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The most striking sign of leukemia, the excess of leu-
kocytes, disappears, and sometimes the spleen and 
lymph glands return to their normal size. Yet that the 
change is not wholly favorable appears from the fact 
that no case has really recovered… Considering the 
hopelessness of the ordinary treatment of leukemia, 

it seems that carefully planned experiments, either 
with bacterial products or organ extracts, might show 
a more safe and permanent result.
—Dock G. (1904) [1].

27.1  Introduction

Oncolytic viruses are considered as a fundamen-
tally new approach to cancer therapy, which, based 
on the underlying mechanisms, should be discussed 
in the context of immunotherapy. Oncolytic viruses 
(OVs) are viral agents that multiply predominantly 
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or exclusively in neoplastic cells and neighboring 
endothelium, killing them, and do not replicate in 
cells of normal tissues. Unlike gene therapy, where 
the virus acts as a gene carrier the product of which 
is a treatment of a particular disease, the oncolytic 
virus itself is a means of treatment.

High interest in oncolytic viruses has been 
observed during the last decade, although the 
idea of using viruses to fight cancer is not new. 
Reports of regression of tumors in patients with 
natural infectious diseases, which now can be ret-
rospectively considered as of viral nature, began 
to appear since the 1800s [2]. The role of viruses 
in the treatment of cancer was first mentioned in 
1912, when the effect of rabies vaccination on the 
course of cervical cancer was noted [3]. In 1955, 
the infection of cervical cancer patients with dif-
ferent adenoidal-pharyngeal-conjunctival virus 
(APC) serotypes, histological changes in tumor 
tissue, and the risk of developing a systemic viral 
disease were investigated deeper and more con-
sciously [4]. In 1949, the effect of viral hepatitis 
on the course of the Hodgkin lymphoma was 
investigated, when the volunteer cancer patients 
were infected with blood plasma or tissue sam-
ples of a patient with viral hepatitis. A positive 
effect was observed in almost half of the cases 
[5]. In 1952, the infection of patients with various 
advanced, resistant tumors with the early passage 
of the West Nile virus (Egypt 101) showed tumor 
regression in 10% of patients [6]. In 1974 a non-
attenuated Mumps virus for the treatment of 
patients with 18 different types of tumors showed 
a dramatic effect: a cure or more than 50% regres-
sion occurred in 37 of the 90 subjects. At the 
same time, a killed Mumps virus showed a rela-
tively very weak antitumor effect as a stimulant 
of immunity in unresponsive melanoma, which 
indicates the predominant role of the oncolytic 
but not immunostimulating effect of the virus [7]. 
These are only a few studies that had been con-
ducted in the field of oncovirotherapy before the 
1980s, not to mention the multitude of studies on 
animals. By the way, Moore in 1949 showed 
a complete destruction of murine sarcoma 180 on 
a  mouse model under the influence of Russian 
Far East encephalitis virus under certain condi-
tions [8, 9], which became a milestone in the 
development of oncovirotherapy. The limiting 

factor for the widespread use of oncovirotherapy 
was an  inability to restrict the viral process 
to make it minimally harmful to healthy tissues 
and limit viral replication to tumor cells alone. 
Therefore, in the 1970s and 1980s, the research 
activity around oncolytic viruses was somewhat 
faded due to certain legal and ethical limitations, 
but interest in them did not disappear.

At the same time, attempts were being made to 
reduce the systemic damage of the viruses for the 
organism. In 1952, Moore notes that the passag-
ing of the virus in a culture of tumor cells increases 
its tropism 20- to 30-fold to this tumor in  vivo 
[10]. This was the beginning of an era of manipu-
lation of the viruses, although it was still far from 
real interventions in their structure and genome.

Trying to reduce the harm of viruses a hypoth-
eses of virus competing for the target organ have 
been put forward: to reduce the harm of a Russian 
Far East encephalitis virus, it was proposed to 
simultaneously infect the object with a nonpatho-
genic neurotropic Newcastle disease virus [11]. 
This slightly prolonged survival, but the 
Newcastle disease virus did not show interfer-
ence with the most oncolytically active at those 
years Egypt 101 isolate of West Nile virus [2].

Attempts have been made to use viruses that 
are pathogenic for some animal species to treat 
tumors of other species. The most successful 
example was an avian Newcastle Disease Virus. 
Injected to mice with abdominal cavity carci-
noma (Ehrlich ascites carcinoma), it caused a sig-
nificant tumor response without any 
manifestations of a viral disease [12]. The very 
important clue then was the detection of the 
increase in antitumor immunity after treatment 
with oncolytic virus—more than 80% of mice 
cured by the virus did not develop carcinoma 
after repeated application of this type of cancer 
cells [13]. This became the basis for understand-
ing that the virus not only causes lysis of the can-
cer cell but also stimulates anticancer immunity.

However, at that time, the risk associated with 
an infection of the animal population with a virus 
that they had never contacted before and had no 
protection against was underestimated. Such a 
virus, according to the theory of epidemiology, can 
adapt, acquire pathogenicity, and increase viru-
lence toward the unprotected species. One of the 
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viruses used in oncolytic studies was the feline 
panleukopenia virus, which mutated and acquired 
the ability to transmit to dogs. It is believed that this 
virus infected 80% of dogs around the world in the 
late 1950s as canine parvovirus infection [14, 15].

In the early 1990s, with the advent of DNA 
recombination technologies and virus-based 
genetic engineering, oncovirotherapy reached a 
new stage of development. Now, it has become 
possible to create recombinant viruses that can 
only replicate in cells with certain properties—
for example, fast-proliferating cells. Martuza’s 
experiment demonstrated the selective activity of 
the herpes simplex virus with deleted thymidine 
kinase gene in the malignant glioma tissue [16]. 
In 1998, the Phase I clinical trial of the G207 
virus for patients with brain tumors started in the 
United States [17], in 2015—the Phase I trial of 
this virus in children with supratentorial brain 
tumors [18]. In 2005, H101, a recombinant ade-
novirus, was approved in China for the treatment 
of head, neck, and esophageal cancers [19, 20]. 
In 2015, T-VEC was approved by the FDA for the 
treatment of melanoma in the United States and 
in 2016 in Europe and Australia [21–23].

27.2  Model of Oncolytic Virus 
and Macroorganism 
Interaction

Immediate realization of the oncolytic potential of 
the virus occurs, undoubtedly, after its direct inter-
action with the tumor. This is preceded by the intro-
duction of the virus into the macroorganism—its 
infection. Depending on the route of administra-
tion, which basically can be either intratumoral or 
systemic, the virus is more or less in contact with 
the bloodstream, where it is exposed to the primary 
influence of protective factors that it has to over-
come in order to provide the expected effect.

The immune system of the macroorganism 
was originally considered and indeed is an 
obstacle to the effective use of oncolytic viruses. 
Even in the earliest studies in the 1950s, it was 
observed that active tumor necrosis under the 
influence of APC virus did not last long due to 
the eradication of the virus by the host’s immune 
system. In addition, patients who had previously 

suffered an adenovirus infection showed less 
response. Viruses which the patient could be 
contacted with prior to treatment, for example, 
adenoviruses or poxviruses, are quickly inacti-
vated by the neutralizing antibodies present in 
the body and demonstrate limited effectiveness. 
But even in the absence of preimmunization, the 
viruses rapidly interact with complement and are 
absorbed by phagocytic cells. Following the 
injection of vesicular stomatitis virus (VSV) into 
the systemic circulation, after 2 min, most of the 
particles become associated with blood cells, 
and only a small part of them are free in the 
blood plasma. After 30 min, all the viral particles 
are already bound to the cells [24]. It turned out 
that among these cells there are not only ones 
specialized in virus eliminating but also others 
which contact with the virus opportunistically. 
The latter, migrating in the bloodstream, protect 
the viral particles penetrated into them or 
adhered on their surface from the immune 
response and disseminate them into tissues, 
where the cells migrate to perform their normal 
functions. Experiments with tumor-antigen-spe-
cific T lymphocytes loaded with oncolytic vesic-
ular stomatitis virus and reovirus in vivo showed 
minimal neutralization of viral particles even at 
high titers of virus- specific neutralizing antibod-
ies in the animal. In natural conditions, carriers 
of viruses can be both T lymphocytes and den-
dritic cells (DCs), which was shown for retrovi-
rus, Newcastle disease virus (NDV), VSV, and 
reovirus [25–30]. As artificial carriers, different 
cell lines that can selectively migrate into a 
tumor or even contact tumor cells are investi-
gated: tumor-antigen-specific T cells, cytokine-
induced killer cells, tumor- associated 
macrophages, mesenchymal stem cells, granulo-
cytes, platelets, and others [31–35]. It is possible 
to coat the viral particles with polymers, for 
example, polyethylene glycol or poly-(N-(2-hy-
droxypropyl) methacrylamide) (pHPMA). This 
protects the virus from neutralization with anti-
bodies and the T-cell response [36].

In other studies, the best response to OVs in 
immunosuppressive patients was noted, for 
example, those with lymphoma or leukemia. 
Cyclophosphamide was used as an immunosup-
pressive agent. Many chemotherapeutic agents 
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are immunosuppressors themselves, so the recent 
issue is the development of the correct mode of 
combined chemo-virotherapy, in which the virus 
would be administrated during a period of slight 
immunosuppression. In addition, viruses that an 
individual rarely contacts under normal condi-
tions and against which he does not have neutral-
izing antibodies (e.g., Seneca Valley virus) still 
have a theoretical advantage over the common 
types.

Another obstacle is the permeability of the 
tumor vessels. The tumor can often have a higher 
interstitial pressure in comparison with a  pres-
sure in the vessels, which makes it difficult to 
deliver therapeutic agents, including viruses. 
Chemotherapy, killing tumor cells, somewhat 
reduces intratumoral interstitial pressure and 
increases extravasation and intake of substances 
into the tumor, not affecting directly on vascular 
permeability [37]. This property should be con-
sidered when constructing regimens of combined 
therapy. Local nitric oxide, bradykinin, nitro-
glycerin, histamine, local hyperthermia, and low- 
dose paclitaxel increase vascular permeability 
and substance leakage into the tumor and enhance 
oncolytic virus bioavailability [38–40]; systemic 
angiotensin receptor blockers reduce the collagen 
deposition inside tumors, which results in the 
decreasing of intratumoral interstitial pressure 
[41], VEGF enhances endothelial proliferation 
and angiogenesis in the tumor, enhancing tumor 
perfusion by the virus and vascular permeability 
(see below).

To date, in practical use, only mechanical pro-
tection of the virus from immune surveillance 
and tumor barriers is used so far in a form of 
direct intratumoral ways of introducing the virus, 
although this method is sometimes complicated 
and not always safe for the patient and possible.

27.3  Interaction Between 
Oncolytic Virus and Tumor

Oncolytic viruses carry with them two mecha-
nisms of antitumor effect: direct cytolysis of 
tumor cells and enhancement of antitumor immu-
nity. Intracellular replication and accumulation 

of viral copies in the tumor cell leads to its direct 
destruction and cell death, resulting in the release 
of tumor-associated antigens and the provocation 
of an immune T-cell response [42–45]. In addi-
tion, genes of proteins that enhance or modify the 
immune response and even tumor antigens can be 
induced into the genome of the virus, which 
moves the virus to vaccine category.

