting a mechanism of self-amplification
that might facilitate antigen spreading during the local immune
response®. However, several features of the TME influence the pro-
pensity of RCD to efficiently prime adaptive immune responses that
culminate with an effector phase associated with the establishment
of immunological memory®. For instance, tumors exhibiting abun-
dant infiltration by DCs expressing the immunosuppressive enzyme
indoleamine 2,3-dioxygenase 1 (IDOL1) are expected to offer a TME
less permissive to the initiation of anticancer immunity than malig-
nancies with scarce IDO1* DC levels”. Similarly, abundant infiltra-
tion of neoplastic lesions by CD4*CD25*FOXP3* regulatory T (T,,)
cells, which mediate powerful immunosuppressive effects linked to
cytotoxic T lymphocyte 4 (CTLA4) expression and interleukin-10
(IL10) secretion, prevents not only the effector functions of robustly
primed CTLs but also priming per se*, as the latter appears to occur
at least partially in tertiary lymphoid structures (TLSs) generated
within the tumor bed®. Finally, tumors characterized by an elevated
fibrotic response offer considerable resistance to infiltration by cir-
culating effector CTLs primed within tumor-draining lymph nodes,
de facto evading the effector phase of adaptive immunity driven
by ICD”. Importantly, while these considerations emerge from the
oncology field, it is likely that ICD driven by pathogen infection is
also influenced by microenvironmental features, including (but not
limited to) type and abundance of immune cells, cytokine milieu
and vascularization.

In summary, antigenicity, adjuvanticity and a permissive micro-
environment are invariably required for RCD to be perceived as
immunogenic and elicit the effector phase of adaptive immu-
nity in conjunction with the establishment of immunological
memory (Fig. 1).

Stress-responsive pathways underlying ICD

Only some cellular stressors can induce bona fide ICD, including
select agents commonly used in clinical practice (Table 1). However,
while artificial-intelligence algorithms can predict the ability of spe-
cific agents to elicit ICD on the basis of their physicochemical prop-
erties'*”!, in vivo experiments are required to formally validate such
predictions®. At the mechanistic level, it appears that a common (but
not universal) feature of ICD-inducing molecules is their capacity to
inhibit transcription®. At this stage, however, how transcriptional
inhibition (as opposed to the blockade of DNA replication, trans-
lation or vital bioenergetic pathways) triggers ICD-relevant stress
pathways remains unclear. Another frequent mechanism for ICD
induction involves microtubular disruption, as exemplified by tax-
anes” and dimethyl aurostatin F''. Hence, it appears plausible that
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distinct ICD inducers act on different proximal targets to trigger
stress-responsive pathways that enable ICD initiation.

The mechanisms linking stress responses in malignant cells to
increased antigenicity have been scarcely characterized, although
transcriptional and translational stress appear to be particularly
efficient at generating potential neoantigens®. That said, some (if
not the majority) of malignant cells are expected to express a suf-
ficient amount of antigenic determinants not covered by central or
peripheral tolerance at baseline™, suggesting that the key difference
between ICD inducers and agents that elicit non-immunogenic
RCD relates to DAMP release and adjuvanticity, an aspect that has
been extensively investigated.

The ‘integrated stress response’ (ISR) consists of the phosphory-
lation of eukaryotic translation initiation factor 2 subunit alpha
(EIF2S1, best known as elF2a) by any of four distinct eukary-
otic translation initiation factor 2 alpha kinases (EIF2AK1-4)”.
EIF2AK2 (best known as PKR) and EIF2AK3 (best known as
PERK) appear to be particularly important for ICD induction®.
elF2a phosphorylation (which is also a conserved response to
viral infection)” blocks cap-dependent translation but favors the
translation of proteins relying on internal ribosome entry sites
(IRESs)*. In contrast to cytotoxic agents that do not elicit ICD, most
ICD-inducing interventions efficiently stimulate eIF2a phosphory-
lation, which is indeed a pathognomonic biomarker of ICD***2. In
patient-derived tumor specimens, e[F2a phosphorylation correlates
with CALR exposure and tumor infiltration by DCs and CTLs, as
well as good prognosis”™. Moreover, a non-phosphorylatable version
of elF2a (eIF2a%'4) abolishes ICD-associated CALR exposure” as
well as autophagy activation (which is involved in ATP release, see
below) driven by anthracyclines”, pointing to the central role for
the ISR in this context. It appears that transcriptional inhibitors are
particularly efficient at inducing the ISR*2. However, the underly-
ing molecular mechanisms remain elusive. Moreover, it appears that
in response to specific stimuli, for instance in the context of PDT,
PERK can promote ICD irrespective of e[F2a phosphorylation™.

