© The American Society of Gene & Cell Therapy

review

Oncolytic Virotherapy and Immunogenic Cancer
Cell Death: Sharpening the Sword for Improved
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Oncolytic viruses are novel immunotherapeutics with increasingly promising outcomes in cancer patient clinical tri-
als. Preclinical and clinical studies have uncovered the importance of virus-induced activation of antitumor immune
responses for optimal therapeutic efficacy. Recently, several classes of chemotherapeutics have been shown to cause
immunogenic cancer cell death characterized by the release of immunomodulatory molecules that activate antigen-
presenting cells and thus trigger the induction of more potent anticancer adaptive immune responses. In preclinical
models, several oncolytic viruses induce immunogenic cell death, which is associated with increased cross-priming
of tumor-associated antigens. In this review, we discuss the recent advances in immunogenic cancer cell death as
induced by chemotherapeutic treatments, including the roles of relevant danger-associated molecular patterns and
signaling pathways, and highlighting the significance of the endoplasmic reticulum (ER) stress response. As virtually
all viruses modulate both ER stress and cell death responses, we provide perspectives on future research directions
that can be explored to optimize oncolytic viruses, alone or in combination with targeted drug therapies, as potent
immunogenic cancer cell death-inducing agents. We propose that such optimized virus-drug synergistic strategies

will improve the therapeutic outcomes for many currently intractable cancers.
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ONCOLYTIC VIRUSES FOR THE TREATMENT OF
CANCER
Cancer arises from the accumulation of genetic and epigenetic
alterations that drive the transformation of a normal cell towards
increasingly malignant derivatives. This process shapes each tumor
in such a dynamic and unique way that it is extremely difficult
to determine the specific genetic alterations that cause, maintain,
and spread the disease.'”* Solid tumors have been treated by resec-
tion surgery for the past 4,000 years. After the discovery of X-rays,
radiotherapy emerged as a novel therapeutic approach. Whereas
localized tumors can be treated by focal therapy, extensive or met-
astatic tumors and hematological malignancies require systemic
anticancer therapies. To date, surgery, radiotherapy, and standard
systemic chemotherapy comprise the standard treatment options
in the majority of cancer patients. Initial development of antican-
cer therapies relied on empirical observations; however, the cur-
rent challenge is to develop novel targeted therapeutic paradigms
exploiting the knowledge derived from molecular, cellular, and
systems biology studies of tumor formation and progression.>~®
Oncolytic viruses are naturally occurring or engineered
viruses that selectively replicate in tumor beds and kill cancer cells
without harming healthy cells. Traditionally, oncolytic virus repli-
cation within tumors was assumed to cause direct oncolysis of all
the resident cancer cells, leading to regression of the bulk of the
tumor.® However, it has become increasingly clear that oncolytic

viruses also utilize other anticancer mechanisms to eradicate
tumors. Oncolytic viruses such as vaccinia virus and vesicular
stomatitis virus, for example, interfere with tumor vasculature,
compromising the growth of tumors.” However, the most relevant
systemic mechanism of action of oncolytic viruses is likely the
virus-induced engagement of the immune response to recognize
and engage tumor antigens that were previously either unrecog-
nized or had been subject to immune tolerance.*® Replicating virus
within tumor tissues attracts immune cells into the tumor micro-
environment, leading to cross-priming of tumor-associated anti-
gens (TAAs) for activation of more effective anticancer immune
responses. For example, Talimogene laherparepvec (T-VEC; her-
pes simplex virus-1 (HSV-1) recombinant expressing granulo-
cyte macrophage colony-stimulating factor (GM-CSF)) showed
a potent antimelanoma immune response after local intratu-
moral injection in patients with metastatic malignant melanoma
in phase 2/3 clinical trials.>'® There continues to be major chal-
lenges in designing the ideal oncolytic virus for systemic delivery
to optimize both intratumoral virus spread as well as the cross-
priming of anticancer immunity."' Suppressing acquired immune
responses may indeed increase intratumoral spread in the short
term, but it also diminishes the cross-priming of tumor anti-
gens needed for the most effective anticancer immune responses.
Conversely, enhancing the early pathways needed for effective
induction of antitumor immunity may improve cross-priming,
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but suppress the intratumoral virus spread that is thought to be
needed for optimal oncolytic tumor debulking.