As stated above, the main task of adapting the 
virus for use as an oncolytic agent is to make it as 
affine to tumor cells and associated endothelial 
cells and minimally pathogenic to normal cells as 
possible. Some viruses have a natural selectivity 
in relation to tumor tissue, due to certain features 
of its altered biology and can be used in a natural, 
unmodified form. Among such viruses are reovi-
rus, parvovirus, coxsackievirus, and Newcastle 
disease virus.

The tumor itself with respect to its immuno-
suppressive microenvironment is an optimal 
place for the replication of the virus, where it 
cannot be registered by the immune surveillance 
in the early stages of the viral process. For 
example, a number of tumors represent reduced 
expression of type I IFN and have fewer recep-
tors to it or a disturbed signaling pathway (the 
pathway that leads to inhibition of cell division 
and activation of p53). In such conditions, 
viruses such as VSV, vaccinia, Newcastle dis-
ease virus, and mumps virus have an advantage 
and multiply unhindered [46, 47]. However, the 
role of type I IFN in the interaction of the tumor 
with the virus is not completely clear and is 
probably bivalent, and its formation in the tumor 
can lead to an increase in tumoristatic or lytic 
effect (see below).

Knowing the peculiarities and differences of 
the metabolic or signaling pathways of a cancer 
cell and the absence of or the altered activity of 
certain functional proteins in it, it is possible to 
adapt the virus and make it able to replicate only 
in conditions of such perverted cell biology. For 
example, by knocking out viral genes that block 
the antiviral defense of the host cell, if this 
defense is absent in the tumor, it is possible to 
achieve the selective replication of the virus only 
within the tumor. Among the disturbed metabolic 
pathways that are potential targets for the virus 
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selectivity are the defects of the RB/E2F/p16 
mechanism, p53, PKR, EGFR, Ras, Wnt, anti- 
apoptosis, hypoxia conditions, or defects in IFN 
[48–51]. In general, the mechanism of the virus 
selectivity can be associated with its penetration 
into the cell, for example, if the cancer cell 
expresses unique receptors to which the virus is 
affine (EGF receptor, Her2-neu, folate receptor, 
prostate-specific membrane antigen and CD20, 
and nuclear transcription factors PSA, hTERT, 
COX-2, and osteocalcin are believed to be poten-
tial targets for modified viruses [36, 52]), with a 
disturbed synthesis of IFN in the tumor 
(Newcastle disease virus, see below), or with dis-
turbed protective antiviral signaling pathways of 
the tumor cell (as in T-VEC; see below) [53].

27.3.1  Model of Tumor Destruction 
Under the Virus Influence

A  model of the destruction of tumor formation 
under the influence of infection with OV is very 
controversial and, for sure, varies for different 
tumors and viruses. However, with sufficient 
confidence, it could be argued that this destruc-
tion is multimodal and is mediated by the coop-
erative impact of several factors. A good model 
of the complex effect of OV on tumor death is 
proposed by Mahoney D. on the example of 
vesiculovirus [54]:

Infection of the tumor cell ultimately leads to 
its lysis via specific pathways and ultrastructural 
disorders (immunogenic cell death; see mecha-
nism below) and infection of a number of sur-
rounding tumor cells. At this time, intratumoral 
resident dendritic cells react to a viral infection 
(by detecting DAMPs and PAMPs, described 
below) and activate innate immune response, 
recruiting NK cells, macrophages, and neutro-
phils. It is interesting to note that some viruses 
(in particular, vesiculovirus) can increase the 
release of type 3 IFN by intratumoral immuno-
cytes, with subsequent increase in the number of 
NK cell receptors on the tumor cells, making 
them more vulnerable [55]. Recruited innate 
immunity cells destroy both infected and nonin-
fected tumor cells. Dendritic cells then absorb 

tumor and viral antigens, migrate to regional 
lymph nodes, and present antigens to T lympho-
cytes, which means activation of an adaptive 
immune response. Activated antigen-specific  
T lymphocytes migrate into the tumor and con-
tinue destroying its cells. For some viruses, tro-
pism was shown to the endothelium of vessels 
that supply the tumor (a presumable association 
with an excess of VEGF). Infection of endothe-
lial cells attracts neutrophils and develops vascu-
litis and thrombus formation in the vessels of the 
tumor that leads to ischemic necrosis of the 
tumor tissue.

27.3.2  Immunogenic Cell Death

Oncolytic viruses, as well as some chemothera-
peutic agents and radiotherapy, trigger a specific 
type of cell destruction. It does not fit completely 
into any of the classic ways of cell death (necro-
sis, apoptosis, and autophagy). Until recently, the 
death of tumor cells due to the effect of any thera-
peutic agents was considered in the context of 
nonimmune cell death or arrest of the cell cycle. 
Immunogenic cell death (ICD) of a tumor cell, or 
immunogenic apoptosis, is a complex response 
of a tumor cell to injurious effects, resulting in 
both apoptosis-like death and activation of a spe-
cific immune response to tumor antigens. ICD 
has been shown for anthracyclines, oxaliplatin, 
bortezomib, radiotherapy, photodynamic therapy, 
and viral agents [56–61].

The process of ICD starts when the agent 
affects certain structures of the cellular matrix 
and requires a  contribution of reactive oxygen 
species (ROS). ROS cause a stress of the endo-
plasmic reticulum (ER), but at least, just the pres-
ence of ER stress and ROS inside the cell 
simultaneously is required for ICD initiation. In 
other words, an  ability to induce a ROS-based/
ROS-associated ER stress is the determining fea-
ture for an ICD inducer. Depending on the way of 
activation of ER stress, all inducers are divided 
into two types. Type 1 affects intracellular struc-
tures other than ER, triggering its stress indirectly 
through such targets as cytoplasmic proteins, 
membrane proteins and channels, and proteins of 
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the DNA replication system. This type mainly 
includes chemotherapeutic agents and UV radia-
tion. Type 2 agents trigger ER stress impacting 
directly the ER and disrupt its operation. This 
type mainly refers to oncolytic viruses [56, 58, 
59] (Table 27.1).

ER stress is a state of ER in which it either 
undergoes synthetic overload and therefore can-
not cope with an  excessive needs of folding 
of proteins (physiological stress) or synthesizes 
pathological proteins that cannot be folded into a 
tertiary structure properly (pathological stress). 
Disturbances of protein glycosylation or folding 
into a soluble form, the presence of mutant pro-
teins, and some viral infections lead to ER stress. 
Eukaryotic cells have developed a protective 
mechanism against ER stress—the unfolded pro-
tein response (UPR) [65]. UPR is a complex of 
transmembrane proteins of ER whose domains 

protrude in both the ER lumen and the cytoplasm 
of the cell: inositol-requiring protein 1 (IRE1), 
PKR-like endoplasmic reticulum kinase (PERK), 
and activating transcription factor (ATF)-6 [66]. 
These proteins are associated with chaperone 
glucose-regulated protein 78 (GRP78) in the ER 
lumen, which detects non-folded or misfolded 
proteins in ER and releases IRE1, PERK, and 
ATF-6; they undergo activation by homodimer-
ization and autophosphorylation (but ATF-6 
migrates to the Golgi where it is activated by the 
proteases) [66–68]. Activated PERK inhibits pro-
tein synthesis by phosphorylation of eIF-2α (i.e., 
protein shutoff response); eIF-2α triggers 
an expression of ATF4 which in turn upregulates 
expression of CHOP that inhibits a gene encod-
ing anti-apoptotic BCL-2 while enhancing 
expression of pro-apoptotic BIM. Activated IRE1 
triggers an  expression of protein degradation 
enzymes (ERAD). ATF-6 triggers an expression 
of chaperone genes that refold the misfolded pro-
teins [57]. If an activity of the UPR complex is 
not sufficient to eliminate ER stress, the described 
adaptation phase is replaced by an alarm phase 
and further, through a  triggering of signaling 
pathways such as Fas-associated death domain 
protein (FADD)/caspase-8-dependent cell death, 
leads to a cell death [69], which can proceed both 
via caspase-dependent (apoptosis) and caspase- 
independent pathway (necrosis) [57] (Fig. 27.1).

Immunogenicity of a cell death is determined 
by a release of signals into an extracellular envi-
ronment that indicate a nonphysiological nature 
of the occurring apoptosis—danger-associated 
molecular patterns (DAMPs), also called alarm-
ins. DAMPs are intracellular molecules that do 
not normally come out from the cell but when it 
is stressed, traumatized, or dying are released 
into surrounding tissues to be detected by 
receptors of immune cells. Not all DAMPs are 
pro- inflammatory—some serve as immuno-
suppressors to downregulate autoimmune reac-
tions in response to a  cell death, thereby 
providing mechanisms for tolerogenic cell 
death. Among the  latter DAMPs are phosphati-
dylserine (PS), annexin A1 (ANXA1), death 
domain 1α (DD1α), and B-cell CLL/lymphoma 
2 (BCL2). Main immunogenic DAMPs are 
adenosine triphosphate (ATP), high-mobility  

Table 27.1 Immunogenic cell death inducers [56, 
62–64]

Inducer Cellular target
Type I inducers
Anthracyclines DNA or proteins of 

DNA replication 
machinery

Oxaliplatin DNA synthesis
Bortezomib ERAD, 26S 

proteasome, CIP2A
UVC irradiation DNA
Cyclophosphamide (frequent 
low-dose administration) [63]

DNA

7A7 (EGFR-specific antibody) Cell surface receptor 
(EGFR)

Cardiac glycosides (if 
combined with 
chemotherapeutic agents) [62]

Na+/K+-ATPase

Vorinostat (HDAC inhibitor) Nucleus (chromatin 
structure)

Shikonin Tumor-specific 
pyruvate kinase-M2 
protein

Wogonin Mitochondria
Type II inducers
Hypericin-based photodynamic 
therapy

Endoplasmic 
reticulum

Oncolytic viruses Endoplasmic 
reticulum

EGFR epidermal growth factor receptor, UVC ultraviolet 
C, ERAD endoplasmic-reticulum-associated protein deg-
radation, HDAC histone deacetylase, CIP2A cancerous 
inhibitor of protein phosphatase 2A
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group box 1 (HMGB1), heat shock proteins 
(HSP70, HSP90), and calreticulin (CRT) [59–
61]. Their releasing mechanisms, as well as tar-
get receptors on immune cells, are presented in 
Table 27.2.