The ISR is part of the ER stress response'®, ultimately leading
to the upregulation of activating transcription factor 4 (ATF4),
which can be transcribed despite eIF2a phosphorylation thanks to
an IRES"". However, pharmacological ICD inducers fail to activate
the canonical ER stress response elicited when unfolded proteins
accumulating in the ER lumen displace heat shock protein family
A (Hsp70) member 5 (HSPA5) from various signal transducers’.
Such sensors of the unfolded protein response (UPR) include PERK
(which promotes the ISR and ATF4 activation), ATF6 (which oper-
ates as stress-responsive transcription factor upon nuclear translo-
cation) and endoplasmic reticulum to nucleus signaling 1 (ERN1,
best known as IRE1)'"". The latter functions by splicing the mes-
senger RNA coding for X-box binding protein 1 (XBP1), which is
yet another stress-responsive transcription factor'®. Of note, the
selective experimental inactivation of the IRE1-XBP1 pathway
abolishes ICD-associated CALR exposure driven by cetuximab®,
suggesting that this process relies on specific components of the ER
stress response. Whether the apparent discrepancy in the involve-
ment of the PERK-ATF4 versus IRE1-XBP1 axes in CALR expo-
sure driven by different agents reflects specific features of the ICD
inducer remains unclear.

The ISR is also required for induction of autophagy, a cytoprotec-
tive mechanism that is intimately connected to DAMP emission'®.
However, the ultimate impact of autophagy on adaptive immunity
driven by RCD exhibits considerable context dependency. For
instance, autophagy limits MHC class I exposure on the surface of
pancreatic cancer cells (de facto limiting their antigenicity)'®, the
exposure of CALR by cancer cells undergoing PDT-driven ICD"!
and type I IFN secretion by breast cancer cells succumbing to ICD
upon irradiation”. Consistently, genetic signatures of proficient
autophagy in diagnostic biopsies correlate with inhibited type I IFN

NATURE IMMUNOLOGY | VOL 23 | APRIL 2022 | 487-500 | www.nature.com/natureimmunology


http://www.nature.com/natureimmunology

NATURE IMMUNOLOGY

REVIEW ARTICLE

Table 1| Examples of clinically available immunogenic cell death inducers

Class Agent Observations Ref.
Chemotherapy Actinomycin D Transcriptional inhibitor used for the treatment of Wilms tumors, pediatric 92
rhabdomyosarcoma, Ewing's sarcoma and metastatic non-seminomatous germ-cell tumors
Anthracyclines Doxorubicin and mitoxantrone exemplify ICD inducers that are widely used for the treatment 10
of breast cancer and hematological malignancies
Bleomycin DNA-damaging agent commonly employed for the treatment of testicular cancer and 36
ovarian carcinoma
Cyclophosphamide  Alkylating agent licensed for use in people with breast cancer, brain tumors and 37
hematological neoplasms
Lurbinectedin Transcriptional inhibitor currently approved for the treatment of metastatic small-cell lung 13
cancer
Oxaliplatin Platinum derivative commonly employed for the therapy of colorectal carcinoma; superior 38
to cisplatin at inducing the ISR, CALR exposure and hence ICD
PT-112 Novel platinum-pyrophosphate conjugate under clinical development for cancer therapy; 39
superior to cisplatin at inducing the ISR, CALR exposure and hence ICD
Taxanes Docetaxel and paclitaxel exemplify ICD inducers that are widely employed for the 93
management of breast cancer
Teniposide Topoisomerase |l inhibitor commonly used for the treatment of refractory pediatric acute 40
lymphoblastic leukemia
Endocrine therapy Mifepristone Progesterone (and glucocorticoid) receptor antagonist with prominent ICD-inducing potential 49
against HR* breast cancer cells
Extracorporeal 8-MOP ICD-inducing photosensitizer commonly employed for the extracorporeal treatment of 50
photochemotherapy cutaneous T cell lymphoma
Oncolytic virotherapy Rotarix/RotaTeq Clinically approved rotavirus vaccines that mediate ICD and synergy with ICls in syngeneic 56
mouse tumor models
Talimogene Genetically modified variant of HSV1 that is currently employed for the treatment of 55
laherparepvec melanoma
Photodynamic therapy ~ Hypericin ICD-inducing photosensitizer with orphan drug status for the treatment of cutaneous T cell 51,52
lymphoma
Redaporfin ICD-inducing photosensitizer with orphan drug status for the therapy of cholangiocarcinoma 53
Verteporfin ICD-inducing photosensitizer approved for the treatment of macular degeneration and under 54
clinical development for use in people with various solid malignancies
Radiotherapy vy irradiation Potent ICD inducer that is widely employed in the management of individuals with cancer 41,74
Targeted therapy Belantamab Antibody-drug conjugate conceived to deliver a cytotoxic payload to BCMA-expressing cells; 11
mafodotin currently approved for the management of relapsed/refractory multiple myeloma
Bortezomib ICD-inducing proteasome inhibitor commonly employed for the treatment of refractory 47,48
multiple myeloma
CDK4/CDK6 Cell cycle inhibitors with potent immunostimulatory effects encompassing robust type | 45
inhibitors and [Il IFN signaling; currently approved as first-line therapy for advanced/metastatic
HR* breast cancer
Cetuximab EGFR-targeting monoclonal antibody widely employed in patients with colorectal carcinoma 42
and HNSCC
Crizotinib Broad-spectrum tyrosine kinase inhibitor used for the management of non-small-cell lung 43,44