Recently, there is strong evidence in preclinical models that
certain classes of chemotherapeutics, such as anthracylines and
oxaliplatins, induce a type of immunogenic cell death (ICD)
that precedes the release of immunomodulatory “eat-me” sig-
nals that increase effective antigen presentation and T-cell acti-
vation.'>** Moreover, in the clinic, dendritic cells (DCs) that are
loaded with cancer cells dying by ICD induce potent antitumor
immune responses.’® Furthermore, there is emerging evidence
that certain oncolytic viruses can also induce immunogenic can-
cer cell death when applied alone or in combination with certain
chemotherapeutics.”

Here, we review the recent advances in ICD and onco-
Iytic viruses that induce ICD to boost the functional immune
responses against tumor antigens. We will present a perspective
on ways of enhancing antitumor immunity by genetic manipula-
tion of viral proteins as well as through combination of oncolytic
viruses with targeted chemotherapeutic drugs that preferentially
induce immunogenic cancer cell death.

ACTIVATION OF IMMUNE RESPONSE: DAMPS AND
PAMPS

Antigen-presenting cells (APCs) recognize pathogens and
become activated via pattern recognition receptor binding to spe-
cific classes of pathogen-associated molecular patterns (PAMPs).
There are several classes of pattern recognition receptors, includ-
ing the toll-like receptors, retinoic acid-inducible gene-1-like
receptors, nucleotide oligodimerization domain-like receptors,
and several C-type lectin receptors.®?* DCs, professional APCs of
the immune system, express a wide repertoire of pattern recog-
nition receptors.” Pattern recognition receptor signaling greatly
augments the T cell stimulatory potential of DCs by potentiating
antigen processing and presentation, inducing the expression of
chemokine receptors that allow DC migration to secondary lym-
phoid tissues and promoting synthesis of costimulatory molecules
and cytokines that act on T cells to promote their expansion and
effector differentiation.®®** Inducing these changes in DCs is the
purpose of adding adjuvants to antigens in vaccination protocols
and many microbial products are powerful adjuvants, consistent
with their identity as PAMPs. However, some adaptive immune
responses occur in the absence of infection or PAMP recogni-
tion. Matzinger originally formulated the “danger” theory of
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immune activation, suggesting that the role of the immune sys-
tem is to react to cellular or tissue distress.”® According to this
hypothesis, endogenous danger signals from stressed or dying
cells activate APCs, providing the required stimulation to activate
lymphocytes.®** Here, the key event in the initiation of adap-
tive immunity is the release or exposure of immunostimulatory
intracellular molecules known as danger-associated molecular
patterns (DAMPs).">"> Much evidence now supports the con-
cept that DAMPs contribute to adaptive immunity. For example,
mouse models of immunization with dead cells bearing a foreign
antigen often provoke an immune response including the genera-
tion of antitumor cytotoxic T lymphocytes.'?

IMMUNOGENIC CANCER CELL DEATH: LESSONS
FROM CHEMOTHERAPEUTICS

A systematic classification of cell death has historically been based
on conservative morphological rather than biochemical criteria,
with a tendency to sort cell death into either one of two mutually
exclusive groups.”® Thus, caspase-dependent, tolerogenic, pro-
grammed, and physiological cell death has been contrasted with
caspase-independent, immunogenic, accidental, and pathologi-
cal cell death.’*'>”” Although the Nomenclature Committee on
Cell Death has set guidelines for classifying four typical cell death
(apoptosis, autophagy, necrosis, and cornification) as well as eight
atypical cell death types,**** most of the published data sorts cell
death into the prototype autophagic, necrotic, or apoptotic cell
death types.