ER stress, which precedes ICD, is accompa-
nied by an appearance on the surface of the cell 

membrane of proteins serving as an  immunogenic 
“eat-me” signal for antigen-presenting cells, pri-
marily dendritic cells (DCs). Any ICD, regardless 
of the inducer, is accompanied by an appearance of 
calreticulin on the membrane and a release of the 
immunomodulating molecules such as adenosine 
triphosphate (ATP) and high-mobility group box 

Selective
slicing

IRE1
P

P

P
P

PERK

ATF6

ATF6

ATF6

GRP78 ER Iumen

cleavage

Golgi

DNA

Adaptation

XBP-1S

Apoptosis Adaptation

ER
chaperons

Expression of pro-
apoptotic BIM;
Inhibition of anti-
apoptotic BCL-2

Expression of GADD34

Expression of CHOP

CHOP
ATF4

ATF4

ROS

ERAD
ER
chaperons

Translation
On

Translation
Off

Selective
translation

GADD34

PP1α

eIF2αeIF2α

XBP-1s mRNAXBP-1 mRNA

XBP-1S

Fig. 27.1 Unfolded protein response. IRE1, PERK, and 
ATF6 are ER transmembrane proteins that have their 
domains both in the ER lumen and cytoplasm. GRP78 in 
normal conditions binds ER luminal parts of IRE1, PERK, 
and ATF6, attenuating their activity. Accumulation of 
unfolded or misfolded proteins in the ER lumen leads to 
GRP78 dissociation and migration into the lumen. 
Consequently, released IRE1 and PERK are activated 
through homodimerization and autophosphorylation; 
ATF6 migrates to Golgi where it undergoes selective pro-
teolysis and subsequent translocation to the nucleus. 
ATF6 being a transcription factor modulates the expres-
sion of genes encoding ER chaperones, which enhance 
protein folding in ER, and ERAD proteins, which provide 
degradation of unfolded proteins. Activated IRE1a pro-
vides the selective excision of the intron fragment from 
XBP-1 mRNA (selective splicing). Spliced XBP-1 mRNA 
translates protein with transcription factor properties that 
regulates transcription of ERAD pathway proteins and ER 

chaperons in conjunction with ATF6. Activated PERK 
phosphorylates eIF2α, which in turn inhibits overall pro-
tein translation but enhances translation of ATF4. ATF4 
acts as a transcription factor for CHOP, which in turn aug-
ments expression of GADD34 and pro-apoptotic BIM but 
decreases anti-apoptotic BCL-2. GADD34 is a downregu-
lator of the phosphorylated eIF2α activity. Accumulation 
of ROS due to enhanced protein synthesis along with the 
expression of pro-apoptotic genes leads to apoptosis [70–
73]. IRE1 inositol-requiring protein 1, PERK PKR-like 
endoplasmic reticulum kinase, ATF6 activating transcrip-
tion factor-6, ATF4 activating transcription factor-4, 
GRP78 chaperone glucose–regulated protein 78, ER 
endoplasmic reticulum, ERAD ER-associated protein deg-
radation, XBP-1 X-box binding protein 1, eIF2α eukary-
otic translation initiation factor 2, CHOP C/EBP 
homologous protein, GADD34 growth arrest and DNA- 
damage- inducible 34, BIM Bcl-2-like protein 11, BCL-2 
B-cell lymphoma 2 protein, ROS reactive oxygen species
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1 (HMGB1) into an extracellular space [60, 74]. 
Calreticulin (CRT) is an ER-chaperone protein; 
its migration from the ER to the surface of the 
cell membrane is a sign of the onset of apoptosis 
even before its morphological features appear. 
Translocation of CRT to the surface of the cell 
membrane is initiated by  an activation of cas-
pase-8. The latter leads to an activation of BAX/
BAK and cleavage of their substrate Bap31. This 
is considered necessary for the beginning of 
migration of CRT [75]. The translocation of 
CRT is due to its binding to the ERp57 protein, 
and an CRT/ERp57 complex migrates to the sur-
face [56, 69]. Various proteins of UPR, apoptosis 
(BAX/BAK/caspase- 8), cytosolic Ca2+ play a 
role in calreticulin transportation to the cell sur-
face. On the membrane, CRT is deposited on 

low-density lipoprotein receptor-related protein 
1 (LRP1) [76, 77]. It is CRT that is considered to 
be the main signal that causes the immunogenic-
ity of cell death. A blockade of CRT or depletion 
of CRT with small interfering RNAs (siRNAs) 
neutralizes the immunogenicity of cell death 
[76]. Part of CRT is also secreted into an extra-
cellular space, acting as a pro-inflammatory 
agent and a modulator for DCs: after the impact 
of CRT, DCs release IL-6, IL-8, and TNF-alpha 
[78], and the antigen- presentation mechanism is 
changed—the MHC II pathway is inhibited, and 
MHC I is activated and, accordingly, a cross-
presentation is, with the activation of CD8-T 
lymphocytes.

HSP90 is another DAMP released during ICD 
that also migrates to the cell surface and is 
exposed associated with LRP1. Both surface- 
exposed CRT and HSP90 interact with specific 
receptors on the membrane of the immune cell 
(for example, LRP1 of the DC), which becomes 
an immunogenic “eat-me” signal for the latter 
[79–81].

ATP, being a “find-me” signal, binds to P2Y2 
receptors of DCs, making them migrate to the 
apoptosis region. In addition, ATP binds to P2X7 
receptors of DCs that activate the NALP3- 
inflammasome complex, which acts as a trigger 
for caspase-1  in monocytes [56, 80]. Caspase-1 
serves as a protease of pro-IL-1β protein; thus, its 
activation increases expression of IL-1β by a 
DC.  IL-1β acts as a pro-inflammatory agent; it, 
together with presentation of tumor antigens, 
activates the CD8+ T cells and triggers an antitu-
mor adaptive immune response [82, 83].

HMGB 1 is a nuclear protein that is passively 
released both in necrosis and in the late phase of 
apoptosis and is an agonist of Toll-like recep-
tor (TLR)-4 of DCs [56]. Its interaction with 
the receptor stimulates maturation of the DCs 
and release of pro-inflammatory cytokines. 
Additionally, HMGB 1 induces multiplication 
of the IFN-producing Th1 cells clone [84]. The 
activity of HMGB 1 depends on its redox state. 
Reduced HMGB 1 behaves as a chemoattractant 
for leukocytes, disulfide-bond possessing 
HMGB1—as an inducer of pro-inflammatory 
cytokines release, and oxidized state is inactive 
[85]. Moreover, HMGB 1 inhibits immunosup-

Table 27.2 Main DAMPs occurring in ICD and their 
brief descriptions

DAMP
Mechanism 
of release

Immunocytes’ 
receptors

Related 
mechanisms 
of cell death

ATP Actively or 
passively 
released

P2Y2 and 
P2X7

ICD, 
apoptosis/
secondary 
necrosis and 
necrosis

Calreticulin Mostly 
surface 
exposed; 
sometimes 
passively 
released

CD91 (LRP1) ICD

Heat shock 
proteins 
(HSP70, 
HSP90)

Surface 
exposure, 
active 
secretion, 
or passive 
release

CD91 
(LRP1), 
TLR2, TLR4, 
SREC-1, and 
FEEL-1

ICD, 
apoptosis/
secondary 
necrosis, 
necrosis

High- 
mobility 
group box 
1

Mostly 
passively 
released; 
sometimes 
actively 
released

TLR2, TLR4, 
RAGE, and 
TIM3

ICD, 
secondary 
necrosis and 
necrosis

DAMP danger-associated molecular pattern, ICD immu-
nogenic cell death, ATP adenosine triphosphate, LRP1 
low-density lipoprotein receptor-related protein 1, TLR 
Toll-like receptor, SREC-1 scavenger receptor expressed 
by endothelial cells 1, FEEL-1 fasciclin EGF-like, 
laminin- type EGF-like, and link domain-containing scav-
enger receptor-1, RAGE receptor for advanced glycation 
end products, TIM3 T-cell immunoglobulin and mucin- 
domain containing-3
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pressive Treg cells of the tumor microenviron-
ment [57].

Along with the release of immunogenic 
DAMPs during ICD, the cell loses tolerogenic 
“don’t eat me” signals. Among such signals is 
CD47. Moreover, a decrease in the level of CD47 
is considered necessary for CRT to manifest its 
immunogenic properties as an  “eat me” signal 
[58, 86–88].

A picture of ICD caused by a number of OVs 
is similar to the ICD resulting from other induc-
ers: coxsackievirus B3 [89], measles virus [90], 
and CD40-ligand expressing adenovirus [91] lead 
to cell death, which is accompanied by the release 
of the main described DAMPs—calreticulin, ATP, 
and HMGB1. However, processes occurring on 
the ultrastructural level during the OV-mediated 
ICD is not identical to that caused by other agents. 
OV takes control of the protein synthesis machin-
ery and mechanisms of cell death, so its course 
may differ from the described. For example, OV 
can regulate the cell death apparatus in a way that 
allows its activation only after all cell energetic 
resources (ATP) have been depleted [50]. For 
Newcastle disease virus, it has been shown that it 
can trigger both caspase- mediated (apoptosis) and 
caspase-independent (necrosis) death. Also, for 
this virus, no exposure of HSP70/90 and ATP by 
the dying cell was observed during 
ICD. Concerning ATP, this is probably due to its 
expenditure on viral replication [92].

DCs consume tumor-associated antigens (both 
endogenous and neoantigens, as well as viral 
antigens) and present them to the cells of the 
adaptive immune response in lymph nodes, 
which in the presence of the immunogenic (but 
not tolerogenic) DAMPs leads to liberation of 
pro-inflammatory cytokines (e.g., IL-6/IL-12/
IL-1β) [93, 94] by DCs and activation of T cells: 
polarization of CD4+ lymphocytes into the Th1 
and Th17 cells for type-I antibody-dependent 
antitumor immune reactions (DC-released IFN-γ 
polarizes CD4+ and also acts as a cytostatic agent 
for tumor cells) and activation of CD8+ cytotoxic 
lymphocytes (CTL) by the aid of Th1 cells (cyto-
toxic lymphocytes cause direct toxic effects on 
tumor cells mediated through IFN-γ, FasL-CD95 
interaction, and perforin-granzyme action) [59, 
61, 74, 95–97]. Different OVs presumably can 

differently activate different components of the 
adaptive immune response: for example, prefer-
ential activation of Th1 was shown for reovirus- 
mediated oncolysis, while VSV promotes mostly 
Th17 cells [98]. During the adaptive immune 
response, a pool of memory T cells is formed, 
which provide prospective long-term antitumor 
immunity, mainly maintained by CD8+ T cells.

An obstacle to an effective immune response to 
the ICD of a tumor cell is the fact that tumor- 
associated antigens (TAAs) of solid tumors in fact 
are often self- or close-to-self-antigens. T lympho-
cytes carrying high-affinity T-cell receptors (TCRs) 
to these antigens normally undergo negative selec-
tion in the thymus and lymph nodes to prevent 
autoimmunity [99, 100]. Cells with low-affinity 
TCRs may elude negative selection, but their activ-
ity is usually insufficient to trigger a full-fledged 
immune response due to the immunosuppressive 
microenvironment in the tumor [101, 102]. ICD 
decreases the degree of this immunosuppression 
and increases activity of the low-affinity clone of T 
lymphocytes for a while, but this pool is quickly 
suppressed by mechanisms of peripheral toleroge-
nicity after the fading of ICD, and immunological 
memory hardly develops. This is especially rele-
vant for chemotherapy regimens, because they 
have a limited duration of administration due to the 
development of adverse effects (e.g., severe lym-
phopenia, which diminishes the antitumor immu-
nity) [99]. From this perspective, OVs seem to be 
an effective solution as an inductor of ICD—they 
replicate in a tumor causing ICD for as long, as 
they still are able to infect other tumor cells; such 
prolonged ICD stimulates the activity of low- 
affinity T cells for a long time [59]. But if mutant 
antigens are present on the tumor, T lymphocytes 
carrying TCRs to them are not subjected to central 
(negative selection) and peripheral tolerogenesis, 
and therefore will be more active in the immune 
response and memory formation [103].

