
cancers

Review

Developing Picornaviruses for Cancer Therapy

Cormac McCarthy 1, Nadishka Jayawardena 1, Laura N. Burga 1,* and Mihnea Bostina 1,2,*
1 Department of Microbiology and Immunology, University of Otago, Dunedin 9016, New Zealand;

mccco791@student.otago.ac.nz (C.M.); jaygi915@student.otago.ac.nz (N.J.)
2 Otago Micro and Nano Imaging, University of Otago, Dunedin 9016, New Zealand
* Correspondence: laura.burga@otago.ac.nz (L.N.B.); mihnea.bostina@otago.ac.nz (M.B.)

Received: 4 April 2019; Accepted: 8 May 2019; Published: 16 May 2019
����������
�������

Abstract: Oncolytic viruses (OVs) form a group of novel anticancer therapeutic agents which
selectively infect and lyse cancer cells. Members of several viral families, including Picornaviridae,
have been shown to have anticancer activity. Picornaviruses are small icosahedral non-enveloped,
positive-sense, single-stranded RNA viruses infecting a wide range of hosts. They possess several
advantages for development for cancer therapy: Their genomes do not integrate into host chromosomes,
do not encode oncogenes, and are easily manipulated as cDNA. This review focuses on the picornaviruses
investigated for anticancer potential and the mechanisms that underpin this specificity.
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1. Introduction

Cancer remains one of the leading causes of death worldwide. Globally, there were around
18 million new cases of cancer in 2018, with up to 9.5 million deaths [1]. Contemporary treatment for
cancer usually involves some combination of surgical resection, radiation therapy and/or chemotherapy.
While these conventional therapies have improved the prognosis for many cancers, the side-effects
are often severe. In addition, some tumours are inoperable or resistant to radio- and chemotherapy,
emphasising the need to develop new therapeutic strategies. Oncolytic virotherapy has emerged as
a promising way of treating cancers. Broadly speaking, oncolytic viruses are naturally occurring or
engineered viruses that selectively infect and lyse cancer cells. Their replication in cancer cells produces
progeny viruses which in turn repeat the infection process in neighbouring cells. Furthermore, viral
infection can stimulate cytotoxic immune responses against antigen from destroyed cells (Figure 1).
The efficacy of oncolytic viruses has been shown in many cases to be increased when used in
combination with other therapeutic agents. For example, in mouse models of head and neck
cancers, Herpes simplex virus-1 has shown increased efficacy when combined with cisplatin [2], and
coxsackievirus A21 has greater anti-tumour activity when combined with anti-programmed cell death
protein 1 (PD-1) antibodies against metastatic melanoma, bladder cancer, and non-small-cell lung
cancer [3]. Oncolytic virotherapy’s roots extend back to early reports of patients with leukaemia
and Hodgkin’s disease, who survived concomitant viral infections and showed evidence of clinical
remission [4,5]. These observations led to a number of trials from the mid-to-late 20th century, such
as West Nile Virus Egypt 101 against various cancers [6], Adenovirus versus cervical carcinomas [7]
and Mumps virus against various terminal cancers [8]. Each of these trials showed varying degrees
of protective effect. For instance, the trial concerning Adenovirus showed that 26 of 40 inoculations
resulted in tumour necrosis [7], and the Mumps virus trial resulted in complete regression of 37 out of
90 trial subjects, as well as 42 instances of growth suppression [8]. In 2015, an important milestone in
the endeavour to make oncolytic virotherapy a viable therapy was reached.
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Figure 1. Oncolytic picornaviruses as a cancer treatment. The use of oncolytic picornaviruses is 
highlighted by their relative ease of production in high titres in food and drug administration (FDA)-
approved cell lines. Resulting mature virions can then be systemically administered into a patient 
with a tumour. Most picornaviruses display a high tropism to a variety of tumours but not to normal 
tissues, resulting in intratumoural replication and subsequent cellular death. The new viral progeny 
released from lysed cancer cells can then infect neighbouring cancer cells. The mere presence of virus 
particles and virus-induced tumour cell death modulates the immune system to activate antigen-
presenting cells (APC), denditric cells (DC), and T cells (TC), which collectively provide a long-lasting 
antitumour activity. 

This was the approval of the first oncolytic virus, modified Herpes simplex virus-1, also known as 
Talimogene Laherparepvec (T-VEC), by the US Food and Drug Administration (FDA) for the treatment 
of malignant melanomas [9]. In addition, Oncorine, derived from adenovirus, was approved in China 
in 2005 for the treatment of head and neck cancers [10],[11]. While cancer cells are generally observed 
to be more susceptible to viral infection than healthy cells, the clinical use of oncolytic viruses is still 
relatively modest [12]. This is due to several limiting conditions: Oncolytic viruses have to be 
nonpathogenic and genetically stable, while still maintaining infectivity to nonhomogenous cancerous 
cells [13]. They also have to be able to overcome the unfavourable conditions of the tumour 
microenvironment, including dense connective tissue, poor lymphatic flow and increased interstitial 
pressure [14].  

Despite the inherent challenges presented in producing safe and effective oncolytic viruses, there 
are a number of naturally occurring and engineered viruses that have entered clinical trials. Included 
in their ranks are Adenovirus engineered to express granulocyte macrophage colony-stimulating factor 
(GM-CSF) (ONCOS-102®), Vaccinia virus engineered to express GM-CSF with thymidine kinase deleted 
(PexaVec®), Measles virus engineered to express thyroidal sodium iodide importer (MV-NIS®) and 
naturally occurring Reovirus (Reolysin®). These viruses vary greatly with respect to several 
characteristics, including the species, genera, etc. to which they belong, their progress through clinical 
trials, cancer types they are used to treat and degree to which they have been engineered.  

There are a number of ways to increase the effectiveness of oncolytic viruses. Often, they are used 
in combination with chemotherapeutics and/or radiation/surgical techniques. For instance, Reolysin® 
in clinical trials has been combined with carboplatin and paclitaxel for the treatment of malignant 
melanomas [15], and PexaVec® in clinical trials has been combined with sorafenib to combat 
hepatocellular carcinoma [16]. Oncolytic viruses can also be engineered to express tumour-specific 
peptides, with the purpose of magnifying the immune response against the tumour. An example of this 
is vesicular stomatitis virus (VSV) expressing ovalbumin (OVA), being used to greater effect than the 
parental VSV to treat OVA-expressing B16 melanoma tumours [17]. It is worth mentioning that the 
utility of engineered VSV extends beyond OVA expression to include expression of 
immunostimulatory proteins such as IL-4, alternative receptors like Sindbis virus glycoproteins and 
suicide genes like thymidine kinase [18]. Table 1 provides a brief summary of those oncolytic viruses 
which have been shown in clinical trials to be especially promising. 

Figure 1. Oncolytic picornaviruses as a cancer treatment. The use of oncolytic picornaviruses
is highlighted by their relative ease of production in high titres in food and drug administration
(FDA)-approved cell lines. Resulting mature virions can then be systemically administered into a
patient with a tumour. Most picornaviruses display a high tropism to a variety of tumours but not to
normal tissues, resulting in intratumoural replication and subsequent cellular death. The new viral
progeny released from lysed cancer cells can then infect neighbouring cancer cells. The mere presence
of virus particles and virus-induced tumour cell death modulates the immune system to activate
antigen-presenting cells (APC), denditric cells (DC), and T cells (TC), which collectively provide a
long-lasting antitumour activity.

This was the approval of the first oncolytic virus, modified Herpes simplex virus-1, also known as
Talimogene Laherparepvec (T-VEC), by the US Food and Drug Administration (FDA) for the treatment
of malignant melanomas [9]. In addition, Oncorine, derived from adenovirus, was approved in
China in 2005 for the treatment of head and neck cancers [10,11]. While cancer cells are generally
observed to be more susceptible to viral infection than healthy cells, the clinical use of oncolytic
viruses is still relatively modest [12]. This is due to several limiting conditions: Oncolytic viruses
have to be nonpathogenic and genetically stable, while still maintaining infectivity to nonhomogenous
cancerous cells [13]. They also have to be able to overcome the unfavourable conditions of the tumour
microenvironment, including dense connective tissue, poor lymphatic flow and increased interstitial
pressure [14].

Despite the inherent challenges presented in producing safe and effective oncolytic viruses, there are
a number of naturally occurring and engineered viruses that have entered clinical trials. Included
in their ranks are Adenovirus engineered to express granulocyte macrophage colony-stimulating
factor (GM-CSF) (ONCOS-102®), Vaccinia virus engineered to express GM-CSF with thymidine kinase
deleted (PexaVec®), Measles virus engineered to express thyroidal sodium iodide importer (MV-NIS®)
and naturally occurring Reovirus (Reolysin®). These viruses vary greatly with respect to several
characteristics, including the species, genera, etc. to which they belong, their progress through clinical
trials, cancer types they are used to treat and degree to which they have been engineered.

There are a number of ways to increase the effectiveness of oncolytic viruses. Often, they are
used in combination with chemotherapeutics and/or radiation/surgical techniques. For instance,
Reolysin® in clinical trials has been combined with carboplatin and paclitaxel for the treatment of
malignant melanomas [15], and PexaVec® in clinical trials has been combined with sorafenib to combat
hepatocellular carcinoma [16]. Oncolytic viruses can also be engineered to express tumour-specific
peptides, with the purpose of magnifying the immune response against the tumour. An example of
this is vesicular stomatitis virus (VSV) expressing ovalbumin (OVA), being used to greater effect than
the parental VSV to treat OVA-expressing B16 melanoma tumours [17]. It is worth mentioning that the
utility of engineered VSV extends beyond OVA expression to include expression of immunostimulatory
proteins such as IL-4, alternative receptors like Sindbis virus glycoproteins and suicide genes like
thymidine kinase [18]. Table 1 provides a brief summary of those oncolytic viruses which have been
shown in clinical trials to be especially promising.
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Table 1. Promising oncolytic viruses.

Species Genus Intellectual Property Engineered Properties Stage in Development Examples of Highest Phase Clinical Trials

Herpes simplex virus Herpesvirus T-VEC®
Expressing Granulocyte
Macrophage Colony-
Stimulating Factor

US FDA Approved

Phase III
T-VEC vs. combination therapy with
Prembolizumab in melanoma
NCT02263508
• Active
Combination with Cisplatin and
Radiotherapy for head and neck cancer
NCT01161498
• Terminated

Phase III
T-VEC vs. Granulocyte Macrophage
Colony Stimulating Factor in
melanoma
NCT00769704
• Completed

Melanoma
NCT01368276
• Completed

Adenovirus Mastadenovirus Oncorine® E1b 55k gene deletion Approved (China)

Phase III
Combination with Endostatin against
Non-Small-Cell Lung Cancer
NCT02579564
• Completed

Adenovirus Mastadenovirus ONCOS-102®
Expressing Granulocyte
Macrophage Colony-
Stimulating Factor

Clinical trials
(Phase I/II)

Phase II
Combination with and Pemetrexed or
Cisplatin in unresectable pleural
mesothelemia
NCT02879669
• Active
Phase I/II
Combination with DCVAC/Pc in
metastatic prostate cancer
NCT03514836
• Active

Phase I/II
Combination with Durvalumab in
advanced peritoneal malignancies
NCT02963831
• Active

Phase I
Malignant solid tumours
NCT01598129
• Completed

Vaccinia virus Orthopoxvirus PexaVec®/JX594

Expressing Granulocyte
Macrophage Colony-
Stimulating Factor and
deletion of thymidine
kinase

Clinical trials (Phase II/III)

Phase III
Combination with Sorafenib vs.
Sorafenib monotherapy in
hepatocellular carcinoma
NCT02562755
• Active
Phase II
Unresectable hepatocellular carcinoma
NCT01171651
• Completed

Phase II
Combination with Metronomic
Cyclophosphamide in breast cancer or
soft tissue sarcoma
NCT02630368
• Active

Malignant melanoma
NCT00429312
• Completed
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Table 1. Cont.