For decades, chemotherapy and radiotherapy have been
considered to exert direct tumoricidal effects, including nonim-
munogenic cell death and cell cycle arrest.*® The Kroemer group
has recently described chemotherapeutics that cause ICD that
elicits potent anticancer adaptive immune responses against anti-
gens specific for tumor cells.'>* ICD is a type of cell death that is
characterized by the surface expression of calreticulin and active
release of immunomodulatory molecules such as adenosine tri-
phosphate (ATP) and high-mobility group box 1 (HMGB1) into
the extracellular environment.’>™* To mount anticancer immu-
nity, ICD requires an intact innate and adaptive immune system.
ICD activation requires reactive oxygen species—induced endo-
plasmic reticulum (ER) stress or at least the concomitant activa-
tion of both ER stress and reactive oxygen species.’! Based on the
direct involvement of ER stress, ICD inducers are systematically
classified as type I or type II (Table 1).** Type I ICD inducers

Table 1 Summary of ICD inducers and oncolytic virus-based combination therapies that induce ICD

Type | ICD inducers Type Il ICD inducers

ICD-inducing combination therapy

Anthracyclines, oxaliplatin, UV
irradiation'>"

Shikonin®

measles virus,* coxsackievirus B3¢

EGFR-specific antibody®
Cyclophosphamide®
Bortezomib®”

Cardiac glycosides®®

Oncolytic viruses: CD40-ligand expressing adenovirus,'”

Hypericin-based photodynamic therapy*

HSV-1 based oncolytic virus and mitoxantrone?!

Adenovirus combined with temozolomide and
cyclophosphamide®

hTert-Ad and bortezomib®

EGFR, epidermal growth factor receptor; HSV-1, herpes simplex virus-1; ICD, immunogenic cell death.
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Figure 1 Conventional immunogenic cell death (ICD) inducers (che-
motherapeutics and UV radiation) and oncolytic viruses induce a sim-
ilar danger response, leading to anticancer immunity. Immunogenic
cell death induced by UV radiation and specific chemotherapeutic agents
results in reactive oxygen species (ROS) production and an endoplas-
mic reticulum (ER) stress response (left side of figure). Active infection
of tumor cells by oncolytic viruses overwhelms the cellular machinery,
resulting in ER stress and tumor cell death (right side of figure). During
these sequences of events, tumor cells express calreticulin (CRT) on the
cell surface that attracts antigen-presenting cells (APCs). In addition,
dying cells release immunomodulatory molecules such as high-mobility
group box 1 (HMGB1) and adenosine triphosphate (ATP) into the extra-
cellular tumor microenvironment, leading to potent antigen presenta-
tion. APCs that take up tumor-associated antigens migrate to the lymph
nodes to present antigens to T cells for establishment of anticancer
immunity. In addition to danger-associated molecular patterns (DAMPs),
oncolytic virus infected tumor cells release pathogen-associated molecu-
lar patterns (PAMPs) (foreign viral proteins and viral dsRNA) that are
potent activators of innate immune cells to secrete cytokines, such as
the type | IFN. These cytokines help orchestrate the anticancer adaptive
immune response.

activate apoptotic cell death through targets that are not associ-
ated with the ER but that stimulate ICD-associated immunogenic-
ity through secondary or “collateral” ER stress effects. Most ICD
inducers fall in the type I category as they target cytosolic pro-
teins, plasma membrane channels or proteins, or DNA-replication
proteins. Conversely, type II ICD inducers selectively target the
ER and can induce immunogenic apoptosis by directly altering ER
homeostasis and triggering ER stress. An extensive review of the
individual ICD inducers is available.??