carcinoma; promotes ICD via on-target as well as off-target effects

8-MOP, 8-methoxypsoralen; BCMA (official name, TNFRSF17), TNF receptor superfamily member 17; CALR, calreticulin; CDK4,/CDKB®, cyclin-dependent kinase 4/6; EGFR, epidermal growth factor
receptor; HNSCC, head and neck squamous cell carcinoma; HR, hormone receptor; HSV1, herpes simplex virus 1.

and interferon gamma (IFN-y) signaling as well as with poor disease
outcomes in patients with (mostly luminal) breast cancer’. However,
autophagy has also been mechanistically connected to optimal ATP
release in the course of chemotherapy-driven ICD**'**. Accordingly,
in samples from people with triple-negative breast cancer, signs of
autophagic proficiency correlated with good prognosis and a favor-
able CTL/T,, cell ratio'”. Moreover, both autophagy-stimulatory
dietary regimens (such as intermittent fasting or ketogenic diets) as
well as drugs (which have been dubbed caloric restriction mimet-
ics) have been shown to promote tumor control by chemotherapy
in a variety of preclinical tumor models'*-'*. While this beneficial
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effect was mechanistically linked to the activation of autophagy in
malignant cells', it may also involve autophagy induction in mul-
tiple immune compartments, including DCs and memory T cells'”.
However, direct evidence supporting a major role for autophagic
responses in DCs or T cells for the elicitation of adaptive immunity
downstream of ICD is missing.

Taken together, these observations exemplify the critical role of
stress-responsive pathways in the adjuvanticity of cells undergo-
ing ICD and delineate strong parallels between the mechanisms
whereby mammalian cells respond to pathogen infection and to
immunogenic drugs.

491


http://www.nature.com/natureimmunology

REVIEW ARTICLE NATURE IMMUNOLOGY

Hypothetical evolution of ICD

Innate immunity precedes its adaptive counterpart in both phylog-
eny and ontogeny. Thus, it appears plausible, although speculative,
that the ability of mammals to mount antigen-specific responses to
RCD has developed in subsequent waves (Fig. 2).

The very first sets of responses to infectious pathogens affecting
unicellular eukaryotes'” likely involved two core stress-responsive
pathways: (1) the ISR, attenuating the translation of microbial
(especially viral) mRNAs'® and (2) autophagy, mediating the
sequestration and clearance of cytosolic pathogens'. Presumably,
both these pathways would operate downstream of the detection
of foreign components within infected cells, suggesting that at least
some PRRs have also emerged early during evolution''"''%. In sup-
port of this notion, TLRs are highly conserved across the eukary-
otic domain'”’. Beyond a critical level of infection-imposed stress,
unicellular eukaryotes would probably activate primordial variants
of RCD to limit pathogen replication and/or provide nutrients to
viable, potentially uninfected, neighbor cells''.

In a second step accompanying the acquisition of multicel-
lularity, phagocytosis of infected and damaged cells by their
healthy neighbors (initially non-professional phagocytes and later
macrophage-like cells) has developed, allowing for the controlled
destruction of microbial threats prior to dissemination as a conse-
quence of RCD'". It is tempting to speculate that CALR exposure
is (one of) the first phagocytic signal(s) that emerged during evolu-
tion, because the structure of CALR and its exposure pathway are
phylogenetically conserved®**>*. It is only much later in the course
of evolution that multiple myeloid (and even later lymphoid) cell
types came into action to build a sophisticated immune system
yielding highly orchestrated phagocytic/innate (and later adaptive)
responses to pathogens, sterile damage and malignant disorders''®.

In the aforementioned scenario, mechanisms must have devel-
oped to link intracellular stress responses to danger management at
the organismal level'. Such links explain why perturbations of intra-
cellular homeostasis elicit signals, including ‘come get me’ and ‘eat
me’ cues that attract phagocytes and ensure the removal of stressed
cells even when they are still alive or shortly after they die''”'**. In
mammals, the nature of the signals emitted by stressed/dying cells
and their contexture appear to determine the identity of phagocytes
involved (for example, non-professional phagocytes versus mac-
rophages versus DCs) as well as their activation and polarization,
ultimately dictating the immunological outcome of the process''*'*.
Such outcomes can range from silent corpse removal (which has
been dubbed efferocytosis)''®'*' to sterile inflammation® or the
ICD-driven elicitation of adaptive immunity®.