Species Genus Intellectual Property Engineered Properties Stage in Development Examples of Highest Phase Clinical Trials

Measles virus Morbillivirus MV-NIS®
Encoding Human
Thyroidal Sodium Iodide
Importer

Clinical trials (Phase II)

Phase II
Combination with Cyclophosphamide
in refractory multiple myeloma
NCT02192775
• Active
MV-NIS vs. combination with
Cyclophosphamide in treating with
recurrent/refractory multiple myeloma
NCT00450814
• Active

Phase II
MV-NIS Vs. MV-NIS infected
mesenchymal stem cells in recurrent
ovarian cancer
NCT02068794
• Active

MV-NIS vs. chemotherapy in ovarian,
fallopian or peritoneal cancer
NCT02364713
• Active

Reovirus Orthoreovirus Reolysin® N/A Clinical trials
(Phase II/III)

Phase III
Combination with Paclitaxel and
Carboplatin in platinum refractory
head and neck cancers
NCT01166542
• Completed
Phase II
Advanced and metastatic breast cancer
NCT01656538
• Completed

Phase II
Bone and soft tissue sarcomas
metastatic to the lung
NCT00503925
• Completed

Combination with Docetaxel and
Prednisone vs. Doxitaxel and
Prednisone in Prostate Cancer
NCT01619813
• Completed

As registered at https://clinicaltrials.gov [19]. Abbreviations: DCVAC/Pc (Dendritic cells pulsed with killed LNCaP prostate cancer cells), MV-NIS (Measles Virus-Sodium Iodide Symporter),
PexaVec (Pexastimogene devacirepvec), T-VEC (Talimogene Laheraparepvec).

https://clinicaltrials.gov
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Figure 2. Structures of picornaviruses used in oncovirotherapy. Molecular structures of Type I 
Poliovirus (PV, PDB ID: 1HXS), Bovine Enterovirus 2 (BEV, PDB ID: 1BEV), Coxsackievirus A21 (CVA, 
PDB ID: 1Z7S), Echovirus 7 (ECHO, PDB ID: 2X5I), Mengovirus (MEV, PDB ID: 2MEV), Seneca Valley 
virus (SVV, PDB ID: 3CJI), Theiler’s Murine Encephalomyelitis virus (TMEV, PDB ID: 1TME) and 
their corresponding protomers. Peaks, intermediate elevations and valleys on depth-cued capsid 
surfaces are coloured in white, purple and blue, respectively. In capsid protomers, VP1, VP2, VP3 and 
VP4 are coloured in blue, green, red and yellow, respectively. Figures were generated on ChimeraX [20]. 
Comparison between the structures can also be seen in the movie: morphs between depth-cued 
atomic structures of oncolytic picornaviruses (Supplementary Movie). 

Derived from the Latin “pico”, meaning small, Picornaviridae members have non-enveloped 
icosahedral capsids about 30 nm in diameter protecting a small, positive-sense, single-stranded RNA 
genome (Figure 2). Picornaviruses are among the most researched of viral families, with notable 
members such as Poliovirus, Foot-and-Mouth Disease virus, Hepatitis A virus and, more recently, 
Seneca Valley virus. Their genome follows a conserved L-4-3-4 format, where the single polyprotein 
is cleaved by virally encoded proteases into the Leader protein (present only in some species), four 
structural and seven nonstructural proteins [21]. Picornaviral genomes start with a 5′ untranslated 
region (UTR), which associates with the viral genome associated protein (VPg), and includes the 
internal ribosome entry site (IRES) [22]. Whereas human cellular RNA translation relies on the 7-
methyl guanosine cap interacting with the eukaryotic initiation factor (eIF) protein, this function in 
the cap-independent translation of picornaviral genomes is performed by the IRES [23]. Adjacent to 
the IRES, the Leader protein is a protease that sits at the 5’ extreme of the translated picornaviral 
polyprotein, though it is not present in all members of the Picornaviridae family. This is followed by 

Figure 2. Structures of picornaviruses used in oncovirotherapy. Molecular structures of Type I
Poliovirus (PV, PDB ID: 1HXS), Bovine Enterovirus 2 (BEV, PDB ID: 1BEV), Coxsackievirus A21 (CVA,
PDB ID: 1Z7S), Echovirus 7 (ECHO, PDB ID: 2X5I), Mengovirus (MEV, PDB ID: 2MEV), Seneca Valley
virus (SVV, PDB ID: 3CJI), Theiler’s Murine Encephalomyelitis virus (TMEV, PDB ID: 1TME) and their
corresponding protomers. Peaks, intermediate elevations and valleys on depth-cued capsid surfaces
are coloured in white, purple and blue, respectively. In capsid protomers, VP1, VP2, VP3 and VP4
are coloured in blue, green, red and yellow, respectively. Figures were generated on ChimeraX [20].
Comparison between the structures can also be seen in the movie: morphs between depth-cued atomic
structures of oncolytic picornaviruses (Supplementary Movie).

Derived from the Latin “pico”, meaning small, Picornaviridae members have non-enveloped
icosahedral capsids about 30 nm in diameter protecting a small, positive-sense, single-stranded RNA
genome (Figure 2). Picornaviruses are among the most researched of viral families, with notable
members such as Poliovirus, Foot-and-Mouth Disease virus, Hepatitis A virus and, more recently,
Seneca Valley virus. Their genome follows a conserved L-4-3-4 format, where the single polyprotein
is cleaved by virally encoded proteases into the Leader protein (present only in some species), four
structural and seven nonstructural proteins [21]. Picornaviral genomes start with a 5′ untranslated
region (UTR), which associates with the viral genome associated protein (VPg), and includes the
internal ribosome entry site (IRES) [22]. Whereas human cellular RNA translation relies on the
7-methyl guanosine cap interacting with the eukaryotic initiation factor (eIF) protein, this function
in the cap-independent translation of picornaviral genomes is performed by the IRES [23]. Adjacent
to the IRES, the Leader protein is a protease that sits at the 5’ extreme of the translated picornaviral
polyprotein, though it is not present in all members of the Picornaviridae family. This is followed
by the P1 region of the polyprotein, encoding in order the capsid proteins VP4, VP2, VP3 and VP1
respectively [24,25]. While VP1 and VP3 are separated from P1 proteolytically, VP4 and VP2 are usually
processed from the precursor VP0 following genome packaging inside the viral capsid (Figure 2).

The P2 region of the translated polyprotein consists of 2A, 2B and 2C. The picornaviral 2A is a
protein which can be absent, or in some cases present in more than one copy in the picornaviral genome.
The 2A proteins can be organised into five groups based on function and conserved residues; these are:
chymotrypsin-like protease, parechovirus-like, hepatitis-A-like, apthovirus-like and cardiovirus 2A
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proteins [26]. The roles of 2B, 2C and their precursor 2BC are not completely understood, but they
were shown to be involved in the formation of virally induced vesicles [26]. The final segment of the
picornaviral polyprotein is P3, comprising 3A, 3B, 3C and 3D. A function for 3A beyond acting in
concert with 3B is not known, but the hydrophobic carboxy terminus is thought to anchor the protein to
membranes [27]. The 3B, also known as VPg is a small protein which associates with the 5′ terminus of
the genome and plays an essential role in genome replication by providing a primer for RNA synthesis
when uridylated by cis-acting replicative elements (CREs). The CREs are looped secondary structural
elements which can occur at several places in the RNA genome, including 5′ and 3′ UTRs, and 2C
regions. The protease encoded by 3C performs most of the cleavages of the picornaviral polyprotein as
well as inhibiting host transcription. Last among the picornaviral proteins is 3D, the RNA-dependent
RNA polymerase (RdRp) [28]. The joint 3C and 3D proteins, known as the 3CD protein, have protease
and CRE binding activity, but do not have RdRp activity. Finally, the 3′ UTR of picornaviruses will have
a poly-A tail and, occasionally, as previously mentioned, a CRE [27]. The phylogenetic relationship
and genome structure of the picornaviruses discussed in this review is presented in Figure 3 [29].

Cancers 2019, 11, 685 6 of 29 

 

the P1 region of the polyprotein, encoding in order the capsid proteins VP4, VP2, VP3 and VP1 
respectively [24,25]. While VP1 and VP3 are separated from P1 proteolytically, VP4 and VP2 are 
usually processed from the precursor VP0 following genome packaging inside the viral capsid 
(Figure 2). 

The P2 region of the translated polyprotein consists of 2A, 2B and 2C. The picornaviral 2A is a 
protein which can be absent, or in some cases present in more than one copy in the picornaviral 
genome. The 2A proteins can be organised into five groups based on function and conserved 
residues; these are: chymotrypsin-like protease, parechovirus-like, hepatitis-A-like, apthovirus-like 
and cardiovirus 2A proteins [26]. The roles of 2B, 2C and their precursor 2BC are not completely 
understood, but they were shown to be involved in the formation of virally induced vesicles [26]. The 
final segment of the picornaviral polyprotein is P3, comprising 3A, 3B, 3C and 3D. A function for 3A 
beyond acting in concert with 3B is not known, but the hydrophobic carboxy terminus is thought to 
anchor the protein to membranes [27]. The 3B, also known as VPg is a small protein which associates 
with the 5′ terminus of the genome and plays an essential role in genome replication by providing a 
primer for RNA synthesis when uridylated by cis-acting replicative elements (CREs). The CREs are 
looped secondary structural elements which can occur at several places in the RNA genome, 
including 5′ and 3′ UTRs, and 2C regions. The protease encoded by 3C performs most of the cleavages 
of the picornaviral polyprotein as well as inhibiting host transcription. Last among the picornaviral 
proteins is 3D, the RNA-dependent RNA polymerase (RdRp) [28]. The joint 3C and 3D proteins, 
known as the 3CD protein, have protease and CRE binding activity, but do not have RdRp activity. 
Finally, the 3′ UTR of picornaviruses will have a poly-A tail and, occasionally, as previously 
mentioned, a CRE [27]. The phylogenetic relationship and genome structure of the picornaviruses 
discussed in this review is presented in Figure 3 [29]. 
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Multiple alignment tool, scale bar representing number of nucleotide changes per site [29]. (B) RNA 