ER STRESS AND ICD

The ER is a membrane-enclosed organelle that serves as the site for
folding of nascent membrane and secreted proteins, synthesis of
lipids and sterols, and storage of free calcium. Physiologic stresses,
such as increased secretory load, or pathological stresses, such as
mutated proteins that cannot properly fold, can lead to an imbal-
ance between the demand for protein folding and the capacity of
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the ER for protein folding, thereby causing ER stress.” To sense
and respond to ER stress, eukaryotic cells have evolved the
unfolded protein response (UPR).* The most ER-proximal regu-
lators of the UPR consist of a set of transmembrane ER-resident
proteins, including inositol-requiring protein 1 (IRE1), PKR-like
endoplasmic reticulum kinase (PERK), and activating transcrip-
tion factor (ATF)-6.* These proteins bear domains protruding
into the ER lumen, which sense ER stress, coupled to cytosolic
effector domains. ER stress may be caused by factors that impair
protein glycosylation or disulfide bond formation, by overexpres-
sion of or mutations in proteins entering the secretory pathway, or
following certain viral infections.

In mammalian cells, the ER chaperone glucose-regulated pro-
tein 78 (GRP78) associates with the luminal domains of PERK,
ATF6, and IRE1.* Under stress conditions, GRP78 is seques-
tered to misfolded or unfolded proteins in the ER, where PERK,
ATF6, and IRE1 are released. GRP78 release of PERK and IRE1
leads to their homodimerization through their luminal domains,
which induces autophosphorylation and subsequent activation.*
Activation of PERK attenuates protein synthesis, whereas activa-
tion of IRE1 leads to the induction of a subset of genes encod-
ing protein degradation enzymes. In parallel, GRP78 release of
ATF6 leads to the translocation of ATF6 from the ER to the Golgi
apparatus, where it is cleaved and activated. Activation of ATF6
stimulates the transcription of genes encoding chaperones that
refold misfolded proteins. ATF6 also up regulates the expression
of X-box-binding protein 1 mRNA, a substrate of IRE1.* If the
UPR fails to effectively counteract the ER stress, cell death ensues.
ER stress induced cell death is diverse, involving both caspase-
dependent apoptosis as well as caspase-independent necrosis.

DAMP COMPONENTS OF ICD

The uptake of dead cell-derived antigens by DCs constitutes
an early step in the sequence of events that leads to anticancer
immune responses.' The signaling pathways induced by distinct
ICD inducers overlap but are not identical. One of the first and
cardinal molecular events during ICD is the rapid exposure of
molecules on the outer leaflet of the plasma membrane that act
as “eat-me” signals for APCs such as DCs.”” All the ICD inducers
were shown to mediate the surface exposure of the ER chaperone
protein calreticulin.’**® The translocation of calreticulin from the
ER lumen to the outer leaflet of the plasma membrane often pre-
cedes the first morphologic signs of apoptosis and the transloca-
tion of phosphatidylserine from the inner to the outer leaflet of
the plasma membrane.*

Anthracyclines and oxaliplatin-induced calreticulin surface
exposure requires the phosphorylation of PERK and elF2o.*
Anthracyclines also cause the dissociation of the elF2a-specific
phosphatase protein phosphatase 1 (PP1) from its obligate cofac-
tor GADD34, implying that PP1 is inhibited.** However, ER stress
alone is not sufficient to cause preapoptotic calreticulin exposure.
ER Ca?" levels contribute to the control of calreticulin exposure,
which is inline with the direct effects of Ca?* on the conformation
of the calreticulin protein.* The inhibition of caspases completely
abolishes calreticulin exposure" and subverts the immunogenic-
ity of cell death induced by anthracyclines or oxaliplatin.'? Further
analyses revealed that caspase-8 is activated downstream of ER
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stress by anthracyclines.”” Selective deletion, depletion, or inhi-
bition of caspase-8 abolished calreticulin exposure induced by
anthracyclines or oxaliplatin.*

Using genetic, biochemical and pharmacological tools, it was
shown that the early surface exposure of calreticulin is essential
for the phagocytosis of dying cancer cells by DCs."*!* Induction
of calreticulin surface exposure by hypericin-photodynamic
therapy-induced ER stress is coordinated by a pathway that is dif-
ferent from the one induced by chemotherapeutics.’? In addition
to this early eat-me signals expressed by dying tumor cells, there
are additional DAMPs released by cells undergoing ICD. The two
most common DAMPs are ATP and HMGBI1.