Notably, RCD driven by sterile damage of normal cells (due to
physical, chemical or nutritional stress) is most often handled by
efferocytosis (if individual cells are affected) or a transient phase
of inflammation (if a wound-healing response is required to com-
pensate for the loss of supracellular units), largely reflecting poor
antigenicity''*'*>. Conversely, the presence of infectious patho-
gens (or other sources of antigenicity) must give rise to an acute
response that not only limits local perturbations of homeostasis,
but also ignites adaptive immunity”. In this scenario, ICD may
have emerged during host-pathogen co-evolution to facilitate the
immune recognition of cells that are succumbing to intracellular
pathogens. Interestingly, specific anticancer agents that have been
empirically selected for clinical use on the basis of their efficacy
apparently mimic multiple effects of pathogen infection, as they
elicit intracellular stress pathways that are related to the host. This
implies that the general principle underlying the perception of RCD
driven by non-infectious challenges as immunogenic is a state of
‘viral mimicry’”* that recapitulates not only the antigenicity but also
the adjuvanticity of RCD driven by pathogens.

If correct, this hypothetical scenario of ICD evolution implies
that: (1) the DAMPs and PRRs involved in the immune response
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Fig. 2 | Hypothetical evolution of ICD. The ability of dying cells to initiate
adaptive immunity has presumably emerged in the context of host-
pathogen co-evolution through multiple stages. First, unicellular (and
presumably colonial) eukaryotes acquired the ability to detect invading
pathogens and mount defensive responses, such as the ISR and autophagy.
Early during evolution, such responses may have been connected to the
communication of a danger status to hitherto uninfected neighboring cells.
Moreover, RCD may have emerged as a way to limit pathogen dissemination
and/or to provide nutrients to healthy neighbors. The phagocytosis of
infected cells (including cells dying in response to infection) stands out as
a plausible subsequent step in the evolution of the ICD-sensing apparatus,
with CALR emerging early a pro-phagocytic signal. Ultimately, a complex
system involving innate only (first) and then adaptive (later) immune cells
of multiple types has evolved to interpret the signals emitted by dying cells
in support of the activation (or inhibition) of antigen-specific immunity. Ig,
immunoglobulins; P, phosphate; TCR, T cell receptor.

against pathogens and non-infectious ICD inducers overlap, and
(2) the DAMP-PRR interactions and their downstream signals
that are intercepted by pathogens, highlighting their biological
importance, are also determinants of the outcome of ICD-driving
cancer therapies.
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Subversion of ICD by viruses and cancer cells

As a result of host-pathogen co-evolution, viral pathogens have
developed numerous strategies to suppress the antigenicity and
adjuvanticity of RCD and hence evade immune recognition.
Most of these strategies are also harnessed by malignant cells,
which must similarly escape immunosurveillance to progress into
life-threatening neoplasms (Supplementary Table 1).

Rodent herpesvirus Peru (RHVP) encodes an ubiquitin ligase that
causes degradation of MHC class I proteins'*, while the Molluscum
contagiosum virus protein MC80 targets tapasin for degradation to
inhibit the loading of antigenic peptides onto MHC class I (ref. '**).
Similarly, many cancer cellslose beta-2-microglobulin (B2M), which
is required for MHC class I exposure on the plasma membrane'*,
or experience promoter hypermethylation or loss of heterozygosity
at the HLA locus'*®'”. Finally, under the selective pressure of treat-
ments, some tumors can selectively lose the expression of specific
antigens, such as CD19 in the case of hematological malignancies
treated with CD19-targeting chimeric-antigen-receptor-modified
(CAR) T cells'*. All these strategies exemplify mechanisms whereby
pathogens and cancer cells evade (ICD-associated) immunosurveil-
lance by minimizing antigenicity.

One obvious strategy for avoiding adaptive immunity down-
stream of ICD consists of subverting RCD itself. Indeed, multiple
viruses encode inhibitors of key components of the RCD appara-
tus, including BCL2 associated X, apoptosis regulator (BAX)'*,
RIPK3 (a necroptosis mediator)'*” and both pre-mitochondrial and
post-mitochondrial caspases'”'~'**. Moreover, various viral strains
express proteins that resemble mammalian RCD inhibitors, such
as BCL2 apoptosis regulator (BCL2)"*, upregulate endogenous
caspase inhibitors, like CASP8 and FADD like apoptosis regulator
(CFLAR)', or actively promote the degradation of caspases'**'¥’
or RIPK3 (ref. ). Similarly, most malignant cells exhibit the
upregulation of one or more antiapoptotic members of the BCL2
family"*>'* or escape RCD driven by CTLs (which is a form of
ICD) by acquiring loss-of-function mutations in CASP8 (ref. '*°).
Moreover, malignancies exhibiting high CFLAR levels or reduced
expression of RIPK3 and mixed lineage kinase domain like pseu-
dokinase (MLKL, another component of the necroptotic apparatus)
exhibit poor prognosis linked to deficient immunosurveillance'*"'**.
Similar strategies are also employed by intracellular bacteria. As a
standalone example, Shigella flexneri encodes an ubiquitin ligase
that targets core components of pyroptosis (another RCD variant)'*
for degradation'".