Another significant potentially positive differ-
ence of OVs from other inducers of ICD is that an 
infected cell, in addition to DAMPs, releases 
pathogen-associated molecular patterns (PAMPs), 
which indeed are structural molecules and the 
products of the vital activity of the virus (like in 
the infection of normal non-tumorous tissues). 
Such additional stimulation may enhance the 
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activity of immunocytes and increase the effi-
ciency of cross-priming of TAAs and, therefore, 
the immune response to the tumor [57].

Some OVs, in particular Newcastle disease 
virus, trigger type I IFN response in tumor tissue 
additionally to ICD [104]. The effect is achieved 
both by the direct influence of IFN-α and IFN-β 
on the tumor cell followed by an activation of the 
antiproliferative effect by p53 induction [46], 
mediation of the stimulated CD8+ T lympho-
cytes and macrophages, and release of pro- 
inflammatory cytokines. The early phase of type 
I IFN response is the detection of PAMPs by 
monocytes and DCs via pattern recognition 
receptors (PRRs). This signal leads to the initia-
tion of IFN-β and then IFN-α expression by these 
cells. The late phase is the interaction of the 
released IFN-α and IFN-β with the surface chain 
of the type I IFN receptor (IFNAR) and start of 
the synthetic phase of the IFN response, i.e., the 
signaling pathway resulting in activation of the 
expression of a wide variety of interferon- 
stimulated genes (ISGs) that affect the life cycle 
of the virus at its various stages [105]. It is not yet 
clear which of the IFN response links are most 
effective and are of primary importance in the 
infection of tumor tissue, taking into account the 
immunosuppressive microenvironment and the 
disturbed apoptotic and inflammatory signaling 
pathways of neoplastic cells. IFN response in the 
tumor may presumably develop after a suffi-
ciently massive infection of the tissue followed 
by an increase in pro-inflammatory properties of 
the microenvironment as far as leukocytes infil-
tration of the tumor occurs (Fig.  27.2). This 
mechanism requires further study.

27.4  Oncolytic Viruses of Current 
Interest

27.4.1  Artificially Modified Viruses

Modified oncolytic viruses are mainly normally 
pathogenic human viruses, which has been 
induced with specific modifications in their cell 
invasion or antiviral defense block apparatus, and 
therefore, they lose their pathogenicity in normal 

tissues but manifest it in neoplastic cells with 
defective defense or demonstrate their selectivity 
to cells with specific membrane receptors. 
Among the most studied of such viruses are HSV, 
adenoviruses, and vaccinia, and the most com-
mon modifications are blockades of genes attenu-
ating antiviral protection in host cells, changes in 
proteins responsible for invasion into the cell, 
and insertions of immunomodulatory protein 
genes (e.g., GM-CSF) (Table 27.3).

27.4.1.1  Oncolytic Herpesviruses
Talimogene laherparepvec (T-VEC) is the first 
drug of the OVs group that has proven to be 
effective in the Phase III clinical trials and is 
approved for use in Europe [110] and the United 
States [21, 111, 112].

The virus is constructed on the basis of 
HSV-1 with mutations in two genes: deletion of 
α47 and γ34.5, with the insertion of human 
granulocyte- monocyte colony-stimulating fac-
tor (GM-CSF) gene into the locus of γ34.5 gene 
[23]. γ34.5 is responsible for the virus’s ability 
to inactivate the protein synthesis block (protein 
shutoff) response to the viral invasion  of the 
host cell and thus maintains its replication in the 
infected cell. Deletion of this gene makes the 
virus unable to reproduce in a normal cell. But 
in the neoplastic cell, where the mechanism of 
the protein shutoff is frequently disrupted, the 
mutant Δγ34.5 virus can still replicate [113]. 
The α47 gene serves as an inhibitor of the trans-
porter associated with antigen presentation 
(TAP) protein. This transporter is involved in 
the mechanism of antigen presentation and par-
ticularly MHC class I expression on the cell sur-
face. Its inhibition makes infected cells invisible 
for CD8+ CTL [114, 115]. Switching off the 
α47 gene enhances expression of Ag/MHC I 
complexes on tumor cells and antitumor immune 
response. In addition, inactivation of α47 
enhances expression of a neighboring US11 
gene that additionally increases viral replication 
in cells [113, 116]. Expression of GM-CSF fur-
ther enhances maturation of DCs and, conse-
quently, the immune response. In the murine 
bilateral flank tumor model, a  GM-CSF- 
expressing virus showed an oncolytic effect 
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Table 27.3 General properties of current OVs under development [108, 109]

Virus family Virus species Genome
Mechanism of 
invasion

Virus strain (name), 
genetic modification

Current development 
status

Herpesviridae HSV-1 dsDNA Membrane 
receptors—
Glycoprotein D for 
epithelial cells; 
HVEM, nectin-1, 
and nectin-2 for 
neurons

Talimogene 
laherparepvec 
(T-VEC) (Δγ34.5/
Δα47/GM-CSF (+))

Approved by FDA for 
stage IIIB-IVM1a 
melanoma

Adenoviridae Adenovirus dsDNA Membrane 
receptors—CAR; 
HSPG and low- 
density lipoprotein 
receptors for 
hepatocytes

H101 (ΔЕ1В55К/
ΔЕ3)

Approved by Chinese 
state Food and Drug 
Administration for 
advanced head and 
neck cancer

ICOVIR-5 (E1AΔ24/
E2F1 (+)/RGD-4C (+) 
into the fiber knot)

Phase I trial for 
melanoma

CG0070 (ΔЕ3/
GM-CSF (+))

Phase II trial for 
bladder cancer

OBP-301 (hTERT 
promoter (+))

Phase I/II trial for 
hepatocellular 
carcinoma; phase I for 
esophageal carcinoma

Reoviridae Reovirus dsRNA Membrane 
receptors—Sialic 
acid, JAM-1

Reolysin 
(non-modified)

Phase III trial for 
advanced/metastatic 
head and neck cancer

Paramyxoviridae NDV ssRNA Plasma membrane 
fusion

NDV (non-modified) Phase I/II trial for 
glioblastoma, sarcoma, 
and neuroblastoma

NDV oncolysate-
pulsed DCs (VOL-
DCs) (vaccine)

Received advanced 
therapeutic medicinal 
product status

Measles virus ssRNA Membrane 
receptors—CD46

MV-NIS (sodium/
iodine transporter (+))

Phase I/II trial for 
recurrent ovarian 
cancer

Picornaviridae Coxsackievirus ssRNA Membrane 
receptors—CAR, 
ICAM-1, DAF

Cavatak 
(non-modified)

Phase I and II trial for 
melanoma

Poliovirus ssRNA Membrane 
receptors—CD155

PVS-RIPO (ΔIRES/
IRES from human 
rhinovirus type 2 (+))

Phase I trial for 
glioblastoma

Poxviridae Vaccinia dsDNA Plasma membrane 
fusion

JX-594 (ΔTK/
GM-CSF (+))

Phase III trial for 
hepatocellular 
carcinoma

Rhabdoviridae VSV ssRNA Membrane 
receptors—LDLR

VSV-hIFNb (IFN-β 
(+))

Phase I trial for 
different solid tumors; 
phase I trial for 
lymphomas and 
leukemia

GL-ONC1 (ΔF14.5L/
ΔJ2R/ΔA56R/Renilla 
luciferase (+)/GFP 
(+/, β-galactosidase 
(+))

Phase I/II trial for 
ovarian, fallopian tube 
cancer, peritoneal 
carcinomatosis
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both at the site of intratumoral administration 
and in a distant homologues tumor, whereas the 
virus without the GM-CSF gene acted only in 
the primary- injected tumor site [44] (Fig. 27.3). 
Thus, acomplex theoretical model of the T-VEC 
virus action can be represented by the 
following:

At the site of intratumoral injection of the 
virus, it invades mainly cancerous cells that 
express an excess of receptors to which the virus 
has a natural tropism (such as HVEM, nectin-1, 
and nectin-2) but also normal cells. In normal 
cells, its replication does not occur since the 
mechanism of protein synthesis shutoff response 
is turned on, which cannot be blocked by the 
virus due to the absence of the γ34.5 gene. In the 
tumor cell, the protein shutoff mechanism does 
not work, so the virus freely replicates in it. 
During replication, some viral antigens interact 
with TAP in the Golgi, since the viral protein that 
normally prevents this event is absent in the virus 
due to the deletion of α47; then, these viral anti-
gens bind with MHC I, and this complex migrates 
to the cell surface. It promotes virus-specific 
CD8+ CTL formation, which triggers mecha-
nisms of immune-mediated cell death and attract 
immunocytes, releasing IFN-gamma. Expression 
of GM-CSF additionally recruits DCs and mac-
rophages into the tumor and triggers their matu-
ration. Mature antigen-presenting cells then 
present tumor antigens to CD8+ T cells in lymph 
nodes; this process stimulates the formation of 

a tumor-specific clone of CTLs. Lysis of a cancer 
cell due to the replication of the virus inside it is 
an achievement of cytoreduction itself. Released 
from lysed cells, DAMPs, PAMPs and tumor- 
associated antigens on a  background of the 
immune-activated microenvironment stimulate 
DCs to trigger an adaptive immune response. 
Activated antitumor immunity attacks both the 
primary tumor in which the virus was injected 
and metastatic foci [110] (see ICD mechanism 
above).

In Europe, indications for T-VEC is an unre-
sectable melanoma in adults, which is regionally 
or distantly metastatic (stage IIIB, IIIC, and 
IVM1a), with no bone, brain, lung, or other vis-
ceral diseases [111]. In preclinical studies, 
T-VEC showed efficacy also in other types of 
neoplasm, but melanoma was initially chosen for 
the clinical trial because of the availability of 
superficial foci for intratumoral virus administra-
tion and the known activity of the immune sys-
tem in this type of cancer.