Extracellular ATP is a well-known “find-me” signal that is
released from apoptotic cells in response to ICD. Similar to cal-
reticulin, the trafficking mechanism responsible for the secretion
of ATP is strongly dependent on the apoptotic stage and the type
of stress or cell death stimulus.” Given that responses are different
based on the cancer therapeutics used to induce ICD, there is little
if any opportunity for generalization between the type of cancer
therapy and the danger signaling pathways engaged. Extracellular
ATP has the dual effect of stimulating monocyte attraction and
inflammasome activation in DCs. ATP is sensed by P,Y, receptors
on monocytes and induces their recruitment to the site of apopto-
sis. Extracellular ATP can also activate purinergic P,X_ receptors
on DCs, thereby initiating the NALP3/ASC/inflammasome and
driving the secretion of IL-1 a cytokine, along with tumor anti-
gen presentation, is required for the polarization of interferon-y
producing CD8* T cells and for an adaptive immune response to
cancer cells.”

HMGBI is also an essential component of anticancer immu-
nity after treatment with certain ICD inducers.’* Cells actively
release HMGBI at the late stage of apoptosis, during primary and
secondary necrosis* and during autophagic cell death.”> HMGB1
can also be released by immune cells such as macrophages and
monocytes in response to inflammatory insult.”> HMGBI has
diverse immunomodulatory activities depending on its redox
state. Redox changes switch the activity of HMGBI between a che-
moattractant DAMP (fully reduced HMGB1), proinflammatory
cytokine-inducing DAMP (disulphide-bond possessing HMGB1)
and inactivated DAMP (fully oxidized HMGB1).* HMGBI in the
extracellular space acts as a chemoattractant for inflammatory
leukocytes and stem cells,** triggers the functional maturation
of DCs and supports the clonal expansion of IFN-producing Th1
cells.*®®* It also influences the migration of DCs in secondary lym-
phoid organs.***

VIRUSES AND ER STRESS

Viruses can both induce and block many different cell death path-
ways. As viruses are dependent on host cellular machinery to rep-
licate, many have evolved specific mechanisms to subvert or delay
cell death until the impact on viral replication is minimal or until
active induction of cell death is advantageous to facilitate release
and spread of progeny virus.”"*? Enveloped viruses require mem-
brane proteins and lipids for production of progeny virus, while
many nonenveloped viruses depend upon pre-existing or modi-
fied intracellular membranes for their replication. Thus, it is not
surprising that diverse viruses induce ER stress and the UPR, as
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well as manipulate the induced UPR.* The interplay between each
virus and the host UPR is complex and incompletely understood.
ER stress caused by viruses modulates various signaling pathways
leading to cell survival or cell death. Proteins from several viruses
(influenza virus, simian virus, respiratory syncytial virus, and
hepatitis C virus) stimulate the expression of GRP78, to assist the
folding and assembly of viral proteins during the packaging stage
of virus replication.’® Downstream of GRP78, PERK is activated in
response to ER stress caused by virus infection. Activated PERK
phosphorylates eIF-2c., leading to global shut down of protein
synthesis while inducing the expression of ATF4, a transcription
factor that stimulates the expression of DNA damage-inducible
protein 34 (GADD34).** GADD34 is expressed in conditions of
DNA damage, growth arrest and cellular differentiation. GADD34
is a component of the PERK pathway that relieves translational
repression and gene expression during ER stress.>* Viruses have
been shown to activate as well as shutdown the PERK pathway at
different stages of virus infection.’**>** HSV-1, cytomegalovirus,
African swine fever, and bovine viral diarrhea virus are examples
of viruses that manipulate the PERK pathway for their benefit.**
In HSV-1 infected cells, PERK is activated without eIF-2c. phos-
phorylation. The y,34.5 protein of HSV-1 shows homology to the
carboxyl-terminus of GADD34 and recruits PP1 to dephosphory-
late eIF-20.. Compared to PERK, ATF6 and IRE1 are two compo-
nents that function in the late stages of the UPR. Viruses such as
hepatitis C virus and cytomegalovirus have evolved to manipu-
late the ATF6 and IRE1 components of the UPR for their own
benefit.*®