A second more subtle strategy for subverting ICD relies on
direct interference with DAMPs or the pathways that underlie
their emission. Multiple viruses, including hepatitis C virus (HCV)
and SARS-CoV-2, evolved stratagems to prevent PKR activation
and consequent eIF2a phosphorylation'*-'*. HCV also favors the
upregulation of endogenous protein phosphatase 1 regulatory sub-
unit 15A (PPP1R15A, best known as GADD34), which promotes
elF2a deposphorylation'*, while both coronaviruses and picorna-
viruses encode competitive inhibitors of phospho-elF2a (ref. '*%).
Moreover, numerous viral strains, including SARS-CoV-2, encode
CD47-like molecules or elicit the expression of endogenous CD47
as anti-phagocytic signals that antagonize CALR'**'*". Along similar
lines, malignant cells can subvert CALR signaling by (1) prevent-
ing PERK activation via V-set domain containing T cell activation
inhibitor 1 (VTCN1, best known as B7-H4)"!, (2) retaining CALR
intracellularly upon interactions with stanniocalcin 1 (STC1)",
(3) limiting CALR binding sites on the cell surface (syalylated
glycans)'’; and (4) secreting a truncated version of CALR that
act as decoy for CDII (ref. '**). Supporting a key role for the ISR
and consequent CALR exposure in cancer immunosurveillance,
reduced eIF2a phosphorylation correlates with reduced CALR
exposure, scarce immune infiltration by activated DCs and T cells
and poor prognosis in people with acute myeloid leukemia'*>',
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non-small-cell lung cancer'”” and ovarian carcinoma'**. Conversely,
multiple neoplasms overexpress CD47, generally correlating with
poor disease outcome'**-'¢",

HCV, as well as herpes simplex virus 1 (HSV1) and Epstein-
Barr virus (EBV), encode autophagy-inhibiting factors or favor the
upregulation of endogenous autophagy suppressors to avoid not only
lysosomal degradation, but also the release of immunostimulatory
ATP during pathogen-driven ICD'**'*“. Similarly, malignant cells
(especially early during malignant transformation) exhibit subopti-
mal autophagic responses, at least in part because most oncosuppres-
sor genes (which are lost during tumorigenesis) promote autophagy,
while most oncogenes (which are amplified/hyperactivated during
carcinogenesis) inhibit it'*>. Corroborating the notion that autoph-
agy inactivation supports immunoevasion (at least in some clinical
settings), markers of inhibited autophagy correlated with reduced
CTL/T,, cell ratios and poor survival in cohorts of triple negative
breast cancer (TNBC)'””. As an alternative approach, cancer cells
circumvent ICD-associated ATP release by upregulating (or favor-
ing the upregulation by immune cells) of two ectonucleotidases that
sequentially catalyze the conversion of extracellular ATP into adenos-
ine (which is highly immunosuppressive)'®, namely, ectonucleoside
triphosphate diphosphohydrolase 1 (ENTPD1, best known as CD39)
and 5’-nucleotidase ecto (NT5E, best known as CD73)°*!”, Elevated
levels of CD39 or CD73 have been linked to immunosuppression
and poor disease outcomes in various cohorts*'*". Malignant cells
have also been shown to minimize the expression of proteins such
as ANXA1 and HMGBI, which is associated with scarce immune
infiltration in several cancers'*>'®. Moreover, cancer-cell-derived
gelsolin (GSN) competitively disrupts the interaction between extra-
cellular F-actin and CLEC9A on cDCls, correlating with disrupted
immunosurveillance and poor prognosis'®.

A large panel of viral proteins inhibits PRR signaling, presum-
ably reflecting the ancient evolutionary pressure on this aspect of
pathogen-host co-evolution'”. These factors encompass inhibitors
of dsRNA sensors'’"'”> and their transducers'”’, dsDNA sensors'”*
and their transducers'”>"'7® and the transcription factors executing
the cellular response to foreign nucleic acids, including IRF3 and
IRF7 (refs. 7&77179-18) " Along similar lines, cancer cells harness
strategies to limit nucleic-acid-driven innate immune signaling in
support of immunoevasion. For instance, malignant cells exposed
to RT above 10-12 Gy per fraction upregulate three prime repair
exonuclease 1 (TREX1), resulting in quenched type I IFN signaling
downstream of accrued cytosolic dsDNA degradation'®’. Moreover,
some malignant cells prevent optimal expression of CGAS, STING1
or signal transducers thereof by promoter hypermethylation's.
Reflecting the advantage provided by these mechanisms to pro-
gressing neoplasms, low levels of nucleic acid sensors, their trans-
ducers or effectors have been linked to reduced immune infiltration
and poor disease outcome in multiple patient cohorts’'*>',

Taken together, these observations not only reinforce the paral-
lels between the mechanisms employed by pathogens and malig-
nant cells for evading ICD-driven immunity, but also highlight the
critical relevance of these pathways for the immunosurveillance of
infectious and malignant disorders.