Figure 3. Genome-based phylogeny of different picornaviruses. (A) A radial phylogenetic tree
demonstrating the evolutionary relationship among some members of Enterovirus, Aphthovirus,
Senecavirus and Cardiovirus genera. Complete RNA sequences were aligned using Clustal Omega.
Multiple alignment tool, scale bar representing number of nucleotide changes per site [29]. (B) RNA
genome, polyprotein and cleaved mature peptides of different picornaviruses. Picornaviruses contain
a plus-strand RNA genome, which is approximately ~7.1–8.9 kb in size. RNA genome codes for
a polyprotein, which is organized into regions, P1, P2 and P3, with the leader protein present in
some picornaviruses. P1 encodes for four structural proteins, VP1, VP2, VP3 and VP4. P2 and P3
encodes for 2A–C and 3A–D non-structural proteins, respectively. NCBI accession codes for viruses
are as follows: Human Rhinovirus, HRV (K02121.1), Poliovirus, PV (AF111984.2), Coxsackievirus
A, CVA (AF546702.1), Bovine Enterovirus, BEV (NC_001859.1), Enterovirus 71, EV71 (KJ686308.1),
Echovirus, ECHO (AF029859.2), Foot-and-Mouth virus, FMDV (DQ989323.1), Seneca Valley virus,
SVV (NC_011349.1), Theiler’s Murine Encephalomyelitis virus, TMEV (M20301.1), Mengovirus, MEV
(L22089.1), Encephalomyocarditis, EMCV (X74312.1).
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By virtue of their distinct biology, picornaviruses possess several advantages for their development
for cancer therapy. The small size of the capsid, around 30 nm, are an advantage in penetrating the
blood–brain barrier. Picornaviral RNA genomes replicate in the cytosol and do not integrate into
host chromosomes, so they are not genotoxic. Additionally, they do not encode oncogenes, and their
genomes are easily manipulated as cDNA [30]. This could be considered advantageous when compared
to the DNA genomes and nuclear replication of viruses like Adenoviruses and Vaccinia virus. However,
this disadvantage is compensated by DNA viruses by their capability to be easily modified in order
to encode foreign proteins. Conversely, the inherently error-prone process of viral RNA replication,
which is estimated at between 0.01 to 1 mutation per hypothetical 10,000 base genomes, means that
picornaviral genomic stability could present a problem [31]. However, this instability could also be
interpreted as being a safety feature that prevents the introduction of new viruses in the population.
Picornaviridae is an extremely rich viral family, and the viruses considered for cancer therapy include
both unaltered, naturally occurring viruses as well as viruses that have been extensively altered to
either attenuate pathogenesis or increase oncolytic activity. Although picornaviruses represent a subset
of oncolytic viruses, the picornaviruses discussed in this review have a diverse range of oncolytic
activities and mechanisms that dictate their selectivity for cancer cells, as demonstrated in Table 2.

2. Coxsackievirus

The discovery of Coxsackievirus was due to attempts made in the 1940s to find a more economically
feasible animal system than macaques for the study of Poliovirus from patient samples [32]. An atypical
paralysis of unweaned “suckling” mice, due to skeletal muscle destruction rather than central nervous
system (CNS) damage, indicated that the aetiological agent was not Poliovirus, with the filtrable agent
being neutralised in human sera, and differentiated from other similar viruses by host range [32]. Today,
Coxsackievirus species are divided into group A, comprising 23 serotypes which affect mainly skeletal
muscle in murine models, and group B, which affects a broader range of tissues [33]. In humans,
Coxsackieviruses cause mild upper respiratory tract infections. The primary cellular receptor employed
by Coxsackievirus is intercellular adhesion molecule 1 (ICAM-1) [33]. An additional receptor, decay
accelerating factor (DAF), is necessary but not sufficient for infection [33]. Alternatively, some members
such as Coxsackievirus B3 (CVB3) use an alternative receptor, an immunoglobulin-like molecule
called Coxsackievirus and Adenovirus receptor (CAR) [34]. Nine serotypes of Coxsackievirus have
demonstrated oncolytic activity against an extensive range of cancers including but not limited to
melanoma [34], multiple myeloma [35], breast [36], bladder [37] and prostate cancers [38].

Most of the studies investigating the use of Coxsackievirus in cancer therapy centre around
Coxsackievirus A21 (CVA21), registered as CAVATAK [33]. The oncolytic potential of CVA21 has
been interrogated in a breadth of cancers, including melanoma, multiple myeloma, breast cancer and
bladder cancer.

Potential oncolysis of a panel of six melanoma cell lines was inferred by increased levels of ICAM-1
and DAF [34]. This was confirmed by CVA21 infecting and causing lysis in each of these cell lines at a
multiplicity of infection (MOI) of 1. Furthermore, CVA21 did not infect MRC5 and RD cells, which
do not express ICAM-1 and express low levels of DAF. On the other hand, due to its use of CAR as a
cellular receptor, CVB3 could kill RD cells but not the melanoma or MRC5 cells. However, high ICAM-1
expression is not the only determinant of productive oncolytic infection, as primary cultures of ex-vivo
melanoma tumours were shown to be highly susceptible to CVA21 infection, while peripheral blood
lymphocytes (PBLs) permitted only background replication, despite similar ICAM-1 expression [34].
This is mirrored in another study in which two melanoma cell lines, SK-Mel-28 and ME4405, were
infected with CVA21. SK-Mel-28 was 10 to 100 times more susceptible than ME4405, although they
express comparable levels of ICAM-1. CVA21 infection can be ablated with anti-ICAM-1 antibody
blockade, and anti-DAF antibodies can block 50% of CVA21 infection of ME4405, with SK-Mel-28
being unaffected. Despite higher Sk-Mel-28 susceptibility to CVA21, Sk-Mel-28 and ME4405 share
similar virus replication kinetics [39]. NOD-SCID mice with melanoma xenografts cleared tumours



Cancers 2019, 11, 685 8 of 29

by day 21 post-infection when given 103 TCID50 CVA21 (TCID—Tissue culture Infective Dose) and
remained tumour-free until the end of the trial at day 35 [34]. CVA21 was able to exert significant
antitumour effects in both SK-Mel-28 and ME4405 xenograft tumours regardless of whether injected
intratumourally, intraperitoneally or intravenously [34,39]. Recent in vivo studies focused on CVA21
in combination with other therapies. One study, performed in C57BL mice bearing ICAM-1 expressing
B16 melanoma tumours, showed that the therapeutic effect of eight intratumoural injections of CVA21
is increased when combined with four intraperitoneal deliveries of antimouse-PD-1 antibodies than
either therapy alone [40]. Another trial used the same melanoma mouse model but with the treatment
regime changed to four cycles of CVA21 and four cycles of anti-cytotoxic T-lymphocyte-associated
antigen protein 4 (CTLA-4) antibodies [41]. This reinforced the results of the combination therapy
exceeding the performance of either monotherapy, including on secondary challenge of tumour clearing
mice with B16 cells [3].

High ICAM-1 and DAF expression was confirmed in three multiple myeloma (MM) cell lines,
with lower expression on peripheral mononuclear blood cells (PMBCs). MM cell lines showed
cytopathic effect (CPE) on infection with CVA21 at a MOI as low as 0.2, increasing viral tires 100 to
1000-fold after 24 h. By contrast, CVA21 infection of PMBCs showed only modest CPE at MOI of 20 [35].
When treated with CVA21, MM cells from ex vivo patient bone samples were selectively killed, though
some off-target death of healthy cells suggested a need for a refinement of dosing. Bone progenitor cells
incubated with CVA21 showed some nonsignificant decrease when compared to phosphate buffered
saline (PBS) controls [35].

CVA21 was investigated for oncolytic activity against breast cancer [36]. Of nine breast cancer cell
lines, seven had high expression of ICAM-1 and DAF and two had moderate expression. An MOI of
100 induced extensive lytic destruction in all of the breast cancer cell lines and none of the controls.
Signs of CPE were observed in breast cancer cells at up to 1000-fold lower MOI than that required for
CPE in healthy cells. Infection of the breast cancer cell lines resulted in an increase of CVA21 viral titre
by 0.5–4 log. Breast cancer mammospheres were similarly susceptible to CVA21 as the monolayers [36].
In SCID mice, the growth of pre-established T47D breast cancer xenograft tumours was arrested by
5 × 107 TCID50 CVA21 with a decrease in treatment tumour mass of 17 ± 6% compared to an increase
in tumour mass of 2422 ± 932% in controls 26 days post-intervention [36]. CVA21 was shown to be
active against MDA-MB-231 tumours forming spontaneous metastases, with a significant reduction
in primary tumour size observed after two weeks, and tumour-free mice by day 42 post-treatment.
CVA21-treated mice maintained a high serum viral titre for the duration of the trial [36].

To evaluate the effect of CVA21 on bladder cancers, a panel of ten bladder cancer cell lines were
classified based on susceptibility [37]. Six cell lines were designated as susceptible; two were less
susceptible, showing evidence of infection only by confocal microscopy; and the remaining two were
refractile to CVA21 infection. The susceptibility of bladder cancers to CVA21 was directly proportional
to ICAM-1 expression, with one exception. Treatment with mitomycin C (MC) can increase the levels
of ICAM-1 in cells. When treated with MC up to 0.5 µg/mL, three of the most susceptible bladder
cancer cell lines showed an increase in ICAM-1 expression with no associated cell death [37]. Treatment
with 0.5 µg/mL MC followed by CVA21 infection was tested in the same three susceptible cell lines
and one refractive cell line. However, treatment with 0.5 µg/mL MC followed by CVA21 infection in
refractive cells did not make them more susceptible to virus infection [37]. Combination therapy of
MC and CVA21 increased viral replication in ex vivo bladder cancer samples and induced increased
release of apoptotic markers in bladder cancer cell lines. CVA21 destruction of susceptible bladder
cancer cell lines induces immunogenic cell death, as indicated by the markers endo-calreticulin and
HMGB1 (high mobility group box-1) protein [37]. This effect was further corroborated in vivo. In a
vaccination assay, C56BL/6 mice pretreated with CVA21-lysed MB49-ICAM-1 bladder cancer cells were
effectively protected from later challenge with the same cells injected into the opposite flank, compared
to 50% of control mice challenged with uninfected lysate [37]. This protective effect was found to be
largely due to CD4+ T-cells, as shown by a follow up trial with an anti-CD4 antibody blockade which
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resulted in 82% of surviving mice succumbing to disease. Anti-CD8 blockade and NK (natural killer)
cell depletion showed no effect [37].

The combination of CVA21 with four common chemotherapy agents was assessed on a panel
including breast cancer, colorectal cancer, pancreatic cancer and healthy cell lines [41]. These examinations
revealed that doxorubicin hydrochloride (DH) had a synergistic effect when combined with CVA21
against the cancer cell lines and only slightly increased cell death in healthy cells, with the exception
of low MOI CVA21 treatment of healthy cells, where the effect was reversed [41]. Increased levels of
active caspases in treated cancer cell lines suggested cell death was caused by apoptosis. Trials in
SCID mice with pre-established MDA-MB-231 breast cancer tumours supported the conclusion that
CVA21 works in synergy with DH, as the combination therapy extended the lives of mice and reduced
tumours masses to a greater degree than either monotherapy [41].