ICD INDUCED BY ONCOLYTIC VIRUSES

Several oncolytic viruses induce cell death with features similar to
chemotherapeutic-induced ICD (Table 1). CD40-ligand express-
ing adenovirus,” measles virus,* and coxsackievirus B3'® were
shown to induce the typical features of ICD, including increased
surface expression of calreticulin, higher levels of extracellular
ATP and HMGBI, during infection in culture. In vivo, the anti-
tumor activity of CD40-ligand expressing adenovirus depends
on the adaptive immune system, in that immunocompromised
(nude) mice failed to respond to the therapeutic intervention. The
antitumor effects in immunocompetent mice were associated with
immunogenic apoptosis in the tumor characterized by increased
infiltration of CD45* cells comprising macrophages and T cells and
a systemic Th1 response.'” Similarly, coxsackievirus B3 treatment
of xenograft tumors of human nonsmall cell lung cancer in nude
mice provided circumstantial evidence that innate immune cells
are recruited in the tumor for cross-priming of tumor antigens.'®
Oncolytic reovirus induced the expression of genes involved in ER
stress and increased intracellular levels of Ca?*, and the in vivo effi-
cacy of treatment correlated with increased expression of GRP78
and cleaved caspase 3.

There are additional studies that combined oncolytic viruses,
typically oncolytic HSV-1 and adenoviruses expressing trans-
genes, with chemotherapeutic drugs for induction of ICD in
preclinical models and human patients.'”"* In vitro combination
therapy generates the salient features of ICD such as calreticu-
lin surface exposure, HMGBI and ATP release to the extracel-
lular environment.” A study using hTert-Ad (human telomerase
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reverse transcriptase promoter-regulated adenovirus) in combi-
nation with the proteasome inhibitor bortezomib had in vitro fea-
tures of enhanced ER stress, activation of the UPR and associated
apoptotic cell death translated into in vivo antitumor activity.”
When dying cells were used to vaccinate animals, they generated
TAA specific CD8* T-cell responses only if they died by apop-
totic cell death.” Moreover, CD8* T-cell depletion abolished the
therapeutic benefit of the combination treatment. We have used
a preclinical murine breast cancer model to apply combinatorial
therapy using oncolytic HSV-1 and the immunogenic cancer cell
death-inducing drug mitoxantrone to enhance therapeutic effi-
cacy in a nontolerized TAA model and break immunological tol-
erance established in a tolerized TAA model.? Characterization
of the immune cells involved showed that the combinatorial ther-
apy requires CD8*, CD4* T cells and Ly6G* neutrophils.*

A very exciting clinical observation was reported when onco-
lytic Adenovirus was administered in combination with temo-
zolomide and cyclophosphamide to chemotherapy refractory
patients.”® Evaluation of ascites samples of pancreatic carcinoma
patients treated with the combination therapy had evidence of
autophagy with an increase in LC3 punctate pattern-positive cells.
There was a significant correlation between HMGBI1 response and
survival, with the highest increase in serum HMGBI seen in a
patient who had prolonged disease control and the longest ongo-
ing survival. Notably, in 8/9 evaluable cases, there was a correlation
between serum HMGBI levels and antitumor T-cell responses,
suggesting that HMGBI1 is a candidate predictive marker for
antitumor immune responses.”’ Median survival in combination-
treated patients treated was 269 days versus 170 days in virus-only
treated patients.”® This study highlights the immunotherapeutic
potential of utilizing combination therapies including oncolytic
viruses for enhancing anticancer efficacy.