Systemic defects compromising the immunogenicity of
RCD in cancer
Multiple systemic defects limit the ability of RCD to elicit adaptive
immunity culminating with an effector phase linked to immunolog-
ical memory. Many such defects relate to germline single-nucleotide
polymorphisms (SNPs) affecting PRRs or their transducers, which
have been comprehensively reviewed elsewhere, especially in the
context of infectious disorders'"’. Here, we will discuss organismal
alterations impacting ICD driven by malignant cells.

Cancer diagnosis and treatment cause symptoms that meet the
full clinical criteria of post-traumatic stress disorder (PTSD) in
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up to ~20% of cases, leading to long-term alterations in neuroen-
docrine circuitries including increased glucocorticoid tonus'®.
Stress-induced endogenous glucocorticoids, as well as the admin-
istration of synthetic glucocorticoid analogs (which is common in
people with advanced cancer), not only promote metastatic dis-
semination of some malignant cells via intrinsic mechanisms'®, but
also compromise the immune response to malignant cells undergo-
ing ICD owing to nuclear receptor subfamily 3 group C member 1
(NR3C1, best known as GR) activation and consequent upregula-
tion of the immunosuppressive factor TSC22 domain family mem-
ber 3 (TSC22D3) in DCs"". Accordingly, elevated TSC22D3 levels
in the TME are a marker of poor prognosis in individuals with
colorectal, gastric and lung cancer'®.

In mice, some malignancies cause a systemic increase in cat-
echolamines that (upon binding to p-adrenergic receptors) ulti-
mately cause an ileopathy compromising the intestinal barrier
function and perturbing the local microflora’’. Intestinal dysbiosis
is not only common among people with cancer, but also associ-
ated with poor prognosis, most likely as a consequence of inhibited
immunosurveillance'””. Multiple studies indicate that the prolonged
use of broad-spectrum antibiotics, which decrease ecological diver-
sity of gut microbes, is associated with limited immunotherapy effi-
cacy in individuals with cancer'®. Gnotobiotic or antibiotic-treated
mice also manifest immune defects that compromise responses to
antiviral vaccination'”, as well as the anticancer effects of immune
checkpoint inhibitors (ICIs)"**'*>. The latter defect can be reversed
by fecal microbiome transplantation, establishing a cause-effect
relationship between the reduction of microbial diversity and fail-
ing immunosurveillance'**'*.

In this context, it is interesting to note that the necrotic demise
of endocrine cells that occurs during autoimmune disorders is
accompanied not only by DAMP release, but also by the libera-
tion of hormones'*. Although not necessarily driven by malignant
cells, this process, which has been dubbed damage-induced release
of endocrine factors (DIRE), may also compromise the initiation
of tumor-targeting immune responses downstream of ICD via sys-
temic alterations of hormonal tone'*.

Yet another mechanism through which progressing neoplasms
can compromise the ability of RCD to drive adaptive immunity is
systemic inflammation. Thus, an increase in proinflammatory (and
immunosuppressive) cytokines and circulating MDSCs is com-
mon in patients with advanced or terminal malignancies”'*. In
this context, the repeated administration of cytotoxic agents that
are commonly employed for cancer management can contribute to
myelosuppression and lymphopenia, adding an iatrogenic dimen-
sion to the problem'”*”. In addition, it appears plausible (but
remains to be demonstrated) that the expansion of the tumor mass
beyond a critical threshold is coupled to the progressive (and irre-
versible) anergy/exhaustion of increasingly outnumbered tumor
antigen-specific CTLs despite the fact that large tumors contain a
considerable fraction of cells undergoing RCD*".

An unbiased screen for potential ICD-relevant immune defects
revealed that a loss-of-function SNP in FPRI (rs867228) reduces
progression-free and overall survival in individuals with breast
cancer receiving adjuvant anthracycline-based chemotherapy®.
Such an effect of rs867228 was epistatic to other loss-of-function
SNPs in TLR3 and TLR4 (refs. °**?), which have also been linked
to differential responsiveness to ICD-inducing chemotherapeu-
tics in a variety of clinical cohorts'®'. When present in the hetero-
zygous state, rs867228 also compromises the clinical response to
oxaliplatin-based chemotherapy in individuals with colorectal can-
cer®, as well as the 5-year overall survival of individuals with rec-
tal cancer treated by neoadjuvant chemoradiotherapy*”. Notably,
rs867228 is also associated with the premature manifestation of
all carcinomas, with major effects on luminal B breast cancer as
well as colorectal and esophageal carcinomas®****. In line with this
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notion, whole-body deletion of Fpr1 accelerates the development of
carcinogen-driven luminal B-like mammary carcinomas in mice*”.