T-VEC is administrated intratumorally in a 
maximum dose of 4  ml with a titer of 106–108 
plaque forming units (pfu)/ml diluted in 
phosphate- buffered saline. The injected dose 
depends on the size of the tumor: 0.1 ml is used 
for the tumor smaller than 0.5 cm in the largest 
dimension; size 0.5–1.5  cm, up to 0.5 ml; 1.5–
2.5  cm, up to 1 ml; 2.5–5 cm, up to 2 ml; and 
lesions more than 4  cm, up to 4  ml. The first 
injection for the seronegative for HSV-1 patient 

Virus family Virus species Genome
Mechanism of 
invasion

Virus strain (name), 
genetic modification

Current development 
status

Maraba virus ssRNA Membrane receptors MG1-MA3 (MageA3 
(+))

Phase I/II trial for 
advanced/metastatic 
solid tumors

Parvoviridae Parvovirus ssDNA Membrane 
receptors—Sialic 
acid, erythrocyte P 
receptor

ParvOryx 
(non-modified)

Phase I trial for glioma

OVs oncolytic viruses, Δ deletion, (+) insertion, FDA Food and Drug Administration, HSV-1 herpes simplex virus-1, 
NDV Newcastle disease virus, VSV vesicular stomatitis virus, HVEM herpesvirus entry mediator, CAR coxsackievirus 
and adenovirus receptor, HSPG heparan sulfate proteoglycan, JAM-1 junctional adhesion molecule 1, ICAM-1 intercel-
lular adhesion molecule 1, DAF decay-accelerating factor, LDLR low-density lipoprotein receptor, IRES internal ribo-
some entry site, GFP green fluorescent protein, MageA3 melanoma-associated antigen 3

Table 27.3 (continued)
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should be done with a titer of 106 pfu/ml solution; 
the drug is first injected into the largest available 
tumor and then into others in order of decreasing 
size until a full one-time dose of 4 ml is applied. 
The second dose is given after 3 weeks, using a 
concentration of 108 pfu/ml; injections are started 
with new tumors that have appeared since the 
previous visit and then the other tumor, starting 
from the largest, till the full single 4 ml dose is 
reached. Subsequent visits are conducted at 
2-week intervals, with the same regime of injec-
tion of the virus. For superficial tumors, the nee-
dle is inserted into the central part of the tumor, 
and the dose is injected into all portions of the 
tumor, changing the direction of the needle but 
not removing it, if possible. Each needle removal, 
as well as injections into different foci, must be 
accompanied by a needle change. For deeply 
located formations when it is impossible to insert 
a needle under visual or palpatory control, ultra-
sound guidance is recommended. The needle 
should be removed slowly, during up to 15–30 s, 
in order to avoid leakage of the drug through the 
injection site [106, 111, 112].

In the Phase III clinical trial, OPTiM T-VEC 
showed its efficiency compared with the intratu-
moral administration of GM-CSF. Durable response 
rates (which means continuous response of 
≥6 months beginning within the first 12 months 
of therapy), complete responses, and overall sur-
vival for patients with IIIB-IVM1a stage mela-
noma were significantly higher in an arm of 
talimogene laherparepvec than in GM-CSF. The 
average overall survival totaled 41.1  months in 
the T-VEC arm and 21.5 in the GM-CSF one (HR 
(95% CI) 0.57 (0.40–0.80)). Importantly, not 
only tumors that had undergone injections 
responded to the treatment, but also distant 
tumors did. A total of 64% of injected lesions, 
34% of uninjected non-visceral lesions, and 15% 
of uninjected visceral lesions decreased in size 
by ≥50% [21]. It means that the theoretical model 
of the mechanism of action of the virus is con-
firmed by its practical application.

Adverse effects (AEs) of talimogene laher-
parepvec are comparatively rare, and it is overall 

safe for clinical use. Among the most common 
AEs, pyrexia, chills, flu-like symptoms, general 
weakness and fatigue, and reactions at the injec-
tion site have been noted. Among serious AEs, 
cellulitis of the injection site with about 2% fre-
quency has been noted. Immune-related AEs 
such as vasculitis, pneumonitis, and vitiligo have 
also been noted during talimogene laherparepvec 
treatment, all being nonserious and occurring in 
≤7% of patients [21, 111]. Generalization of 
infection in the form of herpetic infection is 
extremely rare and is presented by single cases, 
and moreover, the study of the genome of the 
virus-caused generalized infection in those 
patients revealed it was a wild, but not a geneti-
cally modified strain [43].

Although talimogene laherparepvec is gener-
ally safe, it is recommended to take certain pre-
cautions to prevent the transmission of the virus 
to a healthy person in close contact. Among these 
measures, during the whole treatment and 
30 days after the last dose, avoid any contact with 
injection sites and body fluids (use of a condom 
during sexual intercourse, avoid kissing in the 
presence of wounds on the oral mucosa in any 
partner, and use individual dishes and personal 
care items); for 8 days after each injection, wear 
water- and airproof dressings at the injection 
sites, which when utilized should be packed in 
plastic bags. At the same time, during the treat-
ment, there are no restrictions for patients to visit 
public places, restaurants, baths, etc. [43].

Contraindications to the use of talimogene 
laherparepvec are the presence of clinical or lab-
oratory signs of herpetic infection in the patient, 
current use of antiviral drugs (for example, acy-
clovir), and severe immunodeficiency (due to 
HIV, leukemia, lymphoma, immunosuppressive 
therapy). Patients taking low doses of corticoste-
roids (up to 10  mg in the equivalent of 
 prednisolone) may be considered as candidates 
for therapy. The use of the virus in pregnant 
women and children is not recommended, since 
this group has not been investigated in clinical 
trials (although animal studies showed no adverse 
effect on the fetus) [43].
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27.4.1.2  Oncolytic Adenoviruses
As oncolytic agents, serotype 5 adenoviruses are 
most commonly used. The best-known represen-
tatives of oncolytic adenoviruses are H101, 
which is approved for clinical use in China; 
ONYX-015, the effectiveness of which is  lim-
ited; ICOVIR-5; CV706; CG0070; and OBP- 
301, which are now undergoing clinical trials 
[120].

The genetic modification of adenoviruses, 
aimed to increase tumor selectivity, consists in 
modifying the way of virus penetration into the 
cell and the process of its replication following 
the invasion. Adenovirus serotype 5 invasion into 
the cell occurs in two phases: binding of  fiber 
protein of the virus to the coxsackievirus and 
adenovirus receptor (CAR) of the target cell 
[121, 122] and then penetration of the virus medi-
ated by an interaction of arginine-glycine- aspartic 
acid (RGD) sequence of the penton base and αv 
integrins on the cell surface [123]. Genetic modi-
fication ordering to reduce adenovirus tropism to 
normal cells (detargeting) consists of deletion in 
RGD sequence (penton base) gene and induction 
of the mutation in the AB-loop of the fiber knob 
[124]. Increased tropism of the virus to tumor 
cells is achieved by modifying the viral capsid 
proteins—an  insertion of tumor- specific ligands 
into C-terminus and HI-loop of fiber proteins, L1 
loop of the hexon, RGD loop of the penton base, 
and minor capsid protein IX, which would bind 
to certain receptors that are present only or pre-
dominantly on the surface of the cancer cell 
[125–128]. The best modification is considered 
to be those consisting of the insertion of RGD-4C 
into the fiber knob of adenovirus [129, 130].

A  possibility of not only systemic but also 
local administration of adenovirus is limited by 
its sequestration during passage through the liver, 
which is also associated with significant hepato-
toxicity. Invasion of the liver cells occurs in a dif-
ferent, CAR-independent way, and therefore, the 
above-described method of detargeting is not suf-
ficient to minimize the viral tropism to the liver 
cells [131]. Hepatocytes and Kupffer cells cap-
ture viruses by binding their HSPG and low- 
density lipoprotein receptors to the fiber knob 

domain but indirectly by the mediation of coagu-
lation factor X and complement component 
C4-binding protein. Coagulation factor X binds 
to hypervariable regions (HVRs) of the adenovi-
rus hexon [132, 133]. The genetic modification 
that prevents this is an induction of a mutation in 
the coagulation factor X-binding site of the HVR 
or replacement of the HVR gene with a homolo-
gous gene from another adenovirus serotype that 
does not undergo such sequestration in the liver 
[120].

Two main methods have been developed in 
order to limit the replication and cytolytic proper-
ties of adenovirus on tumor cells. The first 
method (or type 1 viruses) is to induce a mutation 
in the E1 region. E1B55K gene  normally func-
tions as an inhibitor of p53 and, consequently, 
apoptosis of the infected cell. H101 and ONYX- 
015 viruses carry deletion in this gene, so they 
can effectively infect and replicate only in tumor 
cells that lost p53 during progression. E1A gene 
serves to block the Rb-binding domain in Rb/E2F 
complex of the host cell which results in the 
release of E2F. The latter in its free state is a tran-
scription factor and activates expression of pro-
teins of DNA synthesis machinery (e.g., DNA 
polymerase, thymidine kinase, dihydrofolate 
reductase), which allows the replication of the 
virus DNA. A mutation of E1A gene (E1AΔ24) 
limits replication of the virus only to those cells 
in which Rb is absent (e.g., malignant glioma or 
retinoblastoma cells). But this comes with a 
problem of toxicity: the virus contains an endog-
enous promoter of E1A gene, and therefore, 
enhanced expression of the defective E1AΔ24 
gene occurs ubiquitously, which becomes toxic 
(primarily hepato- and hematotoxicity) and cre-
ates an obstacle to systemic administration of the 
virus. To correct this effect, an  insertion of the 
E2F-1 promoter near E1AΔ24 gene site was per-
formed. This promoter is activated by the free 
E2F dimer and is blocked by Rb/E2F complex 
(which is present in normal cells). Activation of 
the promoter in tumor cells enhances expression 
of E1AΔ24, and its block in normal cells inhibits 
this expression, which reduces the systemic toxic 
effects of the virus [120, 134]. The described 
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modification is present in the last generations of 
ICOVIR [12, 50].

The second method (type 2 viruses) is that a 
promoter is inserted into a genome of the virus, 
which is activated by a specific protein of the 
tumor cell, which limits the virus replication by a 
tumor or a specific tissue. This promoter regu-
lates expression of E1A.  For example, CV706 
virus carries a promoter which is activated by the 
prostate-specific antigen and therefore multiplies 
primarily in prostate cancer cells. OBP-301 virus 
contains a promoter that responds to telomerase 
reverse transcriptase and, accordingly, multiplies 
in cells with a high amount of this enzyme [50, 
120, 135].

27.4.1.3  H101
H101 virus (Oncorine) has been developed in 
China and approved by the Chinese State Food 
and Drug Administration for use as a 
chemotherapy- combined treatment for advanced 
stages of head and neck tumors. In the Phase III 
clinical trial that was conducted in 2000–2004, 
the virus in combination with chemotherapy 
showed a 79% positive response rate, compared 
with 40% for chemotherapy alone [19]. H101 
carries a  deletion of E1B55K (see above) and 
deletion of the E3 genes. The latter is responsible 
for a synthesis of death protein and systemic tox-
icity of the virus. The mechanism of cell death 
caused by H101 infection probably lies in ICD, 
but immunological features and immune response 
to oncolytic adenoviruses are significantly less 
studied than that for talimogene laherparepvec. 
Monotherapy with H101 proves to be not enough 
effective, presumably because of the difficulties 
in overcoming barriers formed by the microenvi-
ronment of solid tumors by the virus [136, 137]. 
Therefore, currently, the possibilities of different 
types of combined therapy are being explored: 
e.g., a combination of transarterial chemoemboli-
zation with simultaneous intraarterial administra-
tion of H101  in patients with hepatocellular 
carcinoma showed 40% 3-year survival rate, 
while 22% in  chemoembolization alone [138]. 
Histone deacetylase inhibitors in  vivo have 
shown an ability to enhance CAR expression (see 

above) on the surface of tumor cells (e.g., esoph-
ageal squamous cell carcinoma) and, conse-
quently, to increase the H101 infecting activity 
[137].