PERSPECTIVES ON EXPLOITING THE
IMMUNOTHERAPEUTIC POTENTIAL OF ONCOLYTIC
VIRUS-INDUCED ICD

The therapeutic benefits of ICD induced by chemotherapeutics
have been widely shown in preclinical murine models. In the
context of anthracyclines and oxaliplatin, there are biochemi-
cal and genetic studies that detail the signaling pathways and
immune cells required for the effective translation of pre-
and postmortem cellular processes into anticancer immune
responses.'*"'* While there is now clinical verification that how a
cancer cell dies affects its immunogenicity,'® there is also a need
to perform comparison and dose escalation studies to identify
the specific ICD inducers that are effective in inducing immu-
nogenicity of TAAs.*

Oncolytic viruses are novel immunotherapeutics that engage
the immune system while they replicate within solid tumors. A
few studies have reported the immunogenicity of virus-induced
oncolysis, and showed that at least some oncolytic viruses acti-
vate similar DAMPs as ICD inducers, leading to potent adaptive
immunity that translates into increased therapeutic efficacy.'”'®
What remains to be investigated are the detailed signaling path-
ways and immune cells participating in the context of oncolytic
virus-induced ICD. Moreover, in the context of oncolytic virus
therapy, there will be local expression and release of virus-derived
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PAMPs in addition to host-derived DAMPs, underscoring that
utilizing viruses to induce ICD may enhance recruitment of
immune cells to the tumor microenvironment, causing efficient
cross-priming of TAAs. On the other hand, as an evolutionary
survival mechanism, viruses may interfere with ICD to avoid the
antiviral immune response.” Therefore, oncolytic viruses may
require genetic modification to inactivate ICD interfering viral
proteins and rewire ER stress or reactive oxygen species signal-
ing pathways for optimal induction of ICD. For example, viruses
can be genetically engineered to express calreticulin or immuno-
modulatory molecules on the surface of virus infected cancer cells
to recruit APCs to the tumor microenvironment.

Cancer progression is a process of biological evolution® that
consists of a series of genetic changes and adaptations.””*® During
this microevolution, different mutations confer a selective advan-
tage depending on the changes in the tumor microenvironment.”
During tumor initiation, the immune system exerts a strong
selection pressure on the tumor cells as a part of tumor immuno-
survelliance.” Radiotherapy and/or chemotherapy exert a strong
selection pressure on tumor cells, which might lead to therapy-
resistant microevolution.”” On a similar line, ICD depends on
DAMPs and the signaling pathways that mediate their release.* In
the new “pan-omics” era, it is appreciated that patients have widely
varying genetic loss or gain of function mutations within the main
signaling pathways of ICD. For example, most ICD inducers will
likely have no useful therapeutic benefit in cancer cells deficient
for caspase 8.°%¢%6? Thus, the development of genetically engi-
neered viruses that complement mutations within the signaling
pathways of ICD will have potential clinical benefits. For example,
oncolytic viruses can be engineered to express transgenes such as
caspase-8 to sensitize ICD resistant cancer types. Moreover, onco-
lytic viruses can be combined with existing chemotherapeutics or
alternative immunotherapies for enhancing their antitumor effi-
cacy. Since many patients with end stage metastatic cancer also
suffer from aborted antitumor immune responses, for example as
mediated by excessive levels of suppressor myeloid cells or inhibi-
tory Tregs, such ICD-inducing strategies may also help break the
immune tolerance barriers that have contributed to tumor pro-
gression in the first place.
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