Although formal evidence for this conjecture is still lacking, it
appears plausible that rs867228 accelerates the development of epi-
thelial cancers through an effect of immunosurveillance. Indeed,
DCs from individuals harboring rs867228 exhibit reduced interac-
tion with stressed/dying cancer cells®”. Moreover, DCs from Fpr1=/~
mice exhibit positional defects in vivo, as they fail to localize in the
proximity of malignant cells undergoing ICD®, and have a reduced
capacity to present soluble antigens to T cells in vitro*. Of note,
FPR1 is the receptor for Yersinia pestis, the agent causing bubonic
plague®, and it promotes inflammatory injury of the lung and the
brain in preclinical models***”, as well as immunosuppression in
individuals with septic shock?®. Thus, depending on the circum-
stances, loss-of-function polymorphisms of FPRI may increase
genetic fitness, providing a plausible explanation for the mainte-
nance of rs867228 in the general population.

In summary, there is abundant evidence that both inherited and
acquired systemic immune defects may compromise ICD-ignited
adaptive immunity.

Restoring and reinforcing ICD in support of cancer
immunosurveillance

Infected or malignant cells undergoing ICD may go unnoticed to
immunosurveillance because of local or systemic defects. Each of
these defects must be detected and counteracted to restore or rein-
force ICD-driven immunity in a personalized fashion (Fig. 3).

Defective ATP secretion can be stimulated by autophagy induc-
tion'”, and accrued ATP degradation can be counteracted by
monoclonal antibodies or small molecules targeting CD39 and/or
CD73 (refs. *>'’). Similarly, adenosine receptor antagonists may be
used to limit adenosine-driven immunosuppression downstream
of CD39 and CD73 (ref. *°). The sensitivity of ANXAI1-defective
tumors to immunogenic chemotherapy can be restored by intra-
tumoral administration of recombinant CALR'® or systemic
treatment with the TLR3 ligand polyinosinic:polycytidylic acid
(polyL:C)*. Similarly, tumors developing in Fprl”- mice only
respond to ICD-inducing chemotherapy plus polyl:C but not to
either agent alone, consistent with polyl:C being able to restore the
positional defect of tumor-infiltrating Fpr17- DCs**. Thus, polyl:C
appears to overcome chemotherapy resistance in ANXA1l- and
FPR1-deficient contexts.

Several strategies have been proposed to overcome deficient
ICD-associated CALR exposure, including: (1) ISR induction by
intratumoral injection of ER stressors (such as thapsigargin)*”, (2)
ISR restoration via agents that stimulate B7-H4 degradation’”’, and
(3) inhibition of the ISR-terminating eIF2a phosphatase, which
can be achieved by disrupting the interaction between GADD34
and protein phosphatase 1 catalytic subunit alpha (PPP1CA, best
known as PP-1A)*"°. Conversely, deficient type I IFN responses can
be rescued by intratumoral injections of (1) PRR agonists (includ-
ing TLR3, TLR9 and STING activators, as well as virus-like par-
ticles) or (2) recombinant type I IFN7>*'%\2. Moreover, autophagy
inhibitors, as well as inhibitors of post-mitochondrial caspases
(notably CASP3), have been shown to boost type I IFN secretion
in the context of RT-driven ICD”*?'*?!*, Such measures should not
only improve the recruitment of immune effectors downstream of
restored type I IFN signaling, but also upregulate MHC class I mol-
ecules on the surfaces of malignant cells”>'”, rendering them recog-
nizable by CTLs.

Alternative approaches to restore or reinforce ICD signal-
ing involve the inhibition of endogenous suppressors of adaptive
immunity elicited by ICD. Such targets include catecholamine
signaling (with B blockers)"", gelsolin'®, glucocorticoid receptors
(with mifepristone)'”, PGE, (with cyclooxygenase inhibitors)?'* and
CD47 (with specific monoclonal antibodies)'**'*. CD47-blocking
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Fig. 3 | Strategies for restoring or reinforcing ICD for cancer therapy.
Malignant cells have evolved a plethora of strategies to circumvent
the detection of RCD as immunogenic. Each of these stratagems,
encompassing altered autophagic responses coupled to defective ATP
or type | IFN secretion, accrued extracellular ATP degradation leading to
superior adenosinergic signaling, insufficient CALR exposure or ANXA1
secretion, CD47 upregulation, inhibited PRR signaling, as well as other
strategies for local and systemic immunosuppression, offer specific
targets to develop combinatorial therapeutic regimens in support of
restored cancer immunosurveillance. COX, cyclooxygenase; mAbs,
monoclonal antibodies.

antibodies are indeed being developed by several biotech firms and
have undergone preliminary clinical evaluation for the treatment of
hematological and solid malignancies.