Besides H101, H102 and H103 viruses have 
been developed. H102 carries an alpha- 
fetoprotein- activated promoter and is therefore 
able to selectively replicate in hepatocellular car-
cinoma cells [134]. H103 carries a heat shock 
protein (HSP) 70 gene, which is a DAMP and 
enhances immunogenicity of tumor cytolysis. In 
2009, the  Phase I of H103 clinical trial ended. 
The results showed an objective response 
achieved in 11% of patients, and 48% had at least 
stabilization of the disease [139].

27.4.1.4  The Immune Response 
to Adenoviruses

The immune response in the context of oncoviro-
therapy usually consists of two aspects: elimina-
tion of the virus due to an activation of antiviral 
immunity and antitumor response, enhanced by 
the influence of the virus on the tumor and its 
microenvironment (i.e., ICD).

Studies with tumor-bearing animals infected 
with oncolytic adenovirus (VRX-007) have 
shown that in immunocompetent individuals 
(both those that were previously immunized with 
adenovirus and naive), neutralizing antibodies 
are formed by day 7 after virus administration 
and at the same time are detected in the tumor 
tissue; tumor growth stops for 2–3 weeks but then 
continues, and repeated injections of the virus no 
longer affect it [140].

On the other hand, the presence of anti- 
adenoviral immunity plays a role in preventing 
the dissemination of the virus to normal tissues 
and provides a certain safety for virotherapy.

Insertion of genes of pro-inflammatory pro-
teins into the genome of adenoviruses in order to 
strengthen the immunogenicity of infection and 
cell death is investigated: the abovementioned 
H103 with an inserted HSP70; proteins GM-CSF, 
Fas ligand, and IL-27, enhancing maturation and 
the function of antigen-presenting cells [141]; 
IL-12, activating T cells [142]; and IFN-α, IFN- 
β, and IFN-γ, which have a direct antitumor effect 
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and stimulate the immune response [143–145]. A 
number of viruses expressing direct-acting anti-
tumor molecules such as TNFα, Fas ligand, and 
TNF-related apoptosis-inducing ligand (TRAIL) 
have been developed [146–148]. Most of these 
options were investigated only in preclinical 
studies, because due to the success of talimogene 
laherparepvec, interest in adenoviruses some-
what subsided, but the rapid development of the 
industry will lead to the need to find the most 
effective and safe recombinants of viruses, and 
adenoviruses are the most suitable candidate due 
to their well-studied genome and great availabil-
ity for modifications.

27.4.2  Naturally Occurring Oncolytic 
Viruses

Naturally occuring  oncolytic viruses are strains 
of viruses that are normally not pathogenic to 
humans, and therefore have minor and easily pre-
dicted systemic toxic properties, but exhibit anti-
tumor activity against many neoplasms. They 
basically do not require any modifications aimed 
to promote tumor selectivity of the virus, because 
they do not infect normal human cells, but are 
able to penetrate and multiply in tumor cells that 
have lost their mechanisms of antiviral protec-
tion. These viruses include Newcastle disease 
virus, reovirus, parvovirus, and coxsackievirus. A 
number of natural OVs have modifications that 
are not associated with an enhancement of their 
selectivity but with a change in immunogenic 
properties, for example, VSV with the insertion 
of IFN-β, tumor antigen libraries and others 
(Table 27.3).

27.4.2.1  Newcastle Disease Virus
Newcastle disease virus (NDV) is an RNA virus 
belonging to the Paramyxoviridae family. It is 
basically pathogenic to birds but occasionally 
can cause an infection in humans in form of con-
junctivitis or a mild flu-like syndrome.

NDV is divided into lentogenic (avirulent), 
mesogenic (medium-virulent), and velogenic 
(highly virulent) strains depending on the degree 

of pathogenicity to birds. Such differences are 
associated with the peculiarities of activation of F 
(fusion) protein, which provides penetration into 
the host cell and basically is inactive in its F0 
form [149]. F0 is activated by selective cleavage, 
which in lentogenic NDV is performed only by 
trypsin-like proteases of the respiratory and 
digestive tract and, in mesogenic and velogenic 
by various proteases, for example furin, that  is 
present ubiquitously [123, 149, 150]. This divi-
sion is important to be understood if talking about 
viral immunotherapy, since the pathogenicity of 
NDV is in line with its oncolytic properties. 
Mesogenic and velogenic NDV can multicyclicly 
replicate in the human tumor tissue, and they are 
defined as lytic strains. Lentogenic NDV is prone 
to be attenuated after the first cycle of replication, 
and it is a non-lytic strain [151]. Non-lytic strain 
is interesting mainly in the meaning of being an 
object for gene-engineering—the artificial modi-
fication of the F protein, for example an insertion 
of the polybasic cleavage site, increases fuso-
genic and oncolytic properties of the virus and 
increases the clinical effect in  vivo [149, 
152–154].

NDV, being an  RNA virus, replicate basing 
on  formation of a  double-stranded RNA.  This 
structure is a strong inducer of cellular defense 
mechanisms, consisting in the synthesis of type I 
(α and β subtypes) and type III IFN, which, by 
enhancing expression of IFN stimulating genes 
of innate immunity cells, exhibits antiviral activ-
ity in healthy tissues, limiting the spread of the 
virus. Increased secretion of IFN-α/β at the site 
of NDV infection has been shown in a number 
of studies in  vitro and in  vivo, and generally 
there is no doubt concerning it. In the tumor tis-
sue, production of IFN and response to it are 
often disrupted: a weak response of the human 
fibrosarcoma cell line to IFN-β was shown, due 
to reduced phosphorylation of IFN-pathway pro-
teins STAT1 and STAT2 and weak activation of 
IFN-regulated genes [155] and disrupted path-
ways of apoptosis and antiviral protection 
(defects of RIG-I, IRF-3, IRF-7), as well as the 
role of immunosuppressive microenvironment 
[156, 157]. Reduced production of IFN does not 
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allow an adequate antiviral response to develop 
within the tumor at the first stages, allowing the 
virus to replicate and further infect tumor cells. 
The defect of apoptosis of infected cells (for 
example, an excess of anti-apoptotic activity of 
Bcl-xL [158] and Livin protein [159]) does not 
allow the virus to be elicited or to limit its repli-
cation in the tumor.

Another mechanism that determines the rela-
tive insensitivity of normal human cells to NDV 
is the blockade of viral RNA replication on the 
basis of a newly produced anti-genome nucleo-
capsid, which occurs after penetration of the 
virus into the cell and transcription of its genes. 
In tumor cells, this stage almost always occurs 
without the resistance of the host cell.

Cell lines expressing H-Ras and N-ras onco-
genes  demonstrate greater sensitivity to NDV 
than their analogs without these oncogenes. 
Human fibroblasts after N-ras-transfection 
acquire tumorigenicity and become 1000 times 
more sensitive to NDV [160]. HaCaT cells are 
insensitive to NDV before their transformation 
with H-Ras [161]. All these natural differences 
form the basis of selectivity of the virus, and 
NDV replicates 10,000 times faster in human 
cancer cells than in normal human cells [162].

NDV seems to be an attractive oncolytic agent 
because its entry into the cell occurs due to bind-
ing to sialic acid residues on the membrane that 
are present on cells of almost all human cancers, 
which provides a wide range for the use of the 
virus [163]. In addition, the human population 
potentially lacks immunity to NDV, so it does not 
limit its effectiveness (as for adenoviruses). NDV 
is not inclined to spontaneous recombination and 
integration into the host’s genome. Toxic proper-
ties of the virus even in the case of systematic 
administration are minimal, since it is not basi-
cally pathogenic to humans [149].

The mechanism of tumor cell death infected 
with NDV is similar to ICD induced by other 
OVs. Among the PAMPs that the NDV-infected 
cell releases are 5′-triphosphate viral RNA [164], 
HN protein [165, 166], and double-stranded RNA 
[161]. These substances react with the pattern rec-
ognition receptors (PRR) of innate immunity cells 

and an early phase of type I IFN response starts as 
previously described [167, 168].

Among the specificities of ICD caused by NDV 
is an  exposure of hemagglutinin- neuraminidase 
(HN) and F viral protein to the cell surface. HN 
protein reacts with Nkp46 PRR of NK cells, 
which stimulates cytotoxic antitumor properties 
[165]. HN also activates monocytes and stimu-
lates the release of TNF-related apoptosis-induc-
ing ligand (TRAIL) [169]. HN on the surface of 
an infected cell enhances an adhesive ability for 
the  better interaction with lymphocytes and is 
involved in stimulating CD4+ and CD8+ T lym-
phocytes [170, 171].

In vitro infection of normal and tumor cell 
lines demonstrated that on the third day after the 
infection the viability of normal cells ranged 
69–95%, while the viability of different malig-
nant cells lines did not exceed 44% [172].

Local intratumoral administration of NDV 
leads to the  tumor infiltration by NK cells and 
CD8+ and CD4+ FoxP3 lymphocytes, but not by 
immunosuppressive Treg, and consequently to a 
significant increase in immunostimulating/
immunosuppressive cells ratio. Particles of the 
virus can be found in a tumor undergone the 
direct administration of the virus for 96 h follow-
ing an injection (and possibly further—depend-
ing on the method of detection). In a distant 
metastatic tumor, no virus particles can be 
detected, but the same lymphocytic infiltration is 
observed [173]. This indicates the formation of 
an antitumoral immune response, which confirms 
the theory of OV-induced ICD.

In preclinical studies, NDV showed its onco-
lytic effect on many solid tumors, including mela-
noma, colorectal carcinoma, hepatocellular 
carcinoma, pancreatic adenocarcinoma, pleural 
mesothelioma, and glioblastoma. In clinical trials, 
the virus was used both as a therapeutic agent and 
for the production of antitumoral vaccines in the 
form of tumor viral oncolysates (see below): for 
the treatment of glioblastoma multiforme [174, 
175], colorectal carcinoma [176], pancreatic ade-
nocarcinoma [177], breast adenocarcinoma [178], 
renal carcinoma [179], and others. A 10-year fol-
low-up of patients with stage II malignant mela-
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noma who received NDV as adjuvant postoperative 
therapy showed a 60% survival rate (while obser-
vations of such patients receiving standard treat-
ment showed a survival rate of up to 33%) [180].

In 1993, Csatary tested MTH-68/HVVV strain 
in a placebo-controlled Phase II trial for the 
treatment of various advanced chemorefractory 
cancers, where a completely new route of admin-
istration of the virus was proposed: inhalations of 
viral particles at a dose of 4000 U/day, twice per 
week for 6  months, aimed on targeting pulmo-
nary metastases. The effect was significant—a 
2-year survival rate was 21% in the NDV arm and 
0% in the control. The treatment was well toler-
ated, with no significant AEs [181].