In addition to native virus, the RNA of CVA21 transcribed from plasmid DNA has been shown
to be cytotoxic on cell lines including hepatocellular carcinoma, lung cancer, rhabdomyosarcoma,
and melanoma [42]. This was confirmed in vivo where SCID mice with KAS6/1 multiple myeloma
xenografts were treated with CVA21 RNA, with CVA21 virions and RNase treated CVA21 RNA as
controls. The CVA21 virus and RNA treatment groups both cleared tumours, with the virus group
achieving this one to three days faster than the RNA group. Adverse effects were seen in both treatment
groups, with all mice developing myositis. Modulation of the dose only affected antitumoural efficacy,
and not myositis [42].

The oncolytic activity of CVA21 in a diverse range of cancers both in vitro and in vivo prompted
several clinical trials [43]. A Phase I clinical trial of CAVATAK in Stage IV melanomas showed that two
doses of 107, 108 or 109 TCID50 CAVATAK were safe, and five out of nine patients showed transient or
stable tumour mass reduction, or stabilisation of tumours. In a Phase II clinical trial of CAVATAK in late
stage melanoma (CALM), 57 patients were treated with up to 3× 108 TCID50 CAVATAK intratumourally
on days 1, 3, 5, 8 and 22, followed by injections once every three weeks for 18 weeks. This treatment
regime resulted in no NCI CTCAE (National Cancer Institute common terminology criteria for adverse
events) grade 3 or 4 events, with 38.6% of patients showing immune-related progression-free survival
at six months, and 19.3% of patients showing durable objective responses [44]. In an extension to this
study, the role of patient immunity was further explored. The number of tumour-infiltrating immune
cells, especially CD8+ and PD-L1+ cells, increased in five of six patients tested. In addition, CVA21
injection into lesions where single- or double-line immune checkpoint blockades had stopped working
was able to reconstitute immune cell infiltrates in all four patients tested [45].

In a Phase I/II clinical trial on systemic treatment of resistant malignancies (STORM), the enrolled
patients with late-stage cancer were grouped into three CAVATAK dose cohorts, low (n = 3, 108 TCID50),
medium (n = 3, 3 × 108 TCID50) and high (n = ~80, 109 TCID50) [46,47]. The most recent published
update of the trial is evaluating the safety of CAVATAK in combination with prembrolizumab. While
the trial is still ongoing, preliminary results are encouraging, with only one grade 3 event and no
dose-limiting toxicities [48].

Revisiting the study of CVA21 with mitomycin C (MC) against bladder cancer cell lines, a Phase
I/II clinical trial of CAVATAK in non-invasive bladder cancers (CANON study) was undertaken [49].
The first stage of the study established the safety of CAVATAK at doses of either 108 TCID50, 3 × 108

TCID50, or one of each. The second part of the study tested the combination therapy of two doses of
3 × 108 TCID50 CAVATAK with 10 mg MC. The study established the safety of CAVATAK and MC and
recorded viral replication within tumours, complete tumour response and induced inflammation and
apoptotic cell death [49].
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CVA21/CAVATAK as an oncolytic agent has garnered the greatest amount of research among the
coxsackieviruses. However, the infection of CVA21 in humans is common, and pre-existing adaptive
immunity to this strain could result in premature clearing of the virus before being able to exert
its therapeutic effect on tumours. This prompted an evaluation of alternatives to CVA21 with less
prevalent rates of immunity.

Coxsackievirus serotypes A13, A15 and A18 (CVA13, CVA15 and CVA18) have all been shown to
infect and productively replicate in multiple melanoma cell lines, while not infecting peripheral blood
mononuclear cells (PMBCs) [50]. A study of mice bearing SK-Mel-28 melanoma tumours treated with
the various Coxsackievirus serotypes revealed their differences in antitumour activity [48]. By 48 h
post-infection, all five CVA18-infected mice and two out of five CVA15-infected mice had cleared
tumours. No pre-existing immunity against any of the strains was detected in blood samples of
melanoma patients, healthy controls or commercially pooled Immunoglobulin G (IgG), showing their
possible utility in patients with pre-existing CVA21 immunity [50].

Of 28 enteroviral strains tested against 12 human cancer cell lines and a bone marrow stroma
control cell line, Coxsackievirus strains B2 Ohio-1 (CVB2 Ohio-1), B3 Nancy (CVB3 Nancy) and B4
JBV (CVB4 JBV) stood out as causing cell death in A549 and LK-87 lung cancer cells with no toxicity
in controls [51]. In a second screen against nine non-small cell lung cancer cell lines (NSCLC), CVB3
Nancy induced cytolysis in all. Infectivity against these cells was directly proportional to the sum
of CAR and DAF expression and could be abrogated by siRNA knockdown of CAR. CVB3 Nancy
infection causes immunogenic cell death by active secretion of ATP, expression of calreticulin and
post-apoptotic HMGB1 protein release [51]. In nude mice, one dose could suppress A549 tumours,
while five doses could clear tumours in 50% of mice. Similarly, five doses of CVB3 Nancy treatment
cleared EBC-1 squamous cell carcinoma tumours and H1299 human adenocarcinoma tumours in all
mice tested. CVB3 Nancy could spread to secondary tumours in mice bearing bilateral A549 tumours,
suppressing growth in both compared to controls. Side-effects in treatment mice did include moderate
hepatic dysfunction and mild myocarditis [51].

Four strains of Coxsackievirus B3 (Nancy, 31-1-93, H3 and PD) were tested against colorectal
cell lines expressing varying levels of CAR and DAF [52]. Of the five cell lines tested, PD showed
high/moderate effects in all, 31-1-93 showed high moderate effects in some and H3 and Nancy had
very low infection rates, as measured by genome amplification and cell lysis. The basis for the greater
oncolytic activity of the PD strain of CVB3 resides in the fact that it can use the N- and 6-O-sulfated
heparan sulfate (HS) as a cellular receptor [52]. HS is a polysaccharide highly expressed on colorectal
cancer cells. While all the strains tested could suppress bilateral DLD1 colorectal adenocarcinoma
xenograft tumours in mice, their toxicities also became apparent. Despite showing similar viral titres
in treated tumours, mice treated with CVB 31-1-93 died by day six post-infection, and four out of six
mice treated with CVB3 Nancy died by day eight [52]. CVB3 Nancy could be isolated in high titres
from the heart and low titres from brain, spleen and kidney of dead mice. All CVB3 PD-treated mice
were alive by day ten, with five considered as heathy as PBS-treated controls. CVB3 PD did, however,
show adaptation to healthy cells, where the tissues of one treated mouse contained CVB3 PD with
several capsid mutations [52].

Three endometrial cancer (EC) cell lines, Ishikawa, HEC-1-A and HEC-1-B, were shown to express
the cellular receptors for CVB3. When infected by CVB3 2035A at an MOI of 10, there was extensive
lytic destruction of all three cell lines and high titres of viral progeny produced after 48 h [53]. Mouse
studies showed single infusions of CVB3 2035A could suppress Ishikawa and HEC-1-B tumours
significantly, but not HEC-1-A tumours [53]. Escalation to five doses of CVB3 2035A eliminated
Ishikawa and HEC-1-B tumours and significantly inhibited HEC-1-A tumours. In mice bearing bilateral
HEC-1-B tumours, five doses of CVB3 2035A administered to primary tumours could eliminate them
and suppress secondary tumours. Secondary tumour suppression was likely caused by viral spread
through blood circulation, as viremia increased through the duration of the study up to day six [53].
Another experiment with bilateral HEC-1-A tumours showed that a single CVB3 2035A dose was
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enough to suppress both tumours with no recorded deaths or significant body weight changes [53].
The therapeutic effect of CVB3 2035A extended to ex vivo patient samples, with a 10%–40% decreased
viability of cancer cells and no toxicity to normal controls [53].

Finally, Coxsackievirus B6 (CVB6) in the form of three non-pathogenic live enterovirus vaccine
strains (LEV8, LEV14 and LEV15) was tested against healthy and cancer cell lines. LEV15 stood out as
having very little infectivity in untransformed cell lines and varying infectivity in the cancer cell lines
tested [54]. LEV15 was serially passaged in the least susceptible cell lines, RD rhabdomyosarcoma,
MCF7 breast cancer and A431 epidermal carcinoma cell lines, or in varying combinations thereof.
This produced four strains which acquired the ability to infect and replicate in the cell lines through
which they had been repeatedly passaged, without losing pre-existing infectivity to other cell lines.
The four strains were sequenced and found to have mutations that conferred bio-adaptation [54]. Nude
mice with xenograft tumours of C33A cervical cancer, DU-145 prostate cancer, RD and MCF-7 cell lines
were treated with two of the bio-adapted LEV15 strains, along with parental LEV15 as a reference and
PBS as a control. LEV15-RD-7/MCF7-9 (LEV15 passaged seven times through RD cells and nine times
through MCF7 cells) showed oncolytic activity against each of the tumour types, whereas LEV-15 only
showed oncolytic activity against C33A and DU-145 [54].

Table 2. Receptors and tissue tropisms of oncolytic picornaviruses.

Species Genus Receptor Cellular Entry Examples of Susceptible Cancers

Coxsackievirus Enterovirus
ICAM-1 & DAF
(CVA21)
CAR (CVB3)

[33]
[53]

Receptor
mediated
endocytosis

Melanoma (CVA21)
Multiple Myeloma (CVA21)
Breast Cancer (CVA21)
Bladder Cancer (CVA21)
Endometrial Cancer (CVB3)

[34]
[35]
[36]
[37]
[53]

Poliovirus Enterovirus Necl5/CD155/PVR [55]
Receptor
mediated
endocytosis

Bone/Soft Tissue (LAPV)
Neuroblastoma (A133G mono-cre PV)
Glioma (PVSRIPO)
Breast Cancer (PVSRIPO)
Melanoma (PVSRIPO)

[56]
[57]
[58]
[59]
[60]

Echovirus Enterovirus DAF (EV7)
VLA-2

[61]
[62]

Receptor
mediated
endocytosis

Melanoma
Rhabdomyosarcoma
Adenocarcinoma
Lung carcinoma
Basal cell carcinoma

[63]
[63]
[63]
[63]
[63]

Bovine Enterovirus Enterovirus HLA-DR
(suggested) [64]

Receptor
mediated
endocytosis

Leukaemia
Soft tissue sarcoma

[64]
[64]

Seneca Valley Virus Senecavirus ANTXR1/TEM8 [65]
Receptor
mediated
endocytosis

Medulloblastoma
Retinoblastoma
Glioma
Glioblastoma
Small Cell Lung Cancer

[66]
[67]
[68]
[69]
[70]

Theiler’s Murine
Encephalomyelitis
Virus

Cardiovirus Sialic acid moeties [71]
Receptor
mediated
endocytosis

Melanoma
Breast Cancer

[71]
[71]

Encephalomyocarditis
virus & Mengovirus Cardiovirus Sialoglycoprotein [72]

Receptor
mediated
endocytosis

Renal Carcinoma (EMCV)
Sarcoma (EMCV)
Multiple Myeloma (MEV)

[73]
[74]
[75]

Abbreviations: ANTXR1 (Anthrax Toxin Receptor 1), CAR (Coxsackievirus and Adenovirus Receptor), CD155
(Cluster of Differentiation 155), CVA21 (Coxsackievirus A 21), CVB3 (Coxsackievirus B 3), DAF (Decay Accelerating
Factor), HLA-DR (Human Leukocyte Antigen—DR isotype), Necl5 (Nectin-like Protein 5), PVR (Poliovirus Receptor),
TEM8 (Tumour Endothelial Marker 8), VLA-2 (Very Late Antigen 2).