Ever more studies report the development of complex delivery
platforms that combine rapid and slow-release formulations to pro-
vide the sequential, temporally controlled (and sometimes light-,
heat- or magnetic-field-induced) release of immunogenic chemo-
therapeutics and additional immunostimulatory molecules, most
often PRR agonists’”*'*. The purpose of such formulations (which
are generally delivered intratumorally) is to elicit local anticancer
immune responses that, in an ideal scenario, can achieve systemic
outreach and target other, non-treated lesions (in thus far resem-
bling out-of-field, abscopal responses to RT)*. In some instances,
such mixtures include viral or liposomal vectors coding for cyto-
kines or ICI-like polypeptides (most often targeting PD-1 or its
main ligand CD274, best known as PD-L1) aimed at locally ampli-
fying the immune response”'***.

Combinatorial regimens encompassing ICD-inducing chemo-
therapeutics and Food and Drug Administration-approved ICIs
targeting PD-1 or PD-L1 (and less so CTLA4) are being tested in
hundreds of clinical trials, on the basis of the rationale that initially
‘cold’ tumors will become ‘hot” upon ICD-eliciting chemotherapy
and hence will respond to ICIs'***!. In such trials, chemotherapy
cycles are usually reduced with respect to the clinical routine, with
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the aim to minimize side effects that would compromise antican-
cer immune responses, including myelosuppression and lympho-
penia. Several excellent reviews cover this approach in detail*>**.
However, it is important to note that the ISR, which is central to
ICD signaling, reportedly causes the upregulation of PD-L1 on
tumor cells”***, providing yet another explanation for the ben-
eficial effects of combining ICD-inducing chemotherapeutics with
PD-1 or PD-L1 blockers.

Taken together, these observations identify multiple strategies
that can be harnessed for restoring or reinforcing ICD to inform
the development of combinatorial anticancer regimens with supe-
rior efficacy.

Conclusions and outlook

The term ICD has become part of the standard oncology vocabu-
lary, spurring the development of new therapeutic agents, treat-
ment combinations and personalization strategies. Although it
appears highly plausible that ICD emerged during host-pathogen
co-evolution, the term is not yet employed by the scientific commu-
nity working on infectious disorders. Moreover, while ICD may be
implicated in a variety of non-infectious, non-malignant disorders
(Box 1), the term has not yet been widely accepted by this field. The
future will tell whether the term ICD (or at least its underlying con-
cept) will gain traction in disciplines other than oncology.

It is now clear that the immune system does not only recognize
cells that harbor pathogen-encoded neoantigens or mutated/modi-
fied self-antigens, but also targets cells expressing stress-induced
antigens™. Accordingly, normal breast epithelial cells treated
with anthracyclines or RT in vitro can be administered to mice
as a prophylactic vaccine to retard carcinogen-induced mam-
mary oncogenesis**. Similarly, oxaliplatin-killed normal ileal cells
administered with specific bacteria as adjuvants can elicit a protec-
tive immune response against colon cancer cells*”’. Finally, induc-
tion of an autoimmune disease against cholangiocytes can protect
mice against oncogene-driven and transplanted cholangiocarcino-
mas**®. These examples suggest that, if appropriately stressed, even
non-transformed cells can elicit tumor-targeting immune responses
evoking a sort of ‘beneficial autoimmunity’ that contributes to can-
cer immunosurveillance. Identifying the precise antigenic deter-
minants of this phenomenon and determining whether a similar
strategy can be employed in the clinics, for instance for immuno-
prophylaxis in genetically cancer-prone individuals, remain chal-
lenges for future investigation.

While many DAMPs emanating from cells that have succumbed
to ICD have already been characterized, it appears possible that
the list of ICD-relevant DAMPs is not yet exhaustive. For instance,
multiple metabolites other than ATP are released from dying can-
cer cells, and one among these factors, spermidine, mediates local
anti-inflammatory effects’”, but can also stimulate the immune
response in the context of immunogenic chemotherapy'®, suggest-
ing that it might also contribute to ICD. Finally, cells continue pro-
tein synthesis (at least for some time) even in the context of mild
PMP, provided that ATP remains available?*****. While ICD is gen-
erally linked to transcription and translation inhibition, the impact
of post-PMP protein synthesis on the secretion of ICD-relevant
DAMPs and cytokines remains to be elucidated. Altogether, these
observations call for additional experiments aimed at the unbi-
ased identification of novel signals linked to the perception of
RCD as immunogenic in multiple settings, followed by their
functional validation.

It is our hope that spatially and temporally resolved omics tech-
nologies, as well as the ex vivo/in vitro examination of infected
tissues and living tumors by three-dimensional videomicroscopy,
will resolve this complexity, yielding important information that
can be harnessed to modulate ICD for the treatment of multiple
human disorders.
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