In 2002, in Phase I clinical trial of the PV701 
strain involving 79 patients with advanced che-
moresistant tumors, a spectrum of the adverse 
effects of the virus was investigated. The most 
common AE was an influenza-like syndrome, 
occurring after the first dose but decreasing 
with subsequent administrations. Dose-limiting 
effects were dyspnea, diarrhea, and dehydration. 
Desensitization with minimal initial doses was 
proposed to address AEs, which increased the 
maximum tolerated dose tenfold [182, 183]. It is 
not completely clear how this desensitization 
affects the effectiveness of therapy, but its effect 
on toxicity was well-defined. The result of the 
trial demonstrated a complete response observed 
in one patient, a partial response in one patient, 
and minor responses in seven patients. Fourteen 
patients were progression-free for 4  months to 
over 30 months.

Non-lytic NDV  strain was studied in 14 
patients with glioblastoma. One patient had a 
complete response; all others had progressive 
disease [175].

To date, the evidence base is not sufficient for 
a final conclusion on the effectiveness of NDV as 
an immunotherapeutic drug. The available data 
clearly indicate that the virus has a potential and 
requires further research and more extensive clin-
ical trials.

NDV is also studied as an antitumor vaccine 
in the form of oncolysates or whole-cell vaccines. 
These vaccines generally have proven to be safe 
and effective in uncontrolled clinical trials. A 

clear conclusion about the degree of clinical ben-
efit is not yet available, and it is necessary to con-
duct controlled trials to make the final conclusion 
[149].

An interesting approach is proposed by 
Schirrmacher: a modification of autologous 
tumor cells taken during resection of the pri-
mary  focus in a metastatic disease by NDV, to 
enhance the immunogenic properties and to use 
these tumor cells as a vaccine. In 2009, the results 
of the Phase II/III clinical trial of the autologous 
tumor vaccine modified with non-lytic Newcastle 
disease virus (ATV-NDV) for postoperative treat-
ment of colorectal cancer with liver  metastases 
were published. In patients with colon cancer, the 
9- to 10-year survival rate differed signifi-
cantly: 21.4% in the control group and 69.2% in 
the ATV-NDV group. It is interesting that no sig-
nificant differences were noted in a rectal cancer 
subgroup [184, 185].

Later, Schirrmacher and others in the 
Immunological and Oncological Center in 
Cologne, Germany, modified the ATV-NDV vac-
cine by adding human DCs. The new vaccine was 
named viral oncolysate-pulsed DCs (VOL-DCs). 
This combination increases the efficiency of anti-
gen presentation by cells, as the density of con-
tact of the DCs with tumor antigens increases 
since the process begins in  vitro even before 
administration to a patient. Exogenous antigen- 
presenting DCs stimulate maturation of tumor- 
specific T cells in the patient’s body [168]. A 
proposed complex administration regimen is as 
follows: the patient receives injection of NDV 
and hyperthermia up to 38.5–40.5  °C as a pre-
treatment. After that, the VOL-DC vaccine is 
administrated [186]. Hyperthermia is a favorable 
background for enhancing immune responses. 
NDV triggers oncolysis and ICD of tumor cells 
that prepare the immune system by stimulation of 
the formation of a pool of VOL-specific lympho-
cytes, mostly CD4+ helpers. With the 
 administration of the VOL-DC vaccine against a 
background of such an activated immunological 
status, the release of chemokines CCL3 is 
enhanced at the site of injection. This stimulates 
active migration of DCs to the regional lymph 
nodes, and CD4+ helpers increase efficiency of 

Y. Trehub and A. Havrilov



529

lymphocyte stimulation by DCs during the anti-
gen presentation, improving the effect of vacci-
nation [187]. VOL- DCs in 2015 received 
an approval for individual use in cancer patients 
as an advanced therapeutic medicinal product 
[168].

Genetically modified strains of NDV are 
developed and show a good effect. Among the 
modifications, as mentioned above, are increased 
fusogenicity by changing the F protein; insertion 
of NS1 protein (from influenza A virus) that 
alters immune response by inhibiting the type I 
IFN response and apoptosis [188]; arming with 
pro-apoptotic rFMW/AP proteins from chicken 
infectious anemia virus [189]; cytokines IFNγ, 
GM-CSF, IL-2, and TNFα [152]; immunoglobu-
lins against ED-B fibronectin [190]; and insertion 
of tumor-associated antigens genes [191].

27.4.2.2  Reovirus
Reovirus (respiratory orphan enteric virus, genus 
Orthoreovirus, family Reoviridae) is a non- 
enveloped RNA virus that is ubiquitous, affecting 
the upper respiratory tract and the gastrointesti-
nal tract with minimal clinical manifestations 
[192]. There are no known serious human dis-
eases associated with reovirus [193]. The asymp-
tomatic course of infection and the ubiquitous 
prevalence of the virus cause a high frequency of 
seropositivity to reovirus among the human pop-
ulation [194].

There are three serotypes of mammalian reo-
virus. Their prototypes were isolated in children 
with different manifestations of infection or 
without them. Type 3 Dearing (T3D), isolated 
from a child with diarrhea, is most widely studied 
for its oncolytic properties today, although other 
serotypes also show these properties [195].

The selectivity of T3D reovirus on normal and 
transformed cells has been studied back in the 
1980s, and it was noted that normal cell lines are 
resistant to infection of the virus, whereas the 
virus causes cell lysis in transformed cells and 
the HeLa cell line [196].

Selective oncospecificity of reovirus is asso-
ciated with the surface receptor of epidermal 
growth factor (EGFR) and its signaling path-
way Ras. The Ras pathway is a proto-oncogene; 

it is associated with the control of the cell cycle, 
proliferation, differentiation, and apoptosis of 
the cell. During transmission of the signal from 
the EGF membrane receptor, Ras changes from 
a  guanosine diphosphate (GDP)-bound form 
into an  active guanosine triphosphate (GTP)-
bound form, triggering the subsequent pathway 
elements. Mutation of the Ras gene can lead to 
a  stabilization of the  active GTP-bound Ras, 
and the pathway remains active regardless of 
the presence of EGF stimuli [197], and the cell 
acquires an  ability of uncontrolled prolifera-
tion. Such a transformation can occur in another 
protein of this signaling path—RAF, which 
leads to the same effect. Hyperactivity of the 
Ras pathway is often found in cancer cells: up 
to 30% of all tumors [198], up to 90% of pan-
creatic cancer, 50% of colorectal, and 40% of 
lung cancer [199]. Normally, the antiviral pro-
tective mechanism of the cell reacts to invasion 
of reovirus as follows: double-stranded virus 
RNA (dsRNA) activates protein kinase R (PKR) 
by binding to the N-terminal domain. Activated 
PKR inhibits translation of viral proteins, 
thereby realizing the viral replication blockade 
(as in T-VEC antiviral response; see Fig. 27.3). 
Hypothetically, the elements of the Ras path-
way system (probably its Ras/RalGEF/p38 
part) can inhibit PKR activity [198, 200, 201], 
and therefore tumor cells with a highly active 
Ras system are very susceptible to reovirus 
infection.

However, there is evidence that the mecha-
nism of oncospecificity of the virus is associated 
with other features of cell biology. In vitro on the 
squamous cell carcinoma of the head and neck 
cell lines it was shown that sensitivity of the cells 
to reovirus did not correlate with a  degree of 
activity of their Ras system, and stimulation or 
inhibition of EGFR and blockade of MAPK, PI3- 
K, and p38MAPK elements of the Ras pathway 
did not affect the cytotoxicity of the virus and the 
rate of growth of the infected tumor. Inhibition of 
phosphorylation of PKR (i.e., its artificial 
 inactivation) also did not significantly increase 
sensitivity of primary resistant cells to reovirus. 
These data cannot be accepted as the only truth, 
but it should be remembered that based on this 
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information not only patients with biomarkers of 
increased activity of EGFR/Ras/MAPK pathway 
should be selected for reovirotherapy. Similarly, 
the criteria for selecting patients for clinical trials 
should not be a positive EGFR/Ras/MAPK sta-
tus only [202].

One of the factors of cell’s susceptibility to 
reovirus is the number of specific receptors on 
the cell surface—junctional adhesion molecule-1 
(JAM-1) [203], but there are data that contradict 
this fact too [202]. The number of co-receptor 
sialic acid residues on cell membranes may also 
play role [193].

The mechanism of cell death under the influ-
ence of reovirus is thought to be caspase- 
dependent apoptosis that occurs with a 
participation of TRAIL and caspase-8 pathways, 
which was mainly observed for melanoma cells 
and for several other tumors [204, 205]. 
Additionally, necroptosis was shown in head and 
neck squamous cell carcinoma cell lines [206]. 
An immune response to tumor invasion by the 
virus and generally cell death occurs according to 
the common mechanism of ICD: recruitment of 
DCs, activation of NK and CD8+ T lymphocytes, 
and formation of antitumor immunity [207].

Due to the high degree of anti-reoviral immu-
nity in the human population and rapid appear-
ance of neutralizing antibodies even at the first 
contact of a nonimmune individual with the 
virus, the immune response is a significant limit-
ing factor for systemic intravenous administra-
tion of reovirus [193]. The use of reovirus in 
animal models in combination with immunosup-
pressive cytotoxic agents such as cyclosporin A, 
cisplatin, and cyclophosphamide showed a better 
effect compared to monotherapy, partly because 
of reduced inactivation of the virus by neutraliz-
ing antibodies [208, 209]. Cyclophosphamide, in 
addition, selectively inhibited Treg activity and 
antibody formation in response to reovirus and at 
the same time somewhat modulated the antitu-
mor adaptive response by increasing activity of 
the T cells. It was also shown that the combina-
tion of cyclophosphamide and reovirus with IL-2 
can further increase efficiency, probably by 
enhancing the NK cell response to the tumor 
[210].

On the other hand, in the experiment with 
murine tumor models, injection of reovirus to 
naive mice had minimal effect, while mice immu-
nized against reovirus 2 weeks prior to treatment 
and having specific antibodies showed a much 
better tumor response and survival [211]. It sup-
ports the significant role of immune response in 
reoviral oncolysis, and therefore, it is necessary 
to find a balance between the maximum possible 
immunosuppression and the minimum necessary 
immunocompetence for the effective use of OVs 
in general.

In Phase I clinical trials, a  good tolerability 
and an  absence of dose-limiting adverse reac-
tions to reovirus were shown in both intratumoral 
(in patients with subcutaneous tumors, prostate 
cancer, and malignant glioma) and intravenous 
administration (various solid tumors, metastatic 
colorectal cancer, multiple myeloma), including 
in combination with chemotherapeutic agents 
[212–216]. The maximum administrated dose 
was set on the level of 3 × 1010 TCID(50) (tissue 
culture infectious dose 50) per injection for 
5  days per week, repeated every 4  weeks. 
However, the maximum tolerated dose wasn’t 
achieved. Among AEs noticed during Reolysin 
therapy are grade 1 and 2 flu-like symptoms—
fever, fatigue, nausea and vomiting, and head-
ache, which didn’t depend on dose and cycle—and 
among grade 3 toxicities—flu-like symptoms and 
uncomplicated lympho- and neutropenia [217]. 
Combination of reovirus with chemotherapeutic 
agents like docetaxel also showed low toxicity: 
the frequency of grade 3 and 4 toxicities, like 
neutropenia, was relevant to those for docetaxel 
monotherapy [212].