3. Poliovirus

Poliovirus is the causative agent of poliomyelitis, a disease infamous for causing life-long disability
and paralysis throughout human history. Infection with Poliovirus (PV) is usually asymptomatic
or manifested as transient flu-like symptoms and/or gastroenteritis [76]. An estimated 1% to 2% of
PV infection cases result in the virus spreading to afferent nerves, where cellular destruction results
in poliomyelitis [76]. Cellular susceptibility to PV is dependent on the expression of CD155 cellular
receptor, also referred in the literature as Necl5 (Nectin-like Protein 5) or occasionally PVR (Poliovirus
receptor) [55]. The receptor-mediated cytotoxicity of Poliovirus was confirmed by the successful
infection by all PV strains of nonhuman cells humanised by lentiviral transduction of CD155 [77].
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CD155 is often upregulated in metastases, having a role in cellular motility and invasiveness [78].
Therefore, development of Poliovirus as a cancer therapy has largely been centred around retaining the
receptor mediated oncolytic activity of the wild-type virus, while attenuating neurovirulence in order to
prevent poliomyelitis in patients. Polioviruses with varying degrees of alteration have been evaluated
for oncolytic activity, ranging from live attenuated poliovirus [56], poliovirus replicons [79], poliovirus
with re-arranged cis-acting replication elements (CREs) [57] and chimeric rhino-/polioviruses [80].

Live Attenuated Poliovirus A vaccine containing the Sabin 1 strain (LAPV) has been tested for
oncolytic activity in six human bone and soft tissue cancer cell lines expressing moderate to high
levels of CD155, as well as one murine osteosarcoma [56]. All but one of the human cell lines showed
dose-dependent apoptosis in response to LAPV infection [56]. In mice bearing HT1080 sarcoma
xenografts, three doses of 106 TCID50 LAPV were sufficient to control tumour growth by 40% and
induced cancer cells apoptosis, as shown by terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) assay [56].

One way to attenuate PV neurotoxicity is by using replication incompetent Poliovirus 1 (PV1)
replicons. Replicons are constructed by deleting the P1 region that encodes the capsid proteins [79].
Once inside the targeted cell, this PV1 engineered RNA genome is capable of replicating and causing
cell lysis. However, the replicons cannot form full encapsidated virions to spread to other cells.
The generation of full virions is conditioned by the presence of a complementing Vaccinia virus vector
that provides the P1 region [79]. PV1 replicons have shown broad spectrum cytotoxicity against central
nervous system (CNS)/non-CNS tumours, and ex vivo primary patient tumours. They have also
demonstrated the ability to significantly prolong survival of murine glioblastoma models by infecting
primary tumours as well as distal metastases [79].

The PV mutant A133Gmono-cre illustrates another strategy to neuro-attenuate oncolytic PV [57].
Initially, mono-CRE PV was designed by moving the cis-acting replication element (CRE) from
the viral 2C protein to a spacer region adjacent to the internal ribosome entry site (IRES) of the 5′

untranslated region (5′ UTR) [57]. The rationale for the relocation to the specific spacer site in the 5′

UTR was that base substitutions in this region attenuated the wild-type PV but were not genomically
stable [57]. In vitro and in vivo adapted mono-CRE PV isolates accumulated mutations allowing
increased replication in neuro-2a neuroblastoma cells. One mutation, A133G, was present in both cases,
and so A133Gmono-CRE PV was isolated and used in further studies. Along with pre-exposure to
mono-CRE PV, four intratumoural injections of A133Gmono-CRE PV into neuro-2a xenograft tumours
were sufficient to clear tumours in 82% of mice, and also effectively vaccinate against re-challenge with
neuro-2a cells [57]. CD8+ T-cells isolated from neuro-2a immune mice had potent antitumour activity
when transferred to mice with pre-established neuro-2a tumours, and the non-infectious lysate from
in vitro infected A133Gmono-CRE PV cultures also achieved this effect [81]. These results emphasise
the role of the virus and the host immune system in successful oncolytic virotherapy.

By far the most promising prospect for the use of PV in a cancer therapeutic setting is the chimeric
virus, PVSRIPO. PVSRIPO (initially referred to as “PV1 (RIPOS)”) is the Sabin strain of PV1 (PVS)
with IRES replaced with that of human Rhinovirus 2 (HRV2) [80,82]. The consequence of this is an
attenuation in neuronal cells [80,83].

The basis for neuronal attenuation of PVSRIPO is multifactorial. Wild-type polioviral IRES binds
the eIF4G:4A:4B complex (eukaryotic initiation factor 4G:4A:4B), unwinding the RNA, exposing the
start codon and binding eIF3, while the HRV2 IRES does not in neuron lineage cells [84]. PVSRIPO
neuro-attenuation is also partly due to the presence of double-stranded RNA binding protein 76
(DRBP76). DRBP76 binds the HRV2 IRES in the cytoplasm of neuronal cells, preventing PVSRIPO
genome replication. In neoplastic cells, DRBP76 is restricted to the nuclear compartment; therefore,
it does not inhibit the chimeric virus replication which takes place in the cytoplasm [84]. PVSRIPO
may have an advantage in replicating in cancer cells due to the broad phenomenon of deregulation of
mitogenic signalling cascades favouring cap-independent translation. For example, the activation of
MAPK-interacting kinase has a downstream effect of repressing serine–arginine-rich protein kinase
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(SRPK), which has an important role in cap-dependent translation by acting on ITAFs (IRES trans-acting
factor) [84]. The specific mechanism by which SRPK acts on viral translation in unknown [85].

PVSRIPO has demonstrated potent oncolytic activity in a wide range of cancer cell lines
derived from gliomas [58], breast cancers [59,86], glioblastoma multiforme [87], melanomas [60],
astrocytomas [88,89] and prostate cancers [59].

Infection of ex vivo glioma primary cultures derived from stage II–IV patients with PVSRIPO
showed drastic CPE by 6 h and complete CPE by 12 h, resulting in viral titres comparable to those
produced by established glioma cell lines [58]. The ex vivo primary cultures showed CD155 expression
at similar levels with the original tumours, as well as established glioma cell lines [58].

CD155 expression in human breast cancer cells is relatively low [86]. However, on a panel of
five established breast cancer cell lines and six ex vivo breast cancer primary cultures, CD155 was
expressed to a higher degree than normal control cells [86]. The MCF-7/HER2-18 cell line was selected
as a model to evaluate the oncolytic activity of PVSRIPO in cerebral metastatic CD155+ breast cancers.
MCF-7/HER2-18 cells were injected intrathecally, to model neoplastic meningitis, or intracranially.
In the neoplastic meningitis model, PVSRIPO treatment increased median survival time by 130%
compared to UV-inactivated controls, with no significant difference between mice treated with a low
dose of 107 plaque formation units (PFU) or a high dose of 109 PFU of PVSRIPO. In the intracranial
model, the distinction between the administered doses of PVSRIPO was more pronounced, with the
low dose extending median survival times by 122% and the high dose increasing median survival
times by 153% compared to controls [86].

PVSRIPO was also tested in a glioblastoma mouse model [87]. Athymic mice bearing
U87MG∆EGFR glioblastoma multiforme tumours were challenged with either a low dose of (107 PFU)
or high dose (109 PFU) PVSRIPO. While there was no significant dose response relationship between the
two dose cohorts, median survival compared to controls increased by 187.5% and 200%, respectively,
with one of ten mice in the low dose cohort, and three of ten mice in the high dose cohort surviving
to the end of the trial [87]. PVSRIPO was shown to have cytotoxicity against U87MG astrocytoma
cells in the development and optimisation of a colorimetric assay to measure PVSRIPO viral lysis of
cell lines in vitro, but not in HEK-293 embryonic kidney cells [88]. The activity of PVSRIPO against
astrocytoma cells was the central focus of another study [89]. Athymic mice with bilateral HTB-15
astrocytoma tumours treated with 108 TCID50 PVSRIPO in both tumours showed an average of a 45%
decrease in tumour mass by day 10, nearly clearing the xenografts by day 28. Tumours isolated from
mice sacrificed at day 10 and 28 showed a temporal progression towards tumour death, with day
10 tumours displaying a dense core of intact cancer cells surrounded by a loose mantle of dispersed
tumour cell foci and immune infiltrates. At day 28, the tumours were composed primarily of scar tissue,
with minor foci of heterogenous composition [89]. PVSRIPO was only isolated at low levels from day
10 tumours. When pooled and purified, it maintained the characteristic thermosensitive phenotype
with two single nucleotide polymorphisms at positions 97 of the 5′ UTR and 1824 in VP3 [89].

In melanoma cells, PVSRIPO effectively evades the innate immune response, where other related
viruses such as Enchephalomyocarditis virus (EMCV) cannot, and the mechanism of this is independent
of melanoma differentiation-associated protein 5 (MDA5) and the mitochondrial antiviral signalling
protein (MAVS) [60].

In vitro studies with SUM149 breast cancer cells and DU145 prostate cancer cells showed
PVSRIPO had potent activity against these cell lines and that their infection released pro-inflammatory
cytokines [59]. By day seven, single intratumoural injection of PVSRIPO in mice bearing orthotopic
SUM149 and subcutaneous DU145 xenotransplants could reduce tumour weight, with some mice
clearing tumours in both groups. Interestingly, PVSRIPO infection led to a massive increase in the
recruitment of infiltrating neutrophils [59]. This highlights the contribution of the immune modulating
activity of PVSRIPO to overall antitumour efficacy.
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PVSRIPO has been shown to infect human THP1 macrophages, but unlike many of the cancer
cells studied, PVSRIPO infection of macrophages is sublethal and serves to induce expression of major
histocompatibility complex class II and costimulatory molecules and further leads to (interferon-β)
IFN-β, (interleukin-12) IL-12 and (tumor necrosis factor- α)TNF-α production [90]. The immune
stimulating effect could also be induced by virus-free lysate from PVSRIPO-infected tumours which
activated human dendritic cells (DCs) to stimulate tumour-antigen specific T-cells [91]. PVSRIPO
activation of DCs comes in part by a sublethal infection producing low viral progeny and is exaggerated
when exposed to tumour lysate, as measured by CD40, CD80, IFN-β and TNF-α expression [90].
PVSRIPO oncolysis releases a medley of cancer antigens, including MART-1 (melanoma-associated
antigen recognised by T-cells-1), DAMPS (damage-associated molecular patterns, e.g., heat shock
protein 60/70/90, high mobility group box-1 protein) and double-stranded RNA (dsRNA) [91]. In mice,
PVSRIPO adapted to mouse astrocytoma cells (mRIPO) was used for the treatment of transgenic
melanoma tumours expressing ovalbumin (OVA), which produced cytotoxic T-lymphocytes (CTLs)
primed against OVA and native melanoma antigen tyrosinase related protein 2. Infusion with mRIPO
delayed tumour growth, increased animal survival times and induced tumour invasion of neutrophils,
followed by DCs and T-cells [91].

Following the recommendations of the World Health Organisation (WHO) for putative Poliovirus
vaccines, before starting human trials, PVSRIPO had to be tested in primates. Ex vivo cultures of
macaque and human kidney cells showed no species-specific infectivity for either PVS or PVSRIPO [92].
Macaques treated with 107, 109 or 5 × 109 TCID5 PVSRIPO showed no side-effects, and all survived
to the end of the trial [92]. The virus was contained to the brain of all macaques with only one case
that showed low viral titre in the spinal cord and pons/medulla. PVSRIPO was not shed in the serum,
saliva, urine or faeces of infected animals. Antibodies against PVSRIPO could be isolated from day
10 and increased in titre by day 56 [92]. These results gave an optimistic prediction of the safety of
PVSRIPO in humans. Indeed, a Phase I clinical trial in recurrent glioblastoma showed the safety of
PVSRIPO in humans, with none of the 13 patient cohorts developing adverse events exceeding NCI
CTCAE (National Cancer Institute common terminology criteria for adverse events) grade 3, and only
one showing grade 4 event from a catheter removal [93,94]. A Phase I dose-finding study in 61 patients
with recurrent glioblastomas indicated an optimum treatment dose of PVSRIPO of 5 × 107 TCID50 [95].
In addition, PVSRIPO had a protective effect on patient survival, with 21% survival at 36 months
compared to 4% in historical controls [95].

4. Echoviruses

Enteric cytopathic human orphan (ECHO) viruses are part of the species Enterovirus B. Several
echoviruses have been evaluated for selective tropism towards different cancers, including EV7, EV1,
EV5, EV12, EV15, EV17, EV26 and EV29.

Most abundant information regarding clinical applications is available on Echovirus-7 (EV7),
registered by the name Rigvir [96]. Rigvir was discovered when the viromes of patients receiving
the Salk inactivated Poliovirus vaccine were being monitored [96]. Rigvir derives its name from
Riga, the capital of Latvia [97]. It is believed that in Latvia, 75% of melanoma cases are treated with
Rigvir [98]. Other Eastern European countries such as Georgia, Armenia and Uzbekistan have also
approved Rigvir [96]. The United States, much of the European Union and Japan found a lack of
experimental evidence to approve Rigvir in cancer treatment [99].

Rigvir has shown toxicity in vitro against a broad range of cell lines, including melanoma,
pancreatic adenocarcinoma, muscle rhabdomyosarcoma, mesenchymal stem cells, gastric carcinoma,
lung carcinoma and human normal dermal fibroblasts [63].

Clinical trials are referred to in the literature to have occurred between 1965 and 1991, but the
results from these clinical trials are not readily available [96]. Therefore, clinical data relating to the
efficacy of Rigvir are largely based on retrospective studies and patient case studies from recent years
rather than documented clinical trials.
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One such retrospective study showed a statistically significant increase in 3-year survival
of melanoma patients when treated with Rigvir post-surgery than surgery alone or with other
immunomodulators [97]. For best efficacy, Rigvir is injected intratumourally rather than intramuscularly,
increasing 5-year survival between 29.9% and 19.5% [97]. Regional inoculation of Rigvir increases
the total proportion of active (CD38+) and cytotoxic (CD8+) T-cells [100]. Another retrospective trial
focused on melanoma patients Stage IB through to Stage IIC, with 52 patients enrolled for Rigvir
therapy and 27 electing to go without [97]. The Rigvir treatment regime started with one injection per
day, reaching one every 3 months by the end of the trial for a total of 32 injections. While no significant
increase was observed in the time spent disease-free, the Rigvir group had lower mortality [97].

In recent times, case studies of Rigvir treatment in a diverse range of cancers have been emerging
in the literature. One such study followed a stage IV melanoma, stage IIIA small-cell lung cancer and
stage IV hystiocytic sarcoma on a long-term Rigvir treatment [98]. Following surgery, the stage IV
melanoma patient was treated with Rigvir in combination with odansetron. The treatment consisted
of initially frequent Rigvir injections that became less frequent as time progressed. The small-cell
lung cancer patient was treated with lariphan and Rigvir but at a constant infrequent schedule for
six years. In the case of the stage IV histiocytic sarcoma patient, Rigvir was administered as part of a
therapeutic cocktail including multisite radiation therapy, doxorubicin, cyclophosphamide and helixor
P. At the time of study publication, the condition of all three patients had improved and they were
stable, with no clinical parameters exceeding National Cancer Institute Common Terminology Criteria
for Adverse Events (NCI CTCAE) grade 1 [98].

Rigvir as a monotherapy and in combination with other therapies has also been tested in patients
for whom the prognosis is especially poor. One patient with a basal cell carcinoma, a diagnosis with a
median expected survival of five months, was treated with Rigvir post-surgery [101]. The treatment
regime began with daily injections for three days, graduating step-wise to thrice-weekly for multiple
years. At the time of publication, the patient’s condition has been stable for 3.9 years, with scans
showing minimal residual metastasis [101]. Another study documented Rigvir treatment of a stage
IV poorly-differentiated rectal adenocarcinoma, with a 5-year survival rate of 5% [102]. The patient
was first treated with 11 injections of Rigvir in combination with eight infusions with folinic
acid-fluorouracil-oxiplatin (FOLFOX-4) and four infusions of bevacizumab. This first stage of therapy
supressed cancer metastases by 50%, allowing surgical resection. Post-surgery, the patient was given
four final infusions of FOLFOX-4. Computerised Topography (CT) scans six years following the initial
diagnosis showed cystic bodies on the liver, spleen, and kidneys, as well as fibrotic changes in the
lungs, consistent with a complete response to therapy [102].

Other Echovirus species have also been investigated for activity against cancer. Echovirus 1 (EV1)
has been tested for activity against ovarian, prostate and gastric cancer cell lines. VLA-2, also known as
integrin α2β1, has been identified as the cellular receptor for EV1 [62]. Consistent with this finding, EV1
was shown to cause cytolysis in a panel of eight ovarian cancer cell lines and ovarian cell spheroids
with high expression of α2β1. This effect could be ablated by treatment with anti-α2β1 antibodies [103].
EV1 was shown to be able to spread from one tumour to another and exert protective effects in mice
bearing xenografts of ovarian OVHS-1 in the upper and lower flanks. While the control cohort had
to be sacrificed due to disease progression after 2 weeks, EV1-treated mice lived to the end of the
trial with two of five completely clearing tumours and the rest recording tumours less than 3 mm in
diameter [103].
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While several prostate cancer cell lines as well as healthy prostate cell lines were also shown
to express α2β1, EV1 selectively destroyed the cancer cell lines [38]. Moreover, EV1 was shown
to be effective against prostate tumours of markedly different sizes in vivo. In severe combined
immune-deficient (SCID) mice, EV1 treatment of relatively small PC-3 tumours of 30–40 mm3 diameter
was sufficient to reduce them to an average of 1 mm3 [100]. Different doses between 103 and 107

TCID50 were used to test the efficacy of EV1 in large LNCaP tumours of 300 mm3. The low dose of EV1
had a transient but significant protective effect, while the mid- and high doses of virus showed lasting
significant tumour suppression [38].

The minimum infectious dose of EV1 to produce CPE in four gastric cancer cell lines expressing
α2β1 was investigated [104]. These were between 3.3 × 10−6 to 3 × 10−2 TCID50/cell in MKN-45, AGS
and NCI-N87 and >1 TCID50/cell in Hs746T. While Hs746T infection in vitro produced only minimal
CPE and viral replication after 72 h, the other three cell lines produced a 100-fold increase in EV1 viral
titre after 12 h [104]. MKN-45 cells expressing luciferase (MKN-45-Luc) were injected intraperitoneally
into SCID mice and allowed to develop tumours over five days. At seven days post-infection, treatment
with EV1 resulted in a dose-dependent decrease in tumour volume as measured by change in flux with
the low dose (103 TCID50) responsible for a 47.38% reduction, the medium dose (105 TCID50) for a
68.5% reduction and a 71.5% reduction in the high dose (107 TCID50) cohort. For reference, mice treated
with PBS had an average flux increase of 28.75%, and most were sacrificed due to disease progression.
Interestingly, circulating virus was initially different across dose groups, but then equalised [104].

Echovirus 5 (EV5) represents an interesting study into the oncolytic activity of the wild-type
virus genome and the naked RNA transcribed from a cDNA clone [105]. EV5 was shown to replicate
and efficiently destroy cancer cells and spheroids of colorectal origin [105]. In vitro transcription of
cDNA clones of RNA viruses with either T3, T7 or SP6 RNA polymerases leads to the addition of
several nongenomic nucleotides that have been shown to decrease infectivity compared to virions [105].
A construct made with a self-cleaving hammerhead ribozyme sequence directly upstream of the
authentic genome was capable of restoring the native virus genome. This construct was found to be
20 times more infectious when transfected into HT29 colorectal cancer cells compared to uncleaved
transcripts [105].

Finally, the broader oncolytic ability of Echoviruses was tested in a study with viruses including
EV12, EV15, EV17, EV26, and EV29 against a selection of six colorectal cell lines [106]. EV12 attached
and caused CPE in five out of six cell lines, with productive replication in four cell lines. EV15 only
productively replicated in two cell lines. EV17 could bind all cancer cell lines and significantly increased
viral titre in five cell lines. EV26 produced significant progeny virus in five cell lines and caused
complete CPE in four of them. EV29 was able to bind in low levels to all cell lines tested and produce
high amounts of progeny virus in five of them. Of note was that one cell line, LoVo, was resistant to
infection by any of the Echoviruses tested. EV12, EV17, EV26 and EV29 were investigated for the
ability to destroy HT29 spheroids, and all but EV29 were able to do so between five and nine days [106].

5. Bovine Enteroviruses

Bovine Enteroviruses are endemic in cattle, being routinely isolated from cow faeces, and are
not pathogenic to humans [107]. Bovine Enterovirus 1 (BEV1) and Bovine Enterovirus 2 (BEV2) are
classified as Enterovirus E and Enterovirus F, respectively [108]. They were investigated in the 1970s to
1990s for treatment miscellaneous neoplasms, including soft tissue and blood cancers [64,109].

BEV1 was first investigated for antitumour activity in 1971, wherein 65% of cancer cell lines
met the threshold for significant viral killing by BEV1, compared to 4% of healthy cell lines [64].
The percentage of cancer cells death varied between 18% in Ehrlich ascites and 98% in L-cells, and
this selectivity is thought to be receptor-based [64]. Sialic acids were suggested to have a role in viral
adsorption, as treatment with Vibrio cholera neuraminidase (VCN) showed a dose- and time-dependent
inverse correlation between VCN exposure and viral titre following BEV 261 infection in a panel of
susceptible cancer cells [110].
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Interestingly, whereas other picornaviruses can bio-adapt to cell lines (see: Echovirus 7), this could
not be achieved with BEV1 [64]. The same study showed that BEV1 was able to completely eradicate
sarcoma-1 xenograft tumours in mice and delayed death from leukaemia 4946 tumours by 48 h,
showcasing the broad range of BEV1 cytotoxicity in cancer cell lines [64].

In addition to murine studies, BEV1 was also tested in rabbits and dogs and shown to be well
tolerated [111]. Mice bearing ascites sarcoma 180 had a strong antitumour response when treated with
BEV1, with splenic hyperplasia being the only side-effect. One dog with a seminoma had a transient
response on single injection of BEV1, but not with a secondary dose [111]. Finally, rabbits injected with
F-647a immortalised rabbit T-cells that developed rabbit adult T-cell-like leukaemia showed increased
survival when given BEV MZ-468, with treatment animals surviving up to four months until the end
of the trial, comparative to control animals which died by day 11 [109].

6. Seneca Valley Virus

Seneca Valley Virus (SVV) was originally discovered as a contaminant of cell culture [112].
The selective oncolytic activity of SVV was implied to be receptor-mediated, as transfection of resistant
cells with SVV genomic RNA resulted in productive infection [113]. A genome-wide screen of SVV
against haploid cells infected with a lentiviral library of single guide RNAs identified anthrax toxin
receptor 1 (ANTXR1), also known as tumour endothelial marker 8 (TEM8) as the cellular receptor
for SVV. The results were validated in H446 small-cell lung cancer (SCLC) cells. Moreover, ANTXR1
knockout mutations protected SVV-susceptible cells in vitro and in mice models, conclusively showing
that the cellular receptor for SVV is ANTXR1 [65]. This was further corroborated by the elucidation of
the structural basis for the interaction of SVV and ANTXR1 by cryo-electron microscopy [114]. Seneca
Valley Virus (SVV) in the form of wild-type strain SVV-001 has been evaluated for selective infection
and lysis of cancers including retinoblastoma [67], medulloblastoma [66], glioma [68] and small-cell
lung cancer, reaching as far as Phase II clinical trials [115].

The oncolytic potential of SVV was first highlighted in a 2007 study [113]. Screening of a broad
panel of cell lines showed susceptibility to SVV in 13 out of 23 SCLC cell lines, two non-small cell lung
cancer (NSCLC) cell lines, seven of eight neuroendocrine paediatric cancer cell lines and two of three
adrenal cell carcinomas. Importantly, only a few foetal cell lines and none of the adult noncancer cells
were infected by SVV [113]. SVV is not a human pathogen; therefore, resistance to SVV is not common
in humans, with only 1 in 50 pooled blood samples containing weakly neutralising antibodies [113].
Toxicity studies in mice showed no difference between treatment and control mice. Athymic mice
treated with an excess of 108 viral particles per kilogram (vp/kg) SVV could clear pre-established
H446 xenograft tumours and most mice treated with 107 vp/kg cleared tumours, with two exceptions.
Similarly, when athymic mice with Y79 retinoblastoma xenograft tumours were treated with 108,
1011 or 1014 vp/kg SVV, six of eight, seven of seven and five of seven mice, respectively, cleared the
tumours [113]. This trial was concluded a decade before the identification of the cellular receptor, and
it set the paradigm that SVV has oncolytic activity against cancers with neuroendocrine features.

Concurrently, SVV was shown to have activity against Weri retinoblastoma cells in vitro [67].
Doses as low as 0.5 viral particles per cell (vp/cell) were sufficient to kill 50% of target cells [67].
These findings were consistent with in vivo trials of immuno-deficient mice challenged with intraocular
Y79 xenografts, where 19 of 20 tumours were successfully treated by a single injection of 1013 vp/kg
SVV [67].

To research SVV in the application against medulloblastoma (MB), mouse MB models were
established using ex vivo primary cultures isolated from 10 paediatric patients [66]. Primary cultures
of xenograft cells were challenged with SVV in concentrations ranging from 0.3 to 66 MOI for 72 h.
Five of the ten tumours were permissive to SVV infection, even at low MOI, and the other five were
completely resistant. As cancer stem cells (CSCs) are known to be resistant to traditional therapies,
green fluorescent protein (GFP) labelled SVV (SVV-GFP) was tested in cells sorted for the expression
of stem cell marker CD133. CD133+ and CD133− cells were not differentially infected by SVV-GFP,
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regardless of cell line permissivity to virus. However, SVV exposure was shown to prevent the
formation of neurospheres in permissive MB cell lines [66]. Furthermore, two types of aggressive
anaplastic MBs permissive to SVV were xenografted into Rag2 SCID mice [66]. Established small and
medium tumours were challenged with a single intravenous injection of SVV at a concentration of
5 × 1012 vp/kg. SVV treatment increased the survival times in mice of both tumour sizes. Of note is that
SVV could cross the blood–brain barrier (BBB) and did not infect any healthy mouse brain cells [66].

Small-cell lung cancer (SCLC) is an aggressive type of tumour. There are two SCLC groups: classic
and variant, which make up for 70% and 30%, respectively [70]. The variant phenotype of SCLC
is distinct from the classic based on variable cell size, prominent nucleoli, high expression of genes
associated with neuronal differentiation and a more aggressive phenotype [70]. SVV-GFP was tested
in three classic and three variant ex vivo SCLC primary cultures [70]. While classic primary cultures
were completely refractory, variant cultures were highly sensitive to SVV infection with EC50 (effective
viral concentrations to cause lysis in 50% of cells) values of 1.6 × 10−3 vp/cell, 3.1 × 10−4 vp/cell and
3.9 × 10−3 vp/cell, respectively. Gene expression profiles of permissive and refractory cell lines showed
that higher expression of late neurogenic transcription factor NEUROD1 and lower expression of the
early neurogenic transcription factor ASCL1 correlated with permissivity to SVV [70]. Furthermore,
mouse models challenged with classical SCLC xenografts were completely resistant to SVV, while the
variant transplants were significantly suppressed for the duration of the trial. Investigations into SVV
treatment dose showed that mice bearing LX36 tumours had similar responses of tumour suppression
when treated with 109 to 1011 vp/kg SVV, and two out of six mice completely cleared tumours when
treated with 1014 vp/kg SVV. Kinetics studies showed peak replication of SVV occurred at day three [70].

Since SVV could exert a therapeutic effect in medulloblastoma models, it raised the question of
its applicability in other cancers for which the BBB presents a significant obstacle, such as gliomas.
In a study of six ex vivo glioma primary cultures, four were found permissive to SVV infection at an
MOI as low as 0.5, while the other two remained resistant up to an MOI of 25 [68]. Replication studies
of SVV-GFP in glioma neurospheres showed that not all permissive cell lines behaved identically,
with maximal fluorescence occurring at day one for one cell line, at day two for two of the cell lines,
and at day three for the final permissive cell line [68]. Three permissive cell lines and two resistant cell
lines were injected intracranially in mice and allowed to form large tumours. At 48 h post-injection,
SVV positive areas were evident in permissive tumours and increased in size by day seven, confirming
the ability for SVV to cross the BBB [68]. A follow-up experiment evaluated the effect of SVV treatment
on the average survival time with regard to tumour size [68]. This showed an overall increase of
survival times for treatment mice in tumour models of permissive cell lines, and one of the initially
resistant cell lines. The mice with medium tumours had a greater increase in average survival time,
suggesting a role of intratumoural vasculature for efficacy of SVV treatment [68].

SVV-001 (the originally isolated strain of SVV) is registered by Neotropix inc. as NTX-010 [69].
A preclinical trial tested NTX-010 against 23 cell lines both in vitro and a cohort of 711 mice [69]. In nine
of the 23 cell lines, over 90% of cells died when compared to controls. Especially susceptible cell lines
belonged to rhabdomyosarcoma, Ewing sarcoma or neuroblastoma panels. In mice, objective responses
to a single injection of 3 × 1012 vp/kg NTX-010 were seen in neuroblastoma, rhabdomyosarcoma,
rhabdoid tumour, Wilms tumour and glioblastoma cell lines [69]. Taken together, these studies offered
a strong body of evidence justifying clinical trials with SVV.

First, a phase I clinical trial of 30 patients with SCLC was undertaken [116]. Patients treated with
NTX-010 between 107 to 1011 vp/kg showed no dose-limiting toxicities, with flu-like symptoms mainly
manifesting in the lower dose cohorts. Neutralising antibodies were detected as early as two weeks
into treatment. In terms of outcomes, one patient showed disease stabilisation, while another five had
minor responses, which were not sufficient to meet RECIST criteria (response evaluation criteria in
solid tumours) [117]. The patient with stable disease was alive three years post-trial, up until the time
of publication, with PET scans revealing a 50% decrease in tumours [116]. Shortly after, a second phase
I clinical trial was launched in a cohort of children with neuroblastoma, rhabdomyosarcoma or other
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rare tumours with neuroendocrine features [118]. In part A of the trial, 13 patients were injected with
109, 1010 or 1011 vp/kg NTX-010, and in part B, patients were given oral (days 1 to 14) and intravenous
(days 1 and 8) cyclophosphamide, in combination with two doses of 1011 vp/kg NTX-010. The study
showed that NTX-010 was well tolerated with a single dose-limiting toxicity event recorded. While no
objective response was observed, six patients did show disease stabilisation. A rapid neutralising
antibody response to NTX-010 was also shown in this trial [118]. Finally, a phase II double-blind
clinical trial in patients with extensive stage SCLC that had been stable or responding to four cycles of
platinum-based chemotherapy was established [115]. A cohort of 58 patients were randomised into
Arm A, treated with a single dose of 1 × 1011 vp/kg NTX-010, or Arm B, the saline control. Grade 4
adverse events were seen in three of the Arm A patients and none of the Arm B. Between the two
cohorts, there was no difference in progression-free survival, and overall survival was slightly less in
Arm A (83%) vs. Arm B (85%). The trial was also prematurely terminated to investigate the death of
one patient, which was confirmed to be unrelated to NTX-010 treatment [115]. It is important to take
into consideration that all these studies were conducted before the identification of ANTXRI as the
cellular receptor for SVV [115]. Based on this information, future clinical trials might select patients
that could potentially benefit from a targeted SVV cancer therapy.

7. Theiler’s Murine Encephalomyelitis Virus

Theiler’s murine encephalomyelitis virus (TMEV) is a natural murine pathogen that has been
engineered to express tumour antigens to induce a targeted antitumour immune response and thus act
as a cancer vaccine.

TMEV engineered to express chicken ovalbumin (TMEV–OVA) can generate host immune
responses against OVA-expressing tumours [119,120]. The expression of OVA in the leader protein
comes at a distinct virulence cost to TMEV [121,122]. TMEV–OVA infection in susceptible strains of
mice is attenuated compared to wild-type [121]. Despite attenuation, TMEV–OVA has been shown to
generate increased levels of OVA-specific cytotoxic T-lymphocytes (CTLs) in vivo, increasing survival
time and delaying tumour outgrowth in mice with established OVA-expressing B16 melanoma [121].
TMEV–OVA infection effectively cleared OVA-expressing tumour cells, but this process of tumour
editing had allowed the growth of escape mutant tumours, which lost the expression of the targeted
epitope [121]. While tumours could lose OVA expression, two different TMEV–OVA constructs were
confirmed to be genetically stable in mouse models up to 21 days. OVA is widely used as a model
antigen for its high immunogenicity, but authentic tumour antigen is often not as immunogenic.
To confirm that the immunisation process can work for weakly immunogenic tumour antigen, TMEV
expressing p66 was infected into a mouse breast cancer model, and three out of ten treated mice
cleared tumours [122]. In highly immunogenic GL261-quad mouse glioma models, infection with
TMEV–OVA intracranially or intraperitoneally could significantly increase OVA-specific CD8+ T-cell
populations compared to wild-type TMEV infection. This increase in CTLs coincided with a significant
delay of tumour outgrowth and increase in survival time for mice given TMEV expressing OVA.
The requirement for CD8+ response for therapeutic effect was shown in perforin knockout mice bearing
GL261-quad gliomas, which did not benefit from TMEV–OVA vaccination [119].

During the host immune response generated to TMEV expressing foreign antigen, the adaptive
immune response targets a combination of the foreign antigen and TMEV antigens. TMEV is known to
harbour a highly immunogenic region in the VP2 structural protein (VP2121–130) [120]. Suppression of
the VP2121–130 region has been attempted in order to direct a greater proportion of the cytotoxic immune
response to expressed foreign antigen. Deletion of this immunogenic region is shown to increase the
relative amount of CTLs primed against foreign antigen [120]. Vector silencing, the inoculation of
TMEV viral peptides before TMEV–OVA infection to induce tolerance, was investigated with the same
aim [120]. However, this strategy seemed to have no appreciable effect on the magnitude of immune
response directed toward OVA, tumour progression or overall survival of mice with melanoma or
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glioma [123]. In fact, TMEV–OVA infection without vector silencing appeared to be more efficacious in
controlling tumour progression in the melanoma model [123].

Wild-type DA strain of TMEV has been investigated in vivo against breast cancer and melanoma
cell tumours, without a significant protective effect in either [71]. Wild-type DA encoding RNA
sequences from GDVII, a more neurovirulent subtype of TMEV, were used to make chimeric DA
strain/GDVII subtype fusions [71]. Of these chimeric viruses, GD7-KS1, for which the GDVII insert
replaced the 3′ end of the 5′ UTR to the 3′ end of the 2C protein of TMEV DA genome, was over
40 times more productive than the DA strain infection of B16 melanoma cells in vitro [71]. In vivo,
GD7-KS1 significantly delayed B16 tumour outgrowth and increased survival when compared to DA
strain and vehicle controls. Consistent with the observations from TMEV–OVA experiments [119,120],
the number of CD8+ T-cell infiltrates increased markedly on GD7-KS1 infection, while infiltrating
CD4+ T-cell numbers remained unchanged [71].

8. Encephalomyocarditis Virus and Mengovirus

Encephalomyocarditis virus (EMCV) was discovered in 1945 when a captive male gibbon suddenly
and inexplicably died of pulmonary oedema and myocarditis [124]. Mice treated with filtered fluid from
this oedema developed paralysis and died from myocarditis [124]. Somewhat similarly, Mengovirus
(MEV) was originally isolated from a Rhesus monkey that developed hind leg paralysis [124]. MEV’s
host range is incredibly wide, including voles, squirrels, elephants, swine, wild boar, racoons, antelope,
lions, birds and several species of nonhuman primate [124]. Both EMCV and MEV fall within the
Cardiovirus A species and, with limited literature on their use as oncolytic viruses, it is convenient
to discuss them together. Encephalomyocarditis virus (EMCV) and Mengovirus (MEV) have had
relatively little research conducted on their oncolytic activity. While wild-type EMCV had shown
selective activity in sarcomas [74] and renal carcinomas [73] in vivo, MEV is only selectively toxic to
multiple myelomas in vivo when novel attenuation methods are employed [75].

As far back as 1965, EMCV, referred to as Columbia-SK virus, showed oncolytic activity against
fructose sarcomas in mice and rats, with a more pronounced effect in rats [74]. The interest in EMCV
and MV as cancer therapeutics was reignited a half-century later, when EMCV’s potent activity against
the retinoblastoma cell line Y79 was shown in vitro as well as in mice, with Y79 tumour reduction
averaging 88.9% in size and 96.6% in weight [125]. EMCV was subjected to preclinical evaluation for
the treatment of clear-cell renal cell carcinoma (CCRCC) based on the premise that these cells, which are
resistant to apoptosis, will produce maximal virus progeny [73]. Indeed, inhibition of NFκB signalling
reduced CCRCC susceptibility to EMCV by promoting apoptosis [73]. Conversely, interventions that
increased NFκB signalling and suppressed apoptotic signalling, such as null mutations of tumour
suppressor protein von Hippel–Lindau (VHL), were shown to produce 500-fold greater EMCV viral
titres than analogous wild-type CCRCC cell lines. Moreover, VHL-null cells reconstituted with VHL
could extend CCRCC cell line survival up to 24 h when infected with EMCV [73].

VHL is a tumour suppressor protein with a role in tumour necrosis factor (TNF)-α mediated
cell apoptosis [126] and oxygen-dependent degradation of hypoxia-inducible factor (HIF)-α, which
helps move cells to an anaerobic phenotype and assists survival [73,126]. SCID mice challenged
with luciferase-expressing CCRCC intratumourally injected with live or inactivated EMCV showed a
100-fold decrease in luciferase bioluminescence and increase of tumour necrosis in live EMCV treated
tumours compared to controls [73]. Finally, in a wider context of showing how RNase L triggers
autophagy of subcellular components in response to viral infection, EMCV proved to be able to infect
HeLa M cells [127].

Similar to Poliovirus, the research into oncolytic Mengovirus (MEV) focused around novel
attenuation methods [75]. A study of vMC24, a poly-C truncated attenuated MEV, demonstrated
oncolytic activity in a miscellaneous panel of cancer cell lines that included several multiple myeloma
cells of human and murine origin [75]. vMC24 caused significant CPE in the majority of cancer cell
lines tested [75]. Of the resistant cell lines, murine multiple myeloma MPC-11 showed to be the most
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resistant to vMC24 infection. BALB/c mice bearing MPC-11 tumours were treated with either a single
intravenous (IV) injection of 107 TCID50 vMC24 or intratumoural (IT) injection of 106 TCID50 vMC24.
While IV injection showed only minimal tumour suppression, IT administration of vMC24 resulted
in a decreased tumour volume within five days. However, three mice in the IV group and two in
the IT group developed paralysis, with thee more dying overnight, suggestive of a heart failure [75].
Therefore, vMC24 showed potential as oncolytic agent but with lethal toxicity. This prompted a
search for novel strategies to attenuate vMC24, such as the incorporation into the viral genome of
sequences complementary to healthy tissue specific micro-RNAs [75,128]. Multiple vMC24 variants
with complementary micro-RNA sequences (miRT viruses) were generated. The miRT viruses had
combinations of miR125b (expressed in brain tissue), miR124 (expressed in neurons), miR133 and
miR208a (enriched in cardiomyoctyes). Among these, a construct labelled vMC24-NC stood out as
having very low viral titres in the brain, spine and heart of experimentally infected C57BL/6 mice.
vMC24-NC had two miR124 sequences in the 5′ UTR, and one miR133b and one miR208a in the 3′

UTR. In vivo experiments with mice bearing MPC-11 tumours showed that four of ten mice treated
with vMC24-NC cleared tumours and two delayed tumour growth, with no negative side-effects.
The mice treated with vMC24 had a rapid tumour regression, but seven out of ten developed paralysis.
Furthermore, vMC24-NC was also shown to eliminate tumours in a dose-dependent manner while
remaining genetically stable in vivo [75].

9. Conclusions

This review discussed picornavirus species investigated for anticancer activity (Table 1).
These viruses differ in their specific mode of oncolysis, the volume of research conducted on them as
well as their future clinical prospects. CAVATAK and PVSRIPO are leading the charge in picornaviral
oncotherapy by quickly progressing through clinical trials, with a number of clinical trials in active
recruitment [19] As not all of the clinical trials have associated literature, Table 3 surmises the current
and completed clinical trials for the picornaviruses discussed in this review. The approval of CAVATAK
and PVSRIPO will depend on the outcome of these clinical trials. While SVV is currently not under
clinical investigation, the identification of its cellular receptor provides a criterion by which patients
might be evaluated for potential therapeutic benefit from NTX-010 in the near future, provided there
exists sufficient interest to restart clinical trials [65]. For over a decade now, Rigvir has been utilised
as a cancer treatment in Eastern Europe. However, despite recently documented case studies and
retrospective studies, the adoption of Rigvir by other countries would be necessarily predicated on
successful clinical trials. The case for Rigvir is also undercut by the unavailability of data from clinical
trials which are said to have happened in the 1960s–1990s [96]. The rest of the viruses discussed
in this review have yet to be tested in patients. TMEV raised interest with the positive results in
recent mouse trials of genetically modified virus for the treatment of cancers with which it shares
exogenously expressed antigens [71]. A clinical application in the near future for either BEV1 or BEV2
in oncolytic virotherapy seems highly unlikely, as the most recent investigation was published in
1991 [109]. However, it is not unheard of that academic interest in an oncolytic virus can be restarted
after a decades-long hiatus, as shown with the 50-year gap in oncolytic EMCV research [73]. Finally,
for both EMCV and MEV, recent studies have been undertaken, with the most recent EMCV study
being explicit in identifying as preclinical research [73]. Taken as a whole, this review is evidence of
picornaviruses emerging as dynamic and promising tools within the oncolytic virotherapy field.
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Table 3. Summary of the clinical development of the picornavirus species discussed in this review.

Species Genus Intellectual Property Stage in Development Registered Clinical Trials *

Poliovirus Enterovirus PVSRIPO Clinical Trials
(Phase I)

Triple Negative Breast Cancer
NCT03564782
• Active

Recurrent malignant glioma
NCT02968178
• Active

Unresectable melanoma
NCT03712358
• Active

Recurrent malignant glioma in children
NCT03043391
• Active

Recurrent glioblastoma
NCT01491893
• Active

Coxsackievirus Enterovirus CAVATAK Clinical Trials
(Phase I/II)

Melanoma—Combination with pembolizumab
NCT02565992
• Active

Non-Muscle Invasive Bladder Cancer—Combination with
mitomycin C
NCT02316171
• Completed

Advanced melanoma—Combination with ipilimumab
NCT02307149
• Active

Head and neck cancer
NCT00832559
• Terminated

Late-stage melanoma
NCT01227551
NCT01636882
• Completed

Uveal melanoma—Combination with ipilimumab
NCT03408587
• Active

Melanoma
NCT00438009
• Completed

Solid tumours
NCT00636558
• Completed

Non-Small Cell Lung Cancer & Bladder
Cancer—Combination with pembolizumab
NCT02043665
• Active

Non-Small Cell Lung Cancer—Combination with
pembolizumab
NCT02824965
• Active

Echovirus Enterovirus Rigvir Approved
(Eastern Europe) N/A

Bovine Enterovirus Enterovirus N/A In vivo testing N/A

Seneca Valley Virus Senecavirus NTX-010 Clinical Trials
(Phase II)

Paediatric Cancers—Combination with cyclophosphamide
NCT01048892
• Completed

Solid tumours with neuroendocrine features
NCT00314925
• Completed

Extensive Stage Small-Cell Lung Cancer
NCT01017601
• Terminated

Theiler’s Murine
Encephalomyelitis virus Cardiovirus N/A In vivo testing N/A

Encephalomyocarditis
virus & Mengovirus Cardiovirus N/A In vivo testing N/A

* As registered on https://clinicaltrials.gov [19].

https://clinical trials.gov
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