A combination of reovirus with carboplatin 
and paclitaxel in 19 patients with refractory to 
preceded chemotherapy with platinum- 
containing agents in advanced head and neck 
malignancies (mostly squamous cell tumors) has 
shown an achievement of a  complete or partial 
response in 42% and stabilization in 32%. The 
median overall  survival was 8.9  months that is 
significantly longer than in other second-line reg-
imens [218]. In a similar study with 13 patients, 
a  partial response was achieved in 31% and at 
least stabilization during 12 weeks in 46% [219].
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The same combination was studied in patients 
with metastatic non-small cell lung cancer with a 
mutation in the Ras system. The results are 
median progression-free survival of 4  months, 
overall survival of 13.1  month (95% CI: 9.2–
21.6), and 1-year survival rate of 57% [220]. 
Phase II clinical trials were conducted for meta-
static small-cell lung cancer; melanoma; ovary, 
peritoneum, and fallopian tube malignancies; and 
unresectable pancreatic cancer [221].

Phase III clinical trial of a combination of IV 
reovirus with carboplatin and paclitaxel in 
comparison with carboplatin and paclitaxel 
alone in patients with advanced or metastatic 
head and neck tumors involving 167 patients is 
being conducted. Of these, for 118 patients 
with locoregionally advanced tumors (with and 
without metastases), results were obtained: 
median progression- free survival was 94  days 
(13.4 weeks, n = 62) in the reovirus with chemo-
therapy arm vs. 50 days (7.1 weeks, n = 56) in 
the chemotherapy alone arm. In the 88 patients 
discontinued from the study  so far the median 
overall survival was 150  days (21.4  weeks, 
n = 50) in the test arm vs. 115 days (16.4 weeks, 
n = 38) in the control arm. Results of a group of 
metastatic disease have not yet been published 
[221, 222].

27.5  Combined Immunotherapy

OVs show their effectiveness in preclinical and 
clinical studies. However, knowing the immuno-
logical basis of tumor biology and the mecha-
nism of OVs action, it should be assumed that the 
combination of viruses with other immunothera-
peutic agents will have a better effect. This is 
especially relevant for targeting of distant meta-
static tumors that are not directly exposed to OV, 
and accordingly they are not subjected to direct 
oncolysis and additional stimulation of the 
immune response with PAMPs, but only immuno- 
mediated reactions. In vivo in bilateral flank 
experiment with implanted human B16 mela-
noma, Zamarin and co-authors achieved 50% of 
complete regressions of the primary tumor fol-
lowed infection with NDV, while the distant 

tumor that wasn’t directly exposed to the virus 
regressed completely in 20%. In total, long-term 
survival did not exceed 10%. In the combination 
of IV NDV with anti-CTLA-4 antibodies 
(Ipilimumab), the primary tumor was rejected in 
90% and the distant tumor in 80% of observa-
tions. The long-term survival rate exceeded 70% 
(in the anti-CTLA-4 group only—no more than 
35%) [173].

A combination of vaccinia virus with anti- 
CTLA- 4 antibodies in an experiment with 
murine models of subcutaneous mouse renal 
adenocarcinoma and murine colon adenocarci-
noma showed an interesting feature of con-
structing of combined therapy regimens: when 
the virus and antibodies were administered 
simultaneously (on day 0), survival and tumor 
growth rate did not differ from those with vac-
cinia virus monotherapy, and account for about 
10% survival rate by day 30 and tenfold tumor 
increase on days 20–25. However, administra-
tion of antibodies on day 4 from the onset of 
virotherapy increases survival to about 75% by 
days 30–35 and reduces the rate of tumor 
growth—a four- to fivefold increase on day 25. 
This is attributed to the fact that stimulation of 
the immunity with anti-CTLA-4 antibodies 
during the primary replication phase of the 
virus enhances antiviral immunity (as an 
increasing amount of CTLs recognizing vac-
cinia epitopes has been detected in the first 
case) and does not allow the virus to fully carry 
out its effect [223].

Reovirus showed increased efficacy when 
was used in combination with GM-CSF and anti- 
VEGF. In an experiment with murine tumor mod-
els (B16 melanoma), preconditioning with 
GM-CSF prior to the reovirus injection increased 
the titer of viral particles in the tumor 100–1000 
times through enhancing its delivery to the tumor. 
An explanation for this is an ability of GM-CSF 
to mobilize monocyte/macrophages and stimu-
late infiltration of the tumor with them, which 
can act as carriers of viral particles. Survival rate 
of mice preconditioned with GM-CSF was sig-
nificantly higher than those which undergone 
administration of either reovirus or GM-CSF 
alone. It should also be noted that mice that had 
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antibodies to reovirus showed greater survival 
and the survival of naive individuals did not sig-
nificantly differ from control groups [211]. Pre- 
therapy of VEGF-secreting tumors carrying mice 
with anti-VEGF drugs followed by reovirus 
administration after  24 h  twofold slows murine 
B16 melanoma tumor growth in the next 30  h 
compared to anti-VEGF only  and to  reovirus 
injected 48  h after anti-VEGF administration. 
Sunitinib and avastatin, in combination with reo-
virus, showed a high survival rate of mice, 
whereas in monotherapy each drug showed a low 
survival. However, in the same study on the 
VEGF-non-secreting tumor model, conditioning 
with the proangiogenic agent VEGF165 increased 
the effect of reovirus and survival twofold. This 
fact is associated with increased delivery of the 
virus to a tumor due to the developed tumor vas-
cular system under the influence of VEGF165. The 
authors suggest two scenarios for possible appli-
cations of this data: for tumors producing VEGF, 
a combination of OV with an antiangiogenic 
agent, and for VEGF-non-secreting tumors—OV 
with proangiogenic VEGF165 [224].

A combination of GM-CSF/reovirus and anti- 
PD- 1 also significantly increases survival com-
pared to GM-CSF/reovirus alone and anti-PD-1 
alone in vivo. The same result was observed for a 
combination of VSV-ASMEL (altered self- 
melanoma epitope library, engineered VSV) and 
anti-PD-1. The best effect was shown for a com-
bination of all components: GM-CSF/reovirus/
VSV-ASMEL + anti-PD-1. This approach simul-
taneously covers several aspects of the immune 
response: GM-CSF/reovirus causes primary 
oncolysis and release of tumor antigens and stim-
ulates Th1 cells, VSV-ASMEL again provides a 
spectrum of tumor antigen (ASMEL genes prod-
ucts) and stimulates Th17, and finally anti-PD-1 
enhances already activated Th1 and Th17 pools 
[98].

A combination of T-VEC with ipilimumab in 
the Phase Ib clinical trial for the treatment of 
IIIb–IV stage melanoma (with T-VEC regimen as 
described above, and ipilimumab 3  mg/kg IV 
every 3 weeks up to totally four infusions starting 
at the sixth week of virotherapy) showed a satis-

factory safety profile with grade 3/4 treatment- 
related AEs rate of  26.3%, which were mostly 
associated with ipilimumab. Eighteen-month 
progression-free survival was 50%, and 18-month 
overall survival was 67%, which is a better result 
than when using either T-VEC or ipilimumab as 
monotherapy [225]. In the Phase II trial of this 
combination compared with ipilimumab mono-
therapy, the grade 3/4 AEs rate was 45% and 35% 
for combination and ipilimumab alone, respec-
tively. Objective response (complete response or 
partial response, according to the modified 
immune-related response criteria) was achieved 
in 39% of patients in the combined therapy arm 
and 18% in ipilimumab only arm [226].

27.6  Conclusion

Oncolytic virotherapy is a  novel stage of the 
development of cancer immunotherapy. Despite 
more than a hundred years history of studying 
various pathogenic agents as a therapy for neo-
plasms, only with the development of genetic 
engineering and understanding of the underlying 
immunological processes of the immunotherapy, 
their profound study and practical application 
have become possible. However, there is still a 
great deal of questions remaining unsolved con-
cerning theoretical and practical aspects of viro-
therapy, and it cannot be stated that we are close 
to answering yet.

The immune system plays a central role in 
realization of the oncolytic potential of viruses. 
When the cell is infected, stress of the endoplas-
mic reticulum occurs, which leads to a specific 
type of death—an immunogenic cell death. 
During the immunogenic death, the cell secretes 
pro-inflammatory stimuli that attract innate 
immune response cells, i.e., NK and dendritic 
cells. The latter present antigens of the destroyed 
tumor cell and trigger an adaptive immune 
response that attacks both the infected tumor and 
distant, initially uninfected metastatic foci.

The main challenge of adaptation of viruses 
for their therapeutic use is to increase their selec-
tivity toward tumor cells and to decrease it toward 
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normal ones. This allows to enhance their effec-
tiveness and to reduce systemic toxicity. Some 
viruses demonstrate this selectivity naturally and 
do not require genetic modifications. Mostly 
these are viruses that are basically nonpathogenic 
or mild pathogenic for humans: Newcastle dis-
ease virus, reovirus, parvovirus, and coxsackievi-
rus. Other viruses require profound modifications, 
as they normally cause disease in a human or do 
not show sufficient affinity toward the tumor—
HSV, adenoviruses, and vaccinia.

T-VEC (talimogene laherparepvec) is the 
first oncolytic virus approved by the FDA in 
2015 in the United States as a treatment agent 
for advanced melanoma and in 2016 in Europe 
and Australia. The drug showed its effective-
ness in Phase III trial OPTiM significantly 
increasing overall survival in comparison with 
GM-CSF.

Oncolytic adenovirus H101 has been approved 
in China for the treatment of advanced head, 
neck, and esophageal tumors. The genome of 
adenoviruses has been studied quite deeply, and a 
wide range of different modifications have been 
proposed for the virus adaptation, even some that 
allows virus to be activated only in certain types 
of tissues.

Newcastle disease virus shows its oncolytic 
properties even without genetic modifications 
and demonstrates low toxicity even in systemic 
administration. To date, clinical trial data do not 
allow us to make a final conclusion about its 
effectiveness because of the limited number of 
studies, but the available results clearly indicate 
the need for further investigation. Nowadays, 
NDV is being considered mostly in the context of 
cancer vaccines in the form of viral oncolysates 
and their various modifications.

Reovirus is currently undergoing Phase III 
clinical trial as a combined chemo-virotherapy 
for advanced head and neck tumors. The prelimi-
nary results have been published to argue in favor 
of the effectiveness of the drug.

The combination of oncolytic viruses with 
other immunotherapeutic agents is the key to 
enhancing the effect of both, as these drugs 
potentiate the action of each other. Such combi-

nations remain relatively safe and do not show 
significant increase in the side effects rates.

Despite the apparent clinical effectiveness of 
oncolytic viruses and certain successes in under-
standing the theoretical aspects of their action, 
much remains not fully defined and contradic-
tory. Further research is needed both for the 
development of new virotherapeutic agents and 
for an in-depth understanding of the current 
ones